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Recently, there has been growing interest in the function and physiological
importance of human TANGO?2 (transport and Golgi organization 2 homolog),
particularly whether it acts as a heme-trafficking protein. To address this
question, we experimentally determined the three-dimensional structure of
TANGO2. Our crystallographic analysis indicates that interactions between
heme and TANGO?2 are nonspecific. Structural comparison of the TANGO2
crystal structure with known cysteine Ntn-hydrolases allowed us to identify a
putative active site, catalytic residues and a substrate-binding cavity that
correspond to residues that are mutated in pathogenic TANGO?2 variants. Based
on these features, we propose that TANGO?2 may utilize fatty-acid derivatives
as substrates, suggesting a potential role in lipid metabolism. Mutations in the
human TANGO?2 gene cause TANGO?2 deficiency disorder, a multisystem, life-
threatening disease with onset in early childhood. Together, our results provide
new insights into the molecular function of TANGO?2 and help to resolve the
ongoing debate regarding whether it functions as a heme-trafficking protein.

1. Introduction

TANGO?2 deficiency disorder (TDD) is a rare autosomal
recessive disease caused by mutations in the human TANGO2
gene. It is characterized by complex, often life-threatening,
clinical symptoms that appear early in childhood, including
episodic rhabdomyolysis, global developmental delay,
seizures, encephalopathy, cardiac arrhythmias and acute
metabolic crises (Miyake et al, 2023; Kremer et al., 2016;
Jennions et al., 2019; Milev et al., 2021; Powers, 2024). Some
studies suggest that TANGO2 may play a role in lipid meta-
bolism and heme trafficking. However, the function and
physiological significance of TANGO?2 remain unclear.
TANGO?2, first identified in 2006, is crucial for the transport
and organization of the Golgi complex in Drosophila (Bard
et al., 2006). A recent study using time-lapse confocal micro-
scopy in human HepG2 and U20S cells showed that mScarlet-
tagged TANGO? is located within the mitochondrial lumen
(Lujan et al., 2025). Similar results have reported that red
fluorescent protein (RFP)-tagged TANGO2 was found in the
mitochondrial-enriched fraction. Additionally, the knockout
or mutation of TANGO?2 in human cells can alter the mito-
chondrial morphology (Milev et al., 2021; Stentenbach et al.,
2025). Mitochondrial energy metabolism disorders char-
acterize the clinical and biochemical phenotypes of TDD
patients. Proteomic signature analysis of fibroblasts from TDD
patients revealed significant changes in proteins involved in
the ER-Golgi network, mitochondria, amino-acid metabolism
and, in particular, fatty-acid oxidation (Mingirulli ez al., 2020;
Asadi et al., 2023). Lipidomics analysis revealed that TANGO2
mutations result in a significant increase in lysophosphatidic
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acid (LPA) and a concomitant decrease in its biosynthetic
precursor phosphatidic acid (PA), suggesting that TANGO?2
is likely to be involved in acyl-CoA metabolism. As a result,
TANGO?2 can affect the metabolism of various fatty acids and
alter the overall lipid composition, leading to increased levels
of reactive oxygen species and lipid peroxidation (Lujan et al.,
2023; Mehranfar et al., 2024). Recent studies have shown that
TANGO?2 is an acyl-CoA binding protein capable of directly
interacting with the lipid portion of acyl-CoA molecules in
the TANGO?2 putative binding pocket. Thus, TANGO2 may
function as a crucial shuttle protein for the intracellular traf-
ficking of acyl-CoA in lipid metabolism (Sandkuhler &
Mackenzie, 2025; Lujan et al., 2025). Meanwhile, another
recent study (Heiman et al., 2022) specifically linked TANGO2
deficiency to mitochondrial dysfunction, showing that mito-
chondrial bioenergetics are strongly affected by TANGO2
mutations, impairing fatty-acid oxidation and oxidative phos-
phorylation, as shown by abnormal mitochondrial respiration
rates, reduced ATP production and decreased expression of
mitochondrial proteins.

Besides the speculation that TANGO2 may play a crucial
role in lipid metabolism and mitochondrial ATP production,
two recent studies suggest that human TANGO?2 functions as
a heme chaperone, which is essential for heme trafficking in
eukaryotic cells (Sun et al., 2022; Han et al., 2023). Human
TANGO?2 can bind both ferrous and ferric heme, with disso-
ciation constants (Kg) of 15.4 and 38.7 uM, respectively.
Bacterial homologs show similar affinities in vitro. Moreover,
TANGO? is capable of heme transfer alone, and no other
mitochondrial membrane proteins are required. However, to
date, the function and physiological role of TANGO2 still
remain undetermined, and more information is needed to fully
understand its functions and the mechanism behind the
related disorder. In early 2023, we determined the first crystal
structure of human TANGO?2 at a resolution of 1.53 A using
X-ray crystallography, and we deposited its coordinates in the
Protein Data Bank (PDB) in May of that year. They have been
available to the community since June 2024 (PDB entry 8sv7).
The crystal structure of TANGO?2 reveals a previously
predicted four-layered offBa fold, which was also recently
confirmed by Cooper et al. (2025).

In this study, we reveal significant similarities between
TANGO?2 and cysteine N-terminal nucleophile hydrolases
(Ntn-hydrolases). By comparison between the structures of
TANGO?2 and known cysteine Ntn-hydrolases, we identified
the potential active site, catalytic residues and substrate-
binding cavity of TANGO2, which correspond to the mutated
residues found in the pathogenic TANGO?2 variants. The
possible role of TANGO?2 as a cysteine Ntn-hydrolase could
aid in understanding the pathogenic mechanism of the disease.
Additionally, our results indicate that TANGO2 may utilize
fatty-acid derivatives as potential substrates by analyzing its
substrate-binding cavity and structural models of TANGO2
complexed with fatty-acid substrate mimics, highlighting its
possible roles in lipid metabolism. Finally, we experimentally
explore whether TANGO?2 functions as a heme-trafficking
protein.

2. Experimental methods
2.1. Protein expression, production and purification

Escherichia coli strain BL21(DE3) pLysE was transformed
with an expression plasmid (pET-28a-TANGO2-His)
containing a C-terminal 6 xHis-tag and TEV protease clea-
vage site. A fresh colony was inoculated into 50 ml LB
medium with 50 pg ml~" kanamycin and grown aerobically at
37°C overnight. The entire overnight culture was then used
to inoculate 11 LB medium supplemented with 50 g ml™"
kanamycin and grown at 37°C with shaking (250 rev min").
When the ODgg reached 0.5, recombinant human TANGO2
expression was induced with 0.1 mM isopropyl B-p-1-thio-
galactopyranoside (IPTG) and cultivation continued at 18°C
for 16 h. The cells were harvested by centrifugation at 6000g
for 15 min at 4°C and the cell pellet was resuspended in 30 ml
lysis buffer consisting of 20 mM phosphate buffer pH 7.4,
500 mM NaCl, 20 mM imidazole, 10 pg ml~' phenylmethyl-
sulfonyl fluoride (PMSF). The cell suspension was sonicated
on ice and clarified by centrifugation at 25 000g for 1 h. The
supernatant was loaded onto an AKTApure system (Cytiva)
with a 5 ml HisTrap HP column pre-equilibrated with binding
buffer (20 mM phosphate buffer pH 7.4, 500 mM NacCl,
20 mM imidazole). His-tagged TANGO?2 was eluted using a
linear imidazole concentration gradient from 20 to 250 mM.
The fractions containing TANGO2 were pooled and His-
tagged TEV protease [1:50(w:w)] was added, followed by
dialysis overnight at 4°C in 20 mM phosphate buffer pH 7.4,
150 mM NacCl. A second HisTrap HP column purification was
performed to separate TANGO2 and cleaved 6xHis tags.
The tag-free TANGO2 was further purified by size-exclusion
chromatography (HiLoad 16/60 Superdex 200, Cytiva) equi-
librated with 20 mM HEPES pH 7.4, 1 mM DTT. Fractions
containing purified TANGO?2 were concentrated to approxi-
mately 15mgml™" using 10 kDa molecular-weight cutoff
Amicon concentrators (MilliporeSigma). The purity of the
protein was analyzed by SDS-PAGE.

It is worth mentioning that we initially used an N-terminally
His-tagged construct to express recombinant human
TANGO?2 in E. coli. However, purification with HisTrap
column chromatography failed, even though SDS-PAGE
showed TANGO?2 overexpression in whole-cell lysates. As a
result, we switched to the C-terminally His-tagged construct,
which made protein expression and purification successful.

2.2. Crystallization and X-ray data collection of apo
TANGO2

Crystals of apo TANGO2 were grown by the hanging-drop
vapor-diffusion method at 291 K using 2 pl drops containing
equal volumes of the protein solution and precipitant solution
composed of 0.1 M bis-Tris pH 5.5, 1.0 M ammonium sulfate,
1% PEG 3350. Crystals appeared within two days and reached
usable size in 4-5 days. The crystals were harvested and briefly
immersed in a cryoprotectant solution consisting of precipi-
tant with 15%(v/v) glycerol. The cryoprotected crystals were
then flash-cooled and stored at cryogenic temperature for data
collection. Due to the long unit-cell edges (a = 49.73, b = 49.96,
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Table 1
Data-collection and refinement statistics for TANGO2.

The dilffraction data set was collected on beamline 22-1D, SER-CAT, APS (A =
0.979 A). Values in parentheses are for the highest resolution shell.

Data collection

Oscillation range (°) 0.25
Total rotation range (°) 360
Space group P2,2,2,
a, b, c (A) 49.73, 49.96, 241.38
a By () | 90, 90, 90
Resolution (A) 48.71-1.53 (1.57-1.53)
Rinerge 0.046 (0.499)
Rpim. 0.018 (0.851)
Rineas 0.048 (0.525)
CCyp 1.00 (0.957)
(Ilo(1)) 28.14 (3.97)
Completeness (%) 94.20 (65.10)
Multiplicity 13.06 (10.01)
Refinement

No. of reflections 84855 (4390)
Ryork/Riree 0.1676/0.1957 (0.2283/0.2291)
No. of atoms

Total 4771

Protein 4237

Water 524

Ton 10
Wilson B factor (A%) 23.72
R.m.s. deviations

Bond lengths (A) 0.006

Bond angles (°) 0.85
Ramachandran statistics

Favored (%) 98.12

Allowed (%) 1.69

Outliers (%) 0.19
Rotamer outliers (%) 0.00
Clashscore 2.75
Average B factor (A%)

Overall 29.98

Macromolecules 29.01

Ligands 38.62
Solvent 37.65
PDB code 8sv7

¢ = 241.38 A), initial diffraction data collected using home-
source X-rays (200 pm beam size) showed severely over-
lapped diffraction spots. This issue was resolved by using small
beam-size synchrotron X-rays, which allowed us to resolve the
reflections for indexing.

The 1.53 A resolution dataset was collected at 100 K on
beamline 22-1D, SER-CAT, Advanced Photon Source (APS),
Argonne National Laboratory using a 50 pm beam, an
EIGER 16M detector and 0.979 A wavelength X-rays. A total
of 1440 images with 0.25° oscillations were collected at a
crystal-to-detector distance of 230 mm and an exposure time
of 0.2 s. The data were indexed, integrated and scaled using
HKL-3000 (Minor et al., 2006).

2.3. Structure determination and refinement

The structure of human TANGO2 was determined by
molecular replacement (MR) using an AlphaFold2 (Jumper et
al., 2021) predicted model as the search model. In this study,
the initial MR model from phenix.phaser was improved with
phenix.autobuild (Liebschner et al., 2019). Iterative cycles of
refinement and manual model building were carried out using

phenix.refine and Coot (Emsley et al., 2010). The structural
model was validated with the wwPDB Validation Server and
deposited in the Protein Data Bank (PDB entry 8sv7). Data-
collection and refinement statistics are summarized in Table 1.

2.4. Cavity calculations

The cavity calculations were carried out using the KV Finder
package (Guerra et al., 2021) in UCSF ChimeraX (Pettersen
et al., 2021). The coordinates of TANGO2 (PDB entry 8sv7),
isopenicillin N N-acyltransferase (PDB entry 2x1d), bile-salt
hydrolase (PDB entry 2hf0), human acid ceramidase (PDB
entry 5u7z) and human N-acylethanolamine-hydrolyzing acid
amidase (PDB entry 6dxx) were used for calculations, with
default settings except that the minimum cavity volume was
set to 50.0 A°. Structural figures were prepared using UCSF
ChimeraX.

2.5. Molecular docking

To understand the interactions between TANGO2 and
putative substrate mimics, we used AutoDock Vina (Eber-
hardt et al., 2021) in UCSF Chimera (Pettersen et al., 2004) to
dock three fatty acids to chain A of the crystal structure of
TANGO?2. The 3D structures of myristic acid (MYR), palmitic
acid (PLM) and oleic acid (OLA) were downloaded from the
PubChem database (https:/pubchem.ncbi.nlm.nih.gov; CID
11005, 985 and 445639). The grid box measured approximately
45 x 45 x 50 A and was set to cover the entire TANGO2
structure. The exhaustiveness of the search was set to 8, and
the maximum energy difference was set to 3 kcal mol " for the
docking calculation. Ligands such as SO~ and water mole-
cules in the crystal structure of TANGO2 were excluded. Ten
binding modes were generated, and the mode with the lowest
estimated binding energy (AG) was selected as the optimal
docked model.

3. Results and discussion
3.1. The overall structure of apo TANGO?2

Despite the recent publication of a human TANGO2
structure that closely resembles our findings, we consider it
scientifically valuable to present our independently deter-
mined structure. Our results offer new insights that may refine
current structural interpretations and contribute to a more
comprehensive understanding of the function of TANGO2.

The overall TANGO2 structure is ellipsoidal, with
approximate dimensions of 45 x 40 x 40 A. The TANGO2
monomer folds into a single domain, comprising 14 S-strands,
six a-helices and two 3g-helices (Fig. 1a). The crystal structure
of TANGO?2 adopts a characteristic four-layered oBpfo fold
(two pB-sheets sandwiched between two layers of a-helices;
Carfi et al., 1995). The TANGO2 «offa fold consists of 14
B-strands (B1-B14), forming two antiparallel sheets (sheets I
and II) packed against each other and sandwiched by two
a-helices: a1-o2 and o3—6 (Fig. 1b). B-Sheet I contains the N-
and C-termini and consists of seven strands (1, 2 and $10-
B14), while B-sheet II includes seven strands (83—9). Of these
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(b)

Grey: TANGO2 (8SV7)
Green: 2X1D

Cyan: 2HFO0

Brown: 5U7Z

Yellow: 6DXX

a-helices  B-sheet| B-sheetll a-helices

(0)
Figure 1
(a) Two orthogonal views of the TANGO?2 structure. (b) Topology diagram of TANGO?2. The annotated secondary-structure elements are colored using
brown for helices (a1-6), cyan for S-strands (81-£14) and gray for coils. (c¢) The characteristic four-layered affa fold of TANGO2 and structural
superposition between TANGO?2 (gray, PDB entry 8sv7) and four known cysteine Ntn-hydrolases, including penicillin acylase (green, PDB entry 2x1d),
bile-salt hydrolase (cyan, PDB entry 2hf0), acid ceramidase (brown, PDB entry 5u7z) and N-acylethanolamine-hydrolyzing acid amidase (yellow, PDB
entry 6dxx). The structural motifs (a-helices and B-sheets) are labeled to show the consensus S« fold.
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two sheets, sheet I is more flattened, and the two sheets are
roughly parallel. Both p-sheets have predominant hydro-
phobic residues, with most of the hydrophobic side chains
located at the interfaces between the S-sheets and the flanking
a-helices.

We have noticed that many studies utilize C-terminally
tagged TANGO?Z2 for in vivo cellular localization and in vitro
biochemical assays (Milev et al., 2021; Lujan et al., 2023, 2025;
Stentenbach et al., 2025; Cooper et al., 2025; Powers, 2024).
The full-length TANGO2 consists of 276 amino acids;
however, the N-terminal residue Metl appeared disordered,
as it was not visible in our 1.53 A resolution electron-density
map, whereas Cys2 was observed at the N-terminus. We
hypothesize that the resulting N-terminal Cys2 may play a role
in the structure and functions of the protein. Structural
analysis of the Cys2 residue reveals that it is buried within
the protein core and participates in a well defined hydrogen-
bonding network. The a-amino group of Cys2 forms water-
mediated hydrogen bonds with the side chains of Asp27 and
Asnl57, which are positioned on either side of Cys2. These
interactions are likely to play a role in stabilizing Cys2 at its
N-terminal location. Additionally, the side chain of Lys166
participates in a secondary hydrogen-bonding network with
Asp27 and Asnl57, also mediated by water molecules.
Notably, the thiol side chain of Cys2 can form a hydrogen
bond to the backbone of Asp27 (Figs. 2a and 2b).

Within the refined TANGO?2 crystal structure, a sulfate
ion (SO?™) was identified approximately 10.76 A from the
N-terminal Cys2 (Fig. 2¢). This anion is coordinated by a triad
of positively charged residues: Arg32, Lys56 and Arg88. Given
that the crystallization buffer contained 1 M ammonium
sulfate, it is plausible that the sulfate ion originates from the
crystallization conditions. Despite its likely nonphysiological
origin, the presence of this sulfate ion raises intriguing ques-
tions about the functions of this binding triad. The spatial
arrangement of positively charged residues suggests a poten-
tial role in stabilizing negatively charged ligands or inter-
mediates. Further biochemical studies are necessary to
determine whether this site contributes to TANGO?2 func-
tions.

3.2. Is TANGO2 a heme-transport protein?

Sun er al. (2022) demonstrated that TANGO?2 functions
as an intracellular heme-transport protein. However, recent
studies (Sandkuhler e al., 2023, 2025; Sacher et al., 2024;
Kim et al., 2023; Jayaram et al., 2025) still question whether
TANGO?2 truly acts as a heme-transport protein. After
determining the apo TANGO2 structure, we soaked the
crystals in heme solutions at various concentrations. To our
delight, all soaked crystals exhibited light brown colors, indi-
cating possible TANGO2-heme binding. Next, we performed
co-crystallization with different heme concentrations. We
analyzed 25 crystals by X-ray diffraction, including nine
obtained by soaking and 16 by co-crystallization. Diffraction
data for these light brown crystals were collected on beamline
104 at the Diamond Light Source in the UK during the 2023—

2024 APS Upgrade shutdown. Although all of the crystals
showed light brown colors, the electron-density maps did not
reveal a specific heme location. These results suggest that the
interactions between heme and TANGO?2 are nonspecific and
TANGO2 may not directly function as a heme-transport
protein. Our crystallographic findings could help to resolve
ongoing debates in this field.

3.3. Structural homolog search and alignment

Structural alignments using the DALI web server (Holm et
al., 2023) and Foldseek (van Kempen et al., 2024) reveal that
human TANGO?2 shares structural similarities with four
groups of known structures: (i) penicillin acylases (for
example PDB entry 2x1d, 12% identity, Z-score 16.6; PDB
entry 3pva, 10% identity, Z-score 16.5; Bokhove et al., 2010;
Suresh et al., 1999), (ii) bile-salt hydrolases (for example PDB
entry 2hf0, 9% identity, Z-score 15.7; PDB entry 7svh, 9%
identity, Z-score 15.5; PDB entry 8blt, 10% identity, Z-score
16.5; Kumar et al., 2006; Foley et al., 2023; Karlov et al., 2023).
(iii) acid ceramidases (for example PDB entry Su7z, 13%
identity, Z-score 16.2; Gebai et al., 2018) and (iv) N-acyl-
ethanolamine-hydrolyzing acid amidases (NAAAs; for
example PDB entry 6dxx, 12% identity, Z-score 16.4; PDB
entry 6dxy, 12% identity, Z-score 16.8; Gorelik et al., 2018)
(Fig. 1c and Supplementary Fig. S1).

Despite their confusing names, all four groups of enzymes
belong to the cysteine Ntn-hydrolase family, which is part of
the Ntn-hydrolase superfamily. Identification of the Nin-
hydrolases largely depends on the characteristic ¢S« fold in
their structures. All known Ntn-hydrolases are produced as
inactive precursors that undergo activation by self-cleavage of
the first N-terminal methionine or an internal peptide bond,
exposing the catalytic N-terminal residue. This activation
produces the mature enzymes, which catalyze nonprotein
amide-bond hydrolysis via their newly exposed N-terminal
cysteine, serine or, rarely, threonine (Gorelik et al, 2018;
Brannigan et al., 1995). Although their sequence homology is
low, all Ntn enzymes catalyze amide-bond hydrolysis. They
show considerable variation in their substrate selectivity and
specificity. Furthermore, these enzymes share similar catalytic
residues and, therefore, catalyze substrate hydrolysis via a
similar mechanism (Oinonen & Rouvinen, 2000; Linhorst &
Liibke, 2022).

3.4. Structural comparisons with known cysteine N-terminal
nucleophile hydrolases

With the high-resolution TANGO?2 structure now available
in this study, we compared the TANGO2 crystal structure with
those of four known cysteine Ntn-hydrolases to investigate the
potential role of TANGO?2 as a cysteine Ntn-hydrolase and to
identify its possible substrates.

3.4.1. Comparison with Penicillium chrysogenum
isopenicillin N N-acyltransferase (PDB entry 2x1d)

The isopenicillin N N-acyltransferase (AT) from P. chry-
sogenum catalyzes the final step in penicillin biosynthesis. It
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swaps the hydrophilic side chain of the precursor for various
hydrophobic side chains, making it a key enzyme in producing
semi-synthetic B-lactam antibiotics. Like other cysteine Ntn-
hydrolases, AT is expressed as an inactive precursor that
undergoes post-translational self-cleavage for activation,
exposing the catalytic N-terminal Cys103 residue. Structural
comparison of TANGO?2 with AT shows that they share the
same overall B fold, with an r.m.s.d. of 1.109 A (between
41 C* atoms), despite having only 12% sequence identity
(Fig. 3a). In AT, the residues responsible for catalysis are
Cys103, Asnl119, Asp121, Asn246 and Arg268 (Bokhove et al.,

2010). These residues are highly conserved in TANGO?2 as
Cys2, Asn25, Asp27 and Asnl57, with the exception that
Arg268 is replaced by Lys166. Furthermore, the substrate-
binding residues in AT (Trp120, Phe122, Phel23 and Tyrl66)
are replaced by Arg26, Glu28, Phe29 and Leu73 in TANGO2
(Fig. 3b). The chemically ambiguous nature of the proposed
TANGO?2 substrate-binding pocket indicates it can accom-
modate a variety of substrates with different sizes and pola-
rities. However, with only the TANGO2 apo structure
available, identifying its native substrates remains challenging
due to the complex and versatile nature of the enzyme.

N-ter Cys

e~

ITan: TANGO2
Blue: 2X1D
Plum: 2HFO

Coral: 5U7Z
Green: 6DXX

w4

A
Tan: TANGO2 ﬂ ‘
Blue: 2X1D |
Plum: 2HFO |

Green: 6DXX

Figure 2

Coral: 5U7Z \ I
// ﬁ i
WA /

@)

(a) Close-up view of the putative TANGO2 active site. The N-terminal Cys2 and three residues, Asp27, Asn157 and Lys166, are shown in stick
representation. Superposition of conserved active-site residues in four known cysteine Ntn-hydrolases and TANGO2 with side chains colored tan
(TANGO?2, PDB entry 8sv7), blue (PDB entry 2x1d), plum (PDB entry 2hf0), coral (PDB entry 5u7z) and green (PDB entry 6dxx), respectively. Only
TANGO?2 residue numbers are shown for clarity. Lys166 in TANGO?2 is replaced by arginine in all four cysteine Ntn-hydrolases. (b) The water-mediated
hydrogen-bonding network of the putative TANGO?2 active site. Hydrogen bonds are shown as blue dashed lines. (¢) The sulfate ion (SOﬁ’) binding site
of TANGO2. The anion is approximately 10.76 A from the N-terminal Cys2 and coordinated by a triad of positively charged residues: Arg32, Lys56 and
Arg88. (d) The conserved surface phenylalanine in TANGO?2 and cysteine Ntn-hydrolases. Structural alignment shows that the surface-exposed Phe29 in
TANGO?2 is conserved across all four cysteine Ntn-hydrolases (Phe23 of PDB entry 2hf0, Phe123 of PDB entry 2x1d, Phe163 of PDB entry 5u7z and
Phe148 of PDB entry 6dxx).
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Figure 3

Structural comparisons between TANGO2 (gray, PDB entry 8sv7) and four cysteine Ntn-hydrolases. (a) Isopenicillin-N N-acyltransferase (green, PDB
entry 2x1d). (b) A close-up view of the substrate-binding residues in AT (labeled in black) and their corresponding residues in TANGO?2 (labeled in red).
(c) Bile-salt hydrolase (cyan, PDB entry 2hf0). (d) Trp21 in BSH (labeled in black), important for substrate binding and selectivity, is replaced by Phe29
in TANGO?2. (e) Acid ceramidase (brown, PDB entry 5u7z). (f) The hydrophobic substrate-binding residues of AC (labeled in black) are replaced by a
short helix and Phe29 in TANGO2. (g) N-Acylethanolamine-hydrolyzing acid amidase (yellow, PDB entry 6dxx). (k) Three tryptophans in a “WWW’
segment (labeled in black), important for substrate binding, are replaced by Trp83 in TANGO2.

Acta Cryst. (2026). D82, 383-396 Dayong Zhou et al. » Human TANGO2 389



research papers

Table 2

Characterization of the cavities near the N-terminal cysteines of TANGO?2 and four known cysteine Ntn-hydrolases.

Proteins

TANGO2 956.45 698.59
Bile-salt hydrolase 899.21 605.61
Acid ceramidase 362.88 334.81
Isopenicillin N N-acyltransferase 108.36 150.86
N-Acylethanolamine-hydrolyzing acid amidase 102.82 129.21

Volume (A3) Surface area (Az) Average depth (A) Maximum depth (A) Substrates and approximate MW

4.44 15.34 ?
2.96 9.62 Conjugated bile salts, ~550 Da

1.73 6.18 Ceramides, ~500 Da
1.19 4.02 Isopenicillin N, 359.40 Da
1.31 3.89 N-Acylethanolamines, ~300 Da

3.4.2. Comparison with Bifidobacterium longum bile-salt
hydrolase (BIBSH; PDB entry 2hf0)

The bacterial bile-salt hydrolase (BSH) catalyzes the
hydrolysis of the amide bond in glycine- or taurine-conjugated
bile salts, resulting in the release of free glycine or taurine and
bile acids (Funabashi et al., 2020; Begley et al., 2006). It was
recently demonstrated that BSH not only has hydrolase
activity but also exhibits amine N-acyltransferase activity
(Rimal et al., 2024). This new finding adds complexity to the
functions of cysteine Ntn-hydrolases and broadens our
understanding of these enzymes. Although the conjugation
mechanism is not yet fully understood, the hydrolytic activities
of BSH are well characterized. In B/BSH, the N-terminal
cysteine is identified as the key catalytic residue, with several
nearby residues also essential for activity, including Argl7,
Asp20, Asn81, Asnl72 and Arg225 (Kumar et al, 2006).
Structural comparisons between TANGO2 and B/BSH reveal
that both proteins share a highly similar 8« core structure,
with an r.m.s.d. of 1.267 A (between 31 C* atoms; Fig. 3¢). A
significant difference lies in a 32-residue loop (Cys188-Val220)
within S-sheet II of BIBSH. The superimposed structures
show notable conservation in the positions and orientations of
active-site residues. In TANGO?2, the N-terminal residue Cys2
corresponds to the catalytic Cysl in the B/BSH structure.
Other catalytically key residues of B/BSH, including Argl7,
Asp20, Asn81, Asnl72 and Arg225, align well with Arg26,
Asp27, Asn75, Asnl57 and Lysl66 in TANGO2 (Fig. 3d).
Compared with the BSH, TANGO2 exhibits significant
differences in the putative substrate-binding site, which
involves residues in 2 of B-sheet I and p6 of B-sheet II.
Moreover, the Trp21 residue in BSH, important for substrate
binding and selectivity, is replaced by Phe29 in TANGO2.

3.4.3. Comparison with human acid ceramidase (PDB entry
5u7z)

Human acid ceramidase (AC) hydrolyzes ceramide into
fatty acids and sphingosine, which forms the backbone of all
sphingolipids and helps to regulate many cellular processes
including proliferation, apoptosis, metabolism and inflamma-
tion. Although TANGO?2 and human AC differ significantly in
their amino-acid sequences, structural superposition shows
that the afa fold cores of both proteins align very well, with
an r.m.s.d. of 1.179 A across 56 C* atoms (Fig. 3¢). In human
AC, residue Aspl62 (corresponding to Asp27 in TANGO?2) is
responsible for stabilizing the positively charged N-terminal
amino group of catalytic Cys143 (corresponding to Cys2 in
TANGO?2) in the hydrolysis reaction, while the oxyanion hole

is contributed by the side-chain N atom of Asn320 (corre-
sponding to Asn157 in TANGO2). Arg333 (corresponding to
Lys166 in TANGO?2) is also important for positioning the
catalytic Cys143 and possibly interacting with substrates.
These key residues are highly conserved in TANGO2, except
for Arg333 in AC, which is replaced by Lys166 in TANGO2.
Despite the overall structural similarities, the main differences
include the following: (i) a short loop (Pro79-GIn84) between
al and B4 in TANGO?2 is replaced by an «-helix (Gly231-
11e240) in AC, (ii) a bent a-helix (a6, Pro207-Tyr224) present
in TANGO?2 is missing in AC and (iii) TANGO2 lacks the
a-helix (Vall77-Leul82) found in AC. These structural
elements are in close proximity to the catalytic cysteine and
may provide clues about TANGO?2 function.

Additionally, the reported hydrophobic substrate-binding
pocket of AC, made up of Phel63, Vall65, Phel66, Phe227,
Phe328, Phe329, Leu367 and Trp395 (Gebai et al., 2018), is
partially replaced by Phe29, Leu77, 11e209, Tyr 224 and Gly235
in TANGO2. Three hydrophobic residues on the AC surface,
Phe328, Phe329 and Trp395, overlap with the bent a-helix («6;
Pro207-Tyr224) in TANGO?2 (Fig. 3f). This structural differ-
ence results in a substantially deeper putative substrate-
binding cavity in TANGO?2.

3.4.4. Comparison with human N-acylethanolamine-
hydrolyzing acid amidase (PDB entry 6dxx)

N-Acylethanolamines (NAESs) are bioactive lipids that bind
to various receptors to exert diverse effects in the nervous and
immune systems (Gorelik et al., 2018). Their activities can be
terminated by N-acylethanolamine acid amidase (NAAA),
which hydrolyzes the amide bond of NAE, releasing free fatty
acids (Piomelli ez al., 2020). Although NAAA shares only 12%
sequence identity with TANGO?2, their affa fold core
structures are highly similar, with an r.m.s.d. of 0.909 A
between 32 C* atoms (Fig. 3g). Structural superposition shows
three major differences: (i) TANGO2 has an additional
a-helix (a6, Pro207-Tyr224), which is absent in NAAA, (ii)
the loop (Pro79-GIn84) between «l and B4 in TANGO?2 is
replaced by a hydrophobic a-helix (a6, Trp201-Leu209) in
NAAA and (iii) NAAA has only five B-strands in sheet I, two
fewer than TANGO2; in particular, the long C-terminal
B-strand is missing. Like other cysteine Ntn-hydrolases, the
active site of NAAA contains the N-terminal catalytic Cys126
and several important residues, such as Asp145, Asn287 and
Arg300, which are highly conserved in TANGO2 (corre-
sponding to Cys2, Asp27, Asnl57 and Lys166 in TANGO?2).
Based on the proposed NAAA mechanism (Gorelik er al.,
2018), substrate binding is triggered by an outward rotation of
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helix a6, exposing the ‘WWW’ segment (Trp200-Trp202) to
form a hydrophobic cavity adjacent to the active site. In
TANGO2, the ‘WWW’ segment in NAAA is replaced by a
short surface loop (Pro79-GIn84) and Trp201 is substituted by
Trp83, which is positioned on the TANGO? surface (Fig. 3h).
This substitution likely increases the conformational flexibility
of TANGO?2 and the ability to create a more dynamic binding
pocket upon substrate binding.

3.5. Putative substrates of TANGO2

So far, the function and substrates of TANGO2 remain
unknown. Members of the cysteine Ntn-hydrolase family
differ considerably in substrate specificity, and most of the
substrate-binding mechanisms have not been fully established.
Nevertheless, the structural characteristics of TANGO2
strongly indicate the presence of a potential substrate-binding
site adjacent to the N-terminal cysteine, an essential feature
consistent with other cysteine Ntn-hydrolases.

We then analyzed potential substrate-binding cavities in
TANGO?2 alongside four representative cysteine Ntn-hydro-
lases and observed that all of the proteins possess cavities of
varying volumes adjacent to the N-terminal cysteine residues
(Figs. 4a—4e). Specifically, TANGO2 possesses the largest
putative substrate-binding cavity, with a calculated volume of
956.45 A>. This is followed by bile-salt hydrolase, which has
a cavity volume of 899.21 A3, while N-acylethanolamine-
hydrolyzing acid amidase displays the smallest cavity of
102.82 A® (see Table 2 for cavity metrics).

We next investigated whether the volume of the substrate-
binding cavity could serve as a predictive parameter for esti-
mating substrate size. This hypothesis, if validated, could
provide a structural basis for inferring substrate characteristics
in enzymes with unknown specificity. By comparing the
molecular weights of known substrates with the corresponding
cavity volumes across four cysteine Ntn-hydrolases, we
observed a potential positive correlation. The substantial
cavity volume observed in TANGO2 suggests its capacity to
accommodate substrates exceeding the size of conjugated bile
salts, potentially much greater than 500 Da. The conserved
cavities observed in TANGO2 and other cysteine Nitn-
hydrolases indicate a shared structural feature that facilitates
substrate entry and positioning in the active site. This struc-
tural feature reinforces the observation that TANGO2 exhi-
bits significant structural homology with other members of
the cysteine Ntn-hydrolase family, supporting its classification
within this family.

To further characterize the chemical properties of the
putative substrate-binding cavity in TANGO2, we performed
molecular lipophilic potential (MLP) calculations on the
cavity surface. The analysis reveals a heterogeneous distribu-
tion of hydrophilic and hydrophobic regions of the cavity,
indicative of an amphipathic environment. This dual nature
suggests that the cavity could be structurally equipped to
accommodate substrates bearing both polar and nonpolar
functional groups. Notably, the region surrounding the
N-terminal Cys2 exhibits a predominantly hydrophilic char-

acter. In contrast, areas close to the protein surface are largely
hydrophobic (Fig. 4a). This spatial distribution of polarity may
facilitate substrate recognition and orientation. Comparable
MLP analyses conducted on other cysteine Ntn-hydrolases
reveal polarity distribution patterns that closely resemble
those observed in TANGO?2. This conservation further
supports the structural and functional homology among
members of the cysteine Ntn-hydrolase family.

Recently, a lipidomics study on TDD patients showed a
marked increase in lysophosphatidic acid (LPA) and a
decrease in its precursor phosphatidic acid (PA), indicating
that TANGO?2 primarily functions in lipid homeostasis (Lujan
et al., 2023; Mehranfar et al., 2024). Additionally, recent case
reports found that vitamin Bs can significantly improve
the condition of TDD patients (Yilmaz-Giimiis et al., 2023;
Sandkubhler ef al., 2023). In mitochondria, vitamin Bs serves as
the precursor of coenzyme A (CoA), which is crucial for fatty-
acid metabolism and other metabolic pathways. A recent
study demonstrated that TANGO?2 can bind to CoA and 16-
and 18-carbon acyl-CoA species (Lujan et al., 2025). Taken
together, TANGO2 may play a role in regulating the levels of
fatty-acid conjugates in lipid metabolism and subcellular lipid-
signaling pathways.

Because complex structures of TANGO2 with its putative
substrates bound are not available, we then carried out
molecular docking to dock three different fatty acids, oleic
acid, palmitic acid and myristic acid, into the TANGO?2 crystal
structure (Figs. 5a and 5b). In all docked structures, the three
fatty acids are observed in the proposed substrate-binding
cavity with a similar orientation and conformation. The
carboxyl groups of the fatty acids are deeply buried in the
cavity, located within 5.5 A of the Cys2 residue. The aliphatic
chains of the fatty acids extend towards the protein surface.
The hydrophobic residues Phe29, Leu81, Trp83, Tyr216,
Tyr224 and Tyr234 are located within 5 A of the docked fatty
acids, with Phe29 and Trp83 forming the cavity entrance on the
protein surface. These two hydrophobic residues may act as a
checkpoint, controlling access based on the size, shape and
chemical properties of potential substrates. Interestingly,
structural alignment reveals that the surface-exposed Phe29 in
TANGO?2 is conserved across all four cysteine Ntn-hydrolases
(Phe23 in PDB entry 2hf0, Phe123 in PDB entry 2x1d, Phe163
in PDB entry 5u7z and Phel48 in PDB entry 6dxx). This
conservation may suggest a potential functional or structural
role for Phe29, possibly in substrate recognition or selection at
the enzyme surface (Fig. 2d).

3.6. Pathogenic TANGO2 variants

If TANGO?2 functions as a cysteine Ntn-hydrolase, patho-
genic mutations are most likely to impair either the proposed
N-terminal Cys2 catalytic site or the substrate-binding region.
To test our hypothesis, we generated five AlphaFold3
(Abramson et al., 2024) predicted structural models of
TANGO?2 pathogenic variants: G154R, T74P, G89C, R26K
and F5 (or F6) deletion (Owlett et al., 2024; de Calbiac et al.,
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Figure 4

The substrate-binding cavities in TANGO?2 and four cysteine Ntn-hydrolases. The overall view of the cavity substructures near the N-terminal cysteines
of TANGO?2 (a) and four cysteine Ntn-hydrolases structures (b—e). The cavity surface was colored by molecular lipophilic potential (MLP), ranging from
dark cyan (most hydrophilic) to white (neutral) to dark goldenrod (most lipophilic). N-terminal cysteines are highlighted in red. The characterizations of
each cavity are summarized in Table 2.
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Figure 5

Yellow: Palmitic acid
Magenta: Oleic acid
Orange: Myristic acid

) W

J)\

tipophilicity

min max

(b)

The docked structures of TANGO?2 with substrate mimics, including three fatty acids: palmitic acid, oleic acid and myristic acid. (a) The putative
substrate-binding cavity of TANGO2 with fatty acids bound. (b) Molecular lipophilic potential (MLP) surface of TANGO2 with fatty acids bound in the
putative substrate-binding cavity; two hydrophobic residues, Phe29 and Trp83, form the entrance on the protein surface.

2024; Schymick et al., 2022; Baek et al., 2021; Mingirulli et al.,
2020; Dines et al., 2019; Lalani et al., 2016).

Structural comparisons of the five predicted models of
TANGO?2 mutants with the crystal structure show that (i) all
five predicted mutant structures are very similar to the
TANGO?2 crystal structure, with an r.m.s.d. of less than 0.5 A
(across 271 C% atoms), and (ii) the mutant structures are
nearly identical to each other, with an r.m.s.d. under 0.2 A
(across 275 C* atoms). These results indicate that the
predicted structures are highly accurate based on the crystal
structure, and the mutations in pathogenic variants do not
significantly alter the overall structure. However, the mutated
residues (T74P, R26K and F5 deletion) are all within a 6.5 A
radius of the proposed catalytic Cys2 (Fig. 6a). Based on our
previous analysis, Arg26 is directly involved in the hydrolysis
reaction; thus, its mutation could impair TANGO2 enzymatic
activity. The G154R and T74P mutations not only change their
side-chain sizes but also switch from neutral to hydrophilic.
Most cysteine Ntn-hydrolases use hydrophobic substrates and
require a hydrophobic binding pocket. These mutations may
inhibit the enzyme activity by disrupting the hydrophobic
environment of the binding pocket.

Based on the predicted structure, the cysteine side chain of
the TANGO2 G89C mutant points towards the Cys2 thiol
group, and the distance between the two thiol groups is
approximately 8.62 A. The proximity of two free thiol groups
may disrupt the binding and orientation of the substrates.
Structural analysis of the G89C mutant reveals that Asp51 and
Lys56 are located close to the introduced cysteine residue.
This spatial arrangement resembles the configuration of the
putative active site, which includes Cys2, Asp27 and Asnl57.
The similarity in local chemical environment suggests that the
G89C substitution may create a pseudo-active site leading to

the misrecognition or mispositioning of substrates, potentially
interfering with the catalytic function of Cys2. These findings
imply that the G89C mutation may compromise the enzymatic
activity of TANGO2 by perturbing the structural integrity of
the substrate-binding region (Fig. 6b).

The fifth and sixth amino-acid residues in TANGO?2 are
both phenylalanines; deleting either one results in the same
mutant. Based on the predicted structure, removing F5 or F6
moves Cys2 away from the enzymatic active site by one
peptide-bond length of 1.32 A. More importantly, the orien-
tation of the Cys2 side chain will rotate 180°, pointing away
from the active site. Therefore, deletion of F5 or F6 could
provide direct evidence that Cys2 is essential in TANGO2
activity.

Overall, the pathogenic TANGO?2 variants offer valuable
insights into its function and help to identify key residues.
Using the predicted variant structures and crystal structure,
we show that the N-terminal Cys2 and the residues in close
proximity could play vital roles in TANGO?2 activity.

4. Conclusions

In this study, we determined the crystal structure of human
TANGO?2. The structural homolog search reveals that
TANGO?2 is very similar to cysteine Ntn-hydrolases, including
both the overall fold and active-site residues; they all contain a
characteristic ¢« fold and an N-terminal cysteine residue.
We compare the structure of TANGO2 with four different
cysteine Ntn-hydrolases and suggest that TANGO2 functions
as a cysteine Ntn-hydrolase using hydrophobic fatty-acid
derivatives as substrates based on available structural data.
Next, we generated predicted structural models of TANGO2
pathogenic variants and showed that the mutated residues
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are all located in close proximity to the putative catalytic
N-terminal cysteine residue and could interfere with its
enzymatic activity or substrate binding. We analyze the
putative substrate-binding cavity of TANGO2 and compare it
with those of other cysteine Ntn-hydrolases. Our results show
that TANGO?2 has the largest substrate-binding cavity, and it
could accommodate substrates larger than conjugated bile
salts. Using molecular docking, we generate structural models
of TANGO?2 complexed with fatty-acid substrate mimics. All
fatty acids, with varying lengths and saturation levels, are
found inside the proposed substrate-binding cavity. Overall,
based on the structural data and analyses, we suggest that
human TANGO?2 belongs to the cysteine Ntn-hydrolase
family using fatty-acid derivates as substrates and plays a role
in lipid metabolism and signaling. Our crystallographic results

Tan: Native TANGO!
Blue: R26K

Plum: G89C

Coral: F5-del
Green: T74P
Magenta: G154R

5.17A 7
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Figure 6

Superposition of the TANGO?2 crystal structure with the AlphaFold3-
predicted structures of pathogenic TANGO2 variants: G154R, T74P,
GB89C, R26K and F5 deletion. (a) The positions of the TANGO2
pathogenic mutations. The yellow circle represents a sphere with a 6.5 A
radius from the N-terminal Cys2. All of the disease-causing mutations are
within the sphere, except that G89C is 8.62 A and G154R is 11.82 A from
the N-terminal Cys2. The side chains of G154R, T74P, G89C and R26K
are shown in stick representation; the side chain of the N-terminal
cysteine is shown in the structure of the F5 deletion variant. (b) In the
predicted G89C mutant structure, the side chains of Asp51 and Lys56 are
located close to the introduced cysteine residue. This spatial arrangement
resembles the configuration of the putative active site, which includes
Cys2, Asp27 and Asn157. The G89C mutation may create a pseudo-active
site leading to misrecognition or mispositioning of substrates.

on the light brown crystals from heme soaking and co-crys-
tallization did not provide direct evidence for a specific
TANGO2-heme interaction. However, whether TANGO2
serves dual functions in heme transport and lipid metabolism,
and whether these functions are related, remains to be eluci-
dated.
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