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The mannose-6-phosphate (M6P) pathway is responsible for the transport of hydrolytic
enzymes to lysosomes. N-acetylglucosamine-1-phosphotransferase (GNPT) catalyzes
the first step of tagging these hydrolases with M6P, which when recognized by recep-
tors in the Golgi diverts them to lysosomes. Genetic defects in the GNPT subunits,
GNPTAB and GNPTG, cause the lysosomal storage diseases mucolipidosis types II
and III. To better understand its function, we determined partial three-dimensional
structures of the GNPT complex. The catalytic domain contains a deep cavity for bind-
ing of uridine diphosphate- N-acetylglucosamine, and the surrounding residues point to
a one-step transfer mechanism. An isolated structure of the gamma subunit of GNPT
reveals that it can bind to mannose-containing glycans in different configurations, sug-
gesting that it may play a role in directing glycans into the active site. These findings
may facilitate the development of therapies for lysosomal storage diseases.
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N-linked glycosylation is a common modification of eukaryotic proteins that transit
through the secretory pathway. Nascent polypeptides containing a signal sequence are
directed into the endoplasmic reticulum, where most are N-glycosylated. Their glycans
undergo processing in the Golgi, followed by transport in secretory vesicles to the cell
surface. A small subset of proteins is instead directed to late endosomes and ultimately
to lysosomes. Out of the ~2,700 human soluble N-glycosylated proteins (1), around
70 are lysosomal hydrolytic enzymes that catabolize proteins, polysaccharides, lipids,
and other molecules (2).

Transport of soluble enzymes to lysosomes mainly occurs via the mannose-6-phosphate
(M6P) pathway (3, 4). N-linked glycans generally contain multiple mannose units, and
the glycans of proteins destined to lysosomes specifically acquire a phosphate group on a
mannose residue. This tag is bound by two transmembrane receptors in the #ansGolgi,
CD-MPR and CI-MPR, leading to the inclusion of the tagged protein in transport
vesicles (5). The M6P marker is formed in two steps. First, the ¢is-Golgi transmembrane
enzyme N-acetylglucosamine-1-phosphotransferase (GNPT) recognizes transiting proteins
that must be directed to lysosomes and transfers a phospho-N-acetylglucosamine group
onto their glycan, resulting in a sugar—phosphate—sugar intermediate (6-8). The terminal
N-acetylglucosamine sugar is then removed by a second enzyme, N-acetylglucosamine-1-
phosphodiester alpha-N-acetylglucosaminidase (NAGPA), also called “uncovering enzyme”
(9-11).

GNPT, the first enzyme of the MG6P pathway, is a 400-kDa hexameric complex of
three types of subunits, a,p,y, (12). The o and P subunits are generated by proteolytic
activation of the precursor protein GNPTAB (13-15) and contain the catalytic domain
(13, 16) as well as additional modules that recognize and bind to lysosomal hydrolases
(17-19). The y subunit (GNPTG) comprises a mannose-binding domain and also con-
tributes to substrate selection (19, 20); it is required for proper transport of approxi-
mately two-thirds of lysosomal hydrolases (2, 20, 21).

Genetic mutations in GNPTAB and GNPTG cause the lysosomal storage diseases
mucolipidosis type 11, fatal in early childhood, and type III, a less severe form (16, 22-24).
There are currently no disease-specific treatments for these disorders (25), with preclinical
investigations of gene therapy (26) and antisense oligonucleotides (27) in progress. These
approaches, and others including pharmacological chaperones (28), could be facilitated by
detailed structural information on GNPT. A major unanswered question is its mechanism
of specific recognition of 70 lysosomal hydrolases, which share no structural or sequence
similarity among themselves, from the 2,700 soluble glycoproteins of the secretory pathway
(8, 29). This process requires features at specific positions on the surface of these enzymes
involving lysine residues (30-35), but the details of these interactions are unknown.
GNPT is not homologous to other vertebrate proteins, and although it was discovered
over 40 years ago (7) its three-dimensional structure is mostly uncharacterized. Another
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unclear aspect is its catalytic mechanism, as it carries out a reac-
tion different from related enzymes of known structure.

Here, we report a partial characterization of GNPT by crystal-
lography. Four segments dispersed across the primary sequence
assemble into a compact catalytic domain. The donor substrate
uridine diphosphate (UDP)- V-acetylglucosamine is tightly bound
in the active site cavity, exposing one phosphate group. A reac-
tion mechanism is proposed, supported by in vitro activity assays.
The glycan-binding mode of the isolated y subunit is also deter-
mined. These results significantly increase our understanding of
the function of this unique enzyme.

During the preparation of this paper, the three-dimensional
structure of a drosophila GNPT homolog was reported (36).
This protein lacks the y subunits and most of the noncatalytic
domains, and its physiological function is unknown; neverthe-
less, it shares the same fold as the structure described here.

Results and Discussion

Crystal Structure of the GNPT Catalytic Domain. GNPT is a
400-kDa heterohexamer of three types of subunits, 0,85y, (12).

The o and P proteins are proteolytic products (14, 15) encoded
by a single gene (13, 16). The complex is anchored to the cis
Golgi membrane (6) by transmembrane helices at both ends of
the GNPTAB precursor, with short cytoplasmic overhangs (Fig.
1A4). High-resolution characterization of the soluble luminal por-
tion of a3, or apP,y, complexes by crystallography and electron
microscopy was unsuccessful, so the protein’s catalytic domain
was investigated next.

The GNPT enzymatic activity is carried out by the a and f
subunits (37), whereas y is auxiliary (20). The catalytic domain
is composed of four segments dispersed across the GNPTAB
polypeptide, separated by three large inserted regions (Fig. 1A4)
(17), as deduced from sequence similarity to bacterial enzymes
of the Stealth family (13, 16, 38). A “minimal” GNPT catalytic
construct of a and p—more suitable for structural studies—in
which the first and second insertions were removed was previ-
ously reported (39). The first of these deleted regions comprises
two domains structurally similar to RNA recognition motifs
(RRM) (40); they are the only GNPT portion of known three-
dimensional structure (Protein Data Bank [PDB] ID 2N6D),
but their function is unclear (41). The second removed segment
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Fig. 1. Structure of the GNPTAB catalytic domain. (A) Domain organization of vertebrate GNPTAB. TM, transmembrane helix; cat, catalytic domain segment;

RRM, RNA recognition motif-like domain; N, Notch extracellular repeats-like domain; |G, immunoglobulin domain; DMAP1, DMAP1 binding-like domain;
EF-hand, calcium-binding domain. The site-1 protease (S1P) cleavage site between the a and p subunits is marked by a red triangle. (B) Crystal structure of
the zebrafish minimal construct dimer, comprising the catalytic (green, light gray) and EF-hand (orange, dark gray) domains. Calcium ions are represented
by yellow spheres and the active sites by pink spheres. The N and C termini are labeled. Disulfide bonds are shown as thick yellow sticks. N-linked
glycans (white sticks) are simplified for clarity. The deletions in the minimal construct are labeled (human residue numbers) and marked by green spheres.
(C) Phosphotransfer reaction catalyzed by GNPTAB. MAN, mannose; GIcNAc, N-acetylglucosamine.
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is composed of two Notch-like (EGF-like) repeats (13, 16, 42),
a predicted immunoglobulin module (43), a domain similar to
the DMAP1-binding region of several proteins (16, 17), and a
180-residue-long segment predicted to be unstructured. These
domains participate in specific recognition and binding to lysoso-
mal hydrolases, allowing the catalytic domain to tag their glycans
(17-19). The minimal GNPT construct, lacking these accessory
domains, remains catalytically active but cannot discriminate
between lysosomal hydrolases and nonlysosomal glycoproteins
(39). It also lacks the binding site for the ¥ subunit (18, 19, 44).

We determined the crystal structure of the GNPT minimal
construct from zebrafish (87% sequence identity to human)
(Fig. 1B). The crystallized protein comprises the four portions
of the catalytic domain, as well as a small domain with an
EF-hand motif (Fig. 14) (45). At the core of the catalytic
domain are three roughly parallel p-sheets containing five,
three, and two strands, flanked by three a-helices on one side
and five on the other. The four conserved segments, distant
from each other in the GNPTAB primary sequence, all contrib-
ute to the central B-sheets (SI Appendix, Fig. S1A4), so both the
a and P subunits are required for activity. This domain is part
of a structural superfamily (CATH ID 3.90.550.10) containing
sugar- and nucleotide-transferases but shares less than 15%
sequence identity with proteins of known structure or with any
other vertebrate enzymes. It is most similar to the Stealth fam-
ily of bacterial capsular polysaccharide synthesis enzymes (38),
which have not been structurally characterized and which lack
the ancillary modules found in GNPT. The EF-hand domain
projects sideways from the protein via two 13-A linkers and
consists of a five-helix bundle stabilized by a disulfide bond
(human residues 1057 to 1094) and by a bound calcium ion.
Up to five N-linked glycans are visible in the structure on each
protein chain, out of seven predicted sites.

The native GNPT complex contains two copies of the a, B,
and y subunits (12), and accordingly the minimal construct
crystallized as a dimer (Fig. 1B). The 2,650-A dimerization
interface is contributed by mostly charged and polar interac-
tions between each EF-hand domain and the opposing catalytic
domain (1,150 A?), as well as polar and hydrophobic contacts
between both catalytic domains (1,500 A?). The latter are
mainly mediated by an N-terminal segment swapped between
both subunits and stabilized by an intermolecular disulfide
bond (Cys70) (12, 44). This arrangement very likely corresponds
to the physiological dimerization within the GNPT complex,
which is anchored to the Golgi membrane by four transmem-
brane helices—one at each end of the GNPTAB precursor (13).
The N and C termini of both chains in the minimal construct
crystal structure are found on the same side (Fig. 1B), suggesting
a membrane-facing orientation for that side of the protein. The
two putative active sites of the dimer are located 60 A apart, in a
surface cavity facing away from the membrane, into the lumen.

Enzymatic Mechanism of GNPT. GNPT carries out the first step
of mannose-6-phosphate tag formation, namely the transfer of
phospho-MN-acetylglucosamine (phospho-GlcNAc) to a mannose
residue part of the N-linked glycan on substrate proteins. This
group is transferred from UDP-GIcNAc, a nucleotide-sugar that
serves as donor for certain glycosyltransferases (Fig. 1C). The
GNPT catalytic domain is part of a structural superfamily con-
taining sugar- and nucleotide-transferases (S Appendix, Fig.
S1B) (46, 47). However, it catalyzes a phosphotransfer—not a
sugar transfer—so its mechanism must be different from that of
related proteins which have been structurally characterized. To
investigate it, we determined the crystal structure of the zebrafish
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GNPT minimal construct in complex with the donor substrate
UDP-GIcNAc. The molecule occupies a cavity on the catalytic
domain facing away from the membrane (Fig. 24). The opening
of this cavity is quite narrow, suggesting that minor rearrange-
ments take place to allow donor entry or product (UMP) exit.
The location of the binding site is conserved in structurally
related enzymes (S Appendix, Fig. S1C). The high resolution
(2.3 A) of the structure allows visualization of the multiple con-
tacts, including ones mediated by water molecules, between the
protein and different parts of the donor substrate (Fig. 2B and
SI Appendix, Fig. S2A).

The uridine moiety of UDP-GIcNAc is positioned deep in
the cavity, with its nucleobase sandwiched between the hydro-
phobic side chains of Val82 and Ile388. There does not seem to
be strong base selectivity, as uracil interacts with the protein
indirectly via three H-bonded water molecules. The ribose 2
and 3’ hydroxyl groups form five H-bonds, notably with Asp407
(human residue numbering). At the other end of the cavity, the
GIlcNAc moiety is held by 12 H-bonds, including five water-
mediated ones, and directly contacts Asn406, Glu389, Gln992,
His956, His959, and Ser385. To assess the functions of several
of these residues in a more physiological construct, mutations
were introduced in the hamster soluble (luminal portion) active
P52 complex, and its ability to tag the small-molecule sub-
strate a-methyl D-mannoside (Fig. 2C) or the glycans of lysoso-
mal acid ceramidase (Fig. 2F and SI Appendix, Fig. S2E) was
assayed in vitro. Disruption of Glu389, GIn992, Asp407, or
His956 decreases activity by 50- to 1,000-fold, although the last
two residues serve additional functions described below.

The phosphate group attached to GIcNAc (f) is the most
solvent-accessible portion of the substrate, whereas the uridine-
linked phosphate (@) is more obstructed (Fig. 24). GNPT
requires magnesium or manganese for activity (29, 37), and
indeed a magnesium ion (Mgl) is coordinated by both phos-
phate groups at once, as well as by Asp408 and Asn1151 (Fig.
2B). Glycosyltransferases related to GNPT often contain a diva-
lent ion in their active site, positioned similarly to Mgl (48).
The B phosphate, which will be transferred onto the substrate
glycan, is further held in place by two salt bridges with Arg986
and H-bonds with Asn1151 and three water molecules. The o
phosphate, which constitutes the leaving group in the reaction,
interacts with several water molecules. Unexpectedly, a second
magnesium ion (Mg2) is found in the active site. It does not
contact the protein directly, being fully coordinated by six
water molecules—two of which interact with the o phosphate,
two with Asp407, and all of them involved in an extensive
H-bonding network with multiple side chains and main chain
atoms. In fact, the presence of Mg2 stabilizes a segment that is
disordered in the apo protein (S/ Appendix, Fig. S2B). Muta-
tion of Asp407 decreases activity 500-fold (Fig. 2 C and B),
suggesting that the second magnesium ion may be important
for maintaining the active-site architecture; however, this resi-
due also interacts with the ribose moiety as described above.

Although the UDP-GIcNAc-binding site is similarly located
in GNPT and in related glycosyltransferases (SI Appendix, Fig.
S10), they catalyze a different reaction (SI Appendix, Fig. S1B)
and hence use a different mechanism. GNPT is closest to the
Stealth family of bacterial enzymes (38), which also transfer
phospho-sugars but have not been structurally characterized. The
current data allow us to propose a mechanism for this reaction
(Fig. 2E). It very likely takes place in one step, without a covalent
enzyme intermediate, as there are no Glu, Asp, Ser, Thr, Tyr, or
Cys side chains within suitable distance of the P phosphate
group. The mannose 6-hydroxyl carries out a nucleophilic attack
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Fig. 2. Structure of the GNPTAB catalytic domain with UDP-GIcNAc. (A) GNPT catalytic domain (light green) bound to UDP-GIcNAC (sticks). The two residues
in dark green represent the junction point between segments 2 and 3 of the catalytic domain; the full-length protein contains a large insertion there
that was removed in the minimal construct. (B) Polar and charged contacts (dashed lines) between the protein, UDP-GIcNAc (black sticks), magnesium ions
(yellow spheres), and water molecules (red spheres). Distances are below 3.7 A. Due to the complexity of the zebrafish minimal construct residue numbering
and its high sequence identity to the human homolog (87%), human residue numbers are shown throughout this figure. Side chains that were functionally
investigated are in bold. (C) In vitro enzymatic activity of purified hamster soluble GNPTAB-GNPTG active complex (furin-cleaved, referred to as WT) on the
small molecule substrate a-methyl p-mannoside (100 mM) in presence of UDP-GIcNAc (1 mM). The precursor is not furin-cleaved. Values are the means
and SDs of a representative of two experiments, each performed in triplicates. The 100% activity corresponds to 0.35/s. Sequence conservation in the 1,000
closest homologs of the GNPT catalytic domain (Stealth family) from unicellular organisms is indicated. (D) Residues lining the opening of the active site
cavity and potentially interacting with the glycan substrate. () Proposed catalytic mechanism. (F) In vitro activity of GNPT as above on the purified lysosomal
hydrolase acid ceramidase (ASAH1), a substrate of GNPT (2, 21). This protein migrates as a smeared double band on the gel due to glycan heterogeneity
from recombinant expression. Tagging of its glycans by GNPT shifts the bands to a higher molecular weight.

on that phosphate, which is stabilized and neutralized by the pos-
itively charged Arg986 and Mgl and by Asn1151. The leaving o
phosphate group is also stabilized by Arg986 and Mgl. Mutation
of Asn1151 decreased activity 200-fold, and the conservative
substitution Arg986Lys abolished the reaction (Fig. 2 Cand F).
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Nucleophilic attack is likely enabled by deprotonation of the
mannose 6-hydroxyl by His956 (Fig. 2B)—the only residue suit-
ably located for this purpose; the His956Asn/Gln mutants also
severely impaired activity, while preserving the His956 H-bond
to the GlcNAc moiety. Arg956 and His986 are strictly conserved
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in the Stealth family (Fig. 2C and SI Appendix, Fig. S5), as is
Asp408, which coordinates Mgl, further supporting this mecha-
nism. The conservation and functional importance of these resi-
dues was previously established (46).

An alternative mechanism involving a covalent intermediate
between His956 and the f phosphate is unlikely due to the low
but measurable activity of the His956Asn mutant, the over-4-A
distance between the residue and the phosphorus atom even
after side-chain rotation, and the absence of such an intermedi-
ate in the crystal structure after a prolonged incubation of the
crystal with UDP-GlcNAc.

Genetic mutations in GNPTAB cause mucolipidosis type
IT or type IIT a/p (16, 22, 23). Notably, the variants Ser385-
Leu, Glu389Lys(II), Asp407Ala(III), Asp408Asn(Il), His956-
Tyr/Arg(IlI), and Arg986Cys/Gly/His(II) occur in mucolipidosis
patients (25); the current study implicates these residues in
UDP-GIcNAc binding or catalysis.

GNPTAB is produced as an enzymatically inactive precursor
and activated by cleavage after Lys928 by site-1 protease
(13-15). The minimal catalytic construct used in this study is
missing the segment 438 to 928 (Fig. 14) and does not require
proteolytic activation (39). Therefore, this structure does not
reveal the activation mechanism or the mode of inhibition in
the precursor. The point of fusion between residues 437 and
929 is found near the active site, above the GlcNAc-binding
subpocket (87 Appendix, Fig. S2B). This segment is relatively
flexible in the apo protein and disordered in the UDP-GlcNAc
complex. One possibility is that the precursor adopts a confor-
mation that prevents efficient substrate entry.

Native GNPT and the minimal construct can tag substrates
as small as a single mannose molecule, albeit at low affinity (37,
39). However, no substrate was visible in the structures of crys-
tals incubated with high concentrations of mono- or di-mannose
compounds. This is likely due to the very low affinity for these
acceptors (5 to 100 mM); in contrast, the Michaelis constant
for glycosylated lysosomal hydrolases is in the range of 20 pM
(14, 21, 37). In the absence of structural data, the area above the
UDP-GIcNAc-binding cavity was examined for side chains that
could interact with the terminal (acceptor) or preterminal man-
nose residues of the glycoprotein substrate (Fig. 2D). Substitu-
tion of Arg322 or Asnl153 reduced activity on the small-
molecule substrate by at least 20-fold and decreased tagging of
acid ceramidase (Fig. 2 Cand F), suggesting that these two resi-
dues help position the terminal mannose for deprotonation by
His956 and reaction with UDP-GIcNAc, as described above.
Notably, the Asn1153Ser mutation occurs in mucolipidosis III
(25).

The lack of tight interactions with the acceptor sugar substrate
was expected, as these glycans are indistinguishable between lyso-
somal hydrolases and other glycoproteins in the secretory
pathway that are not GNPT substrates. Most of the affinity
seems to be provided by nonglycan features of the substrate
proteins recognized by noncatalytic domains of GNPT or by
its ¥ subunit.

Crystal Structure of GNPTG Bound to Glycans. The y subunits
of the GNPT a,f,Y, complex are not required for catalysis and
for tagging of certain lysosomal hydrolases but are necessary for
activity on others (2, 20, 21). This subunit also enhances the
addition of a second phospho-GlcNAc group to singly tagged
glycans (21). GNPTG contains a signal peptide (24), a man-
nose-6-phosphate receptor homology (MRH) domain (49, 50),
and, similarly to GNPTAB, a DMAPI-interaction domain
(Fig. 34) (19). The MRH domain binds to glycans of substrate
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proteins (19) and was proposed to direct the glycan into the
active site of the GNPT complex (21). Meanwhile, the DMAP1-
interaction module can specifically recognize features and bind to
lysosomal hydrolases (19).

We determined the crystal structure of GNPTG from clawed
frog (60% sequence identity to human) (Fig. 3C). The crystal-
lized construct encompasses the entire protein; however, a
23-residue N-terminal segment and an 85-residue C-terminal
portion outside of the two domains mentioned above are not
visible in the structure (Fig. 34). The MRH domain forms the
bulk of the protein and consists of a flattened p-barrel com-
posed of nine f-strands, stabilized by three disulfide bonds.
Toward one end of the barrel, a lateral hydrophobic patch
establishes an interface with the DMAPI-interaction module,
which consists of two antiparallel a-helices. A cavity at the
opposite end of the barrel forms the mannose-binding site.

The GNPTG MRH domain is part of a family of mannose-
binding lectins that includes the mannose-6-phosphate receptors
and three proteins involved in quality control in the secretory
pathway (SI Appendix, Fig. S3C) (50) that display up to 30%
sequence identity with GNPTG. These domains share a binding
site that recognizes glycans with various specificities. In the ¥ sub-
unit structure, this site is fortuitously occupied by an N-linked
glycan attached to a neighboring protein copy from the crystal
lattice (Fig. 3C and S7 Appendix, Fig. S3B). GNPTG crystallized
as a dimer, and the bound glycans extend from different direc-
tions into the binding site of both chains (Fig. 3B8). Due to het-
erogeneity of the recombinant GNPTG glycan composition, and
the crystal lattice arrangement, one y subunit is bound to an
a-1,2 mannose residue and the other to an a-1,3 mannose (Fig.
3D and SI Appendix, Fig. S3A). In both cases, the terminal man-
nose is held by up to nine hydrogen bonds from four side chains
(human residues GIn91, Argl34, Glul53, and Tyrl59) con-
served in the MRH family (87 Appendix, Fig. S3D). These resi-
dues are required for the integrity of the sugar-binding site and
proper function (19). Tyr79 also establishes two hydrogen bonds
with the second-to-last mannose in both y chains; in addition,
this mannose residue forms contacts with Glu93 and Arg97, but
only in the a-1,2 configuration (Fig. 3D). Finally, Asn99 inter-
acts with a mannose from another arm of the glycan, although
this could be induced by the crystal lattice arrangement.

GNPT can tag N-linked glycans at five different positions on
the mannose tree (SI Appendix, Fig. S3A4) (29, 61), with up to
two phospho-GIcNAc tags per glycan (62). The ability of the y
subunit to bind to ®-1,2 as well as a-1,3 terminal mannose resi-
dues, as seen in the current structure, may be relevant for its pro-
posed mode of action—directing glycans into the active site (21).
As the high-mannose glycan is trimmed to a variable extent by
a-mannosidases in the ¢i-Golgi where GNPT is located (63, 64),
and because GNPT recognizes target proteins of various sizes gly-
cosylated at diverse locations on their surface [sometimes tagging
multiple glycans per protein (65)], this binding versatility may be
required to recognize glycans of different lengths and orienta-
tions. Notably, GNPT facilitates the second tagging of singly
tagged glycans (21), possibly by interacting with one arm of the
glycan in order to properly position another arm for catalysis.
This raises the possibility that GNPTG can accept an already-
tagged mannose bearing a phospho-GlcNAc group into its bind-
ing pocket. In the MRH family, certain proteins are specific for
unmodified mannose (58, 60) whereas others recognize mannose-
6-phosphate (51, 53, 57) or even mannose-6-phospho-GlcNAc
(55). These differences are mainly mediated by a loop (Fig. 3E)
(loop 1, residues 129 to 132), the orientation and sequence of
which provide specific contacts or steric restrictions. In GNPTG,
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Fig. 3. Structure of GNPTG and its complex with glycans. (A) Domain organization of GNPTG. SP, signal peptide; MRH, mannose 6-phosphate receptor
homology domain; DMAP1, DMAP1 binding-like domain. The disulfide bond between two GNPTG subunits is represented by black dots. (B) The two subunits
of the crystallized GNPTG dimer are superimposed, illustrating the different orientations of their bound glycans. A loop that adopts a different angle in chain
B is labeled. (C) Crystal structure of the clawed frog GNPTG dimer, comprising the MRH (yellow, light gray) and DMAP1 (pink, dark gray) domains. The MRH
domain carbohydrate-binding site is occupied by N-linked glycans (green sticks) from adjacent proteins in the crystal lattice (chains B’ and A’), with the glyco-
sylated Asn residues represented by green spheres. The corresponding glycans linked to Asn residues of the depicted MRH domains (chains A and B) are
shortened as white sticks for clarity. (D) Hydrogen bonds (dashed lines) between mannose residues (green sticks) and side chains of clawed frog GNPTG in
chain A (Left) and B (Right). Distances are below 3.6 A, except for the contact with Arg97 (3.8 A). Human residue numbers are shown throughout this figure.
The types of glycosidic bonds within the glycans are indicated. () Superimposition of loops 1 and 2 of GNPTG, cation-dependent mannose-6-phosphate
receptor (CDMPR, PDB ID 1C39) (51, 52), cation-independent mannose-6-phosphate receptor (CIMPR) domains 3 (PDB ID 1SYO) (53, 54), 5 (PDB ID 6P8I) (55,
56) and 9 (PDB ID 6Z30) (57), glucosidase 2 p subunit (PDB ID 4XQM) (58, 59), and lectin 0OS-9 (PDB ID 3AIH) (60). Two residues from GNPTG and one from
glucosidase 2 f are labeled. (F) DMAP1 domain of GNPTG, with residues forming the hydrophobic core as white sticks and acidic side chains as red spheres.

this loop is short and bent away from the ligand, suggesting that
the protein could accommodate an already-tagged mannose residue
to enable second tagging.

In the MRH-containing enzyme glucosidase 2 f, a tryptophan
residue near the mannose-binding site was proposed to interact
with another region of that protein for proper function (58, 59).
Interestingly, in GNPTG there are two entirely exposed hydro-
phobic side chains (Phe96 and Trp98, fully conserved in verte-
brates) on a loop near the ligand-binding site (Fig. 3F). It is pos-
sible that this loop interacts with lysosomal hydrolases or, more
likely, with the GNPT catalytic domain in order to position the
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glycan into the active site. The potential function of this loop
remains to be determined. However, the main contact surface
between the ¥ subunit and the GNPT complex was found to be
in its N-terminal segment which precedes the MRH domain
(66) and is mostly disordered in the crystal structure.

Besides the MRH domain, GNPTG contains a DMAPI1-
interaction module (Fig. 34) (19) that shares low sequence
identity with other proteins, including with the one found in
GNPTAB. These domains recognize features and bind to lyso-
somal hydrolases (17, 19). In GNPTG, this module consists of
two antiparallel a-helices interacting with each other and with
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the MRH domain through a cluster of hydrophobic side chains
(Fig. 3F). Structures of DMAPI-interaction domains from
other proteins have not been determined, and the way this
module recognizes its binding partners is unknown. However,
positively charged lysine residues on the surface of lysosomal
hydrolases play an important role in their recognition by the
GNPT complex (30-35). The y subunit is composed of 20%
acidic residues (Fig. 3F) that form a negatively charged surface
(81 Appendix, Fig. S3 E) which may carry out its function.

In the GNPT a,f,Y, complex, the y subunits homodimerize
via a disulfide bond at Cys245 (24, 67). This residue is located
in a predicted coiled-coil motif that mediates dimerization. This
segment is not visible in the GNPTG crystal structure (Fig. 34),
suggesting that it is flexible relative to the bulk of the protein.
Nevertheless, the y subunit crystallized as a dimer, with an 861-
A? interaction surface composed of contacts between the two
MRH domains and between the DMAP] modules and their
opposing MRH domains (Fig. 3C). The two mannose-binding
sites are at opposite ends of the dimer, separate by 75 A. It is
uncertain whether the crystal structure corresponds to the physi-
ological dimer. In that case, only one y subunit at a time would
be able to position its bound glycan near one of the two
GNPTAB active sites, due to steric hindrance.

Genetic alterations in GNPTAB and GNPTG can cause the
lysosomal storage disorders mucolipidosis type II (fatal in early
childhood) or types Illa/p/y (attenuated) (25). Mutations that
occur within the boundaries of the minimal GNPTAB construct
(Fig. 1A4) are clustered at the core of the catalytic domain, with
relatively few substitutions at its periphery, in the EF-hand
domain, or at the dimerization interfaces (SI Appendix, Fig.
S4A). All known missense mutations in GNPTG are located in
the MRH domain but do not affect residues involved in glycan
binding, suggesting a destabilizing effect on the protein’s fold (57
Appendix, Fig. S4B).

The three-dimensional apo structure of a drosophila GNPTAB
homolog was reported during the preparation of this paper (36).
Drosophila contains no GNPTG gene, and its GNPTAB protein
lacks several noncatalytic domains, notably the DMAP1-interaction
module which in humans participates in lysosomal enzyme rec-
ognition. The physiological function of drosophila GNPT is
unknown. Nevertheless, the fold of its catalytic and EF-hand
domains is similar to that of zebrafish GNPT reported here
(root-mean-square deviation of 2.3 A), and the active-site resi-
dues as well as dimeric arrangement are conserved (S/ Appendix,
Fig. S4C). Additionally, during the review of this paper, the
three-dimensional apo structure of human active GNPTAB,
determined by cryogenic electron microscopy, was reported (68).
Although the entire luminal portion was analyzed, only the cata-
lytic core—approximately corresponding to the current crystal
structure—was sufficiently ordered for high-resolution modeling
(ST Appendix, Fig. S4C). A minor, auto-inhibited conformation
was identified, in which the o subunit C-terminal portion blocks
the putative catalytic pocket. A comparison of this inhibited
form with the UDP-GIcNAc-bound minimal GNPT structure
presented here confirms that the segment overlaps with the
donor substrate position (S Appendix, Fig. S4C). The inhibitory
segment is notably excluded from the minimal construct
sequence. Moreover, low-resolution density was observed for the
noncatalytic domains of human GNPTAB, suggesting that these
domains are flexible relative to the catalytic core, at least in the
absence of a bound substrate protein.

In summary, the current study reveals the structure of the
GNPT catalytic domain, its complex with UDP-GIcNAc, and
a likely mechanism for the transfer reaction. The structure and
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mannose-binding mode of the y subunit was also determined.
These results may help assessing the impact of genetic mutations
and facilitate the development of lysosomal enzyme replacement
therapies (39) or other treatments for mucolipidosis (27). How-
ever, the most intriguing aspect of this complex—the basis for
its ability to specifically recognize around 70 lysosomal hydro-
lases among the thousands of glycoproteins in the secretory
pathway—remains largely unanswered. Additional structural
studies of GNPT with its substrate proteins are required to
uncover the details of these interactions.

Materials and Methods

Protein Constructs, Expression, and Purification. GNPTAB and GNPTG
were expressed as secreted proteins in Sf9 insect cells infected with recombinant
baculovirus. For clawed frog GNPTG (Xenopus laevis, UniProt ID Q68F17), the
endogenous signal peptide (residues 1 to 20) was replaced by the melittin
signal peptide MKFLVNVALVFMVVYISYIYA followed by a hexahistidine tag
DRHHHHHHKL. The zebrafish GNPTAB minimal construct (Danio rerio, UniProt
ID Q5RGJ8) comprised the melittin signal peptide and a hexahistidine tag
DRHHHHHHGS followed by the luminal portion of the protein (residues 44 to
1173) with the segment 92 to 324 replaced by the linker PKLIKEVTELKRSKRD-
PLIPECQGKQTPEKDKCYRDDNT from Dictyostelium discoideum (RefSeq 1D
XP_638036) (41) and the portion 443 to 893 deleted. This construct was based
on its human homolog (39). These proteins were cloned downstream of a polyhe-
drin promoter. The hamster GNPTAB-GNPTG complex (Cricetulus griseus) con-
sisted of the luminal portion of GNPTAB (RefSeq ID XP_027248365 with variant
LBO6P, residues 39 to 1189, preceded by a melittin signal peptide and residues
DGS, with a polyhedrin promoter) coexpressed with GNPTG (UniProt ID G3HBXO,
residues 25 to 307, preceded by a melittin signal peptide and residue D, with a
Cterminal hexahistidine tag HHHHHH, and a p10 promoter). To produce proteo-
Iytically processed soluble GNPTAB in insect cells, the site-1 protease cleavage site
between the o and B subunits TGRQLK (15) was replaced by a furin cleavage
sequence RARYKR (14), within the GNPTAB-GNPTG coexpression construct. All
constructs were fully sequenced.

Expression was carried out at 27 °C for 66 h. Proteins were isolated from
expression culture media by immobilized metal affinity chromatography, with
0.5 mM phenylmethylsulfonyl fluoride included in the elution buffer for the
GNPTAB-GNPTG complex. Proteins were purified by size-exclusion chromatogra-
phy (SEC) on Superdex 200 Increase or Superose 6 Increase columns (Cytiva) in
buffer (10 mM Tris-HCl, pH 7.5) with 200 mM NaCl for GNPTG, or 100 mM NaCl
and 1 mM CaCl, for GNPTAB or the two-protein complex. The complex was addi-
tionally loaded on a Mono Q anion exchange chromatography column (Cytiva)
in SEC buffer and eluted with a gradient of 100 to 200 mM NaCl in SEC buffer.
All proteins were concentrated to 10 mg/mL and flash-frozen.

X-Ray Crystallography. Crystallization of multiple mammalian and vertebrate
GNPTAB (luminal portion) and GNPTAB-GNPTG complex homologs was
attempted unsuccessfully. The GNPTAB minimal constructs from several mamma-
lian species yielded low-resolution crystals. The zebrafish GNPTAB minimal con-
struct crystallized at 22 °C by sitting-drop vapor diffusion in 13% polyethylene
glycol (PEG) 3350 with 100 mM Hepes-Na, pH 7.5. The crystal was soaked in
well solution with 10% glycerol for 60 s, then in well solution with 20% glycerol
for a few seconds, and flash-frozen. X-ray diffraction data were collected at 100 K
on beamline 08B1 with a Pilatus3 S 6M detector at the Canadian Macromolecu-
lar Crystallography Facility (CMCF), Canadian Light Source.

These crystals were also incubated with UDP-N-acetylglucosamine (UDP-GIcNAc,
Sigma U4375) in soaking solution (85 mM Tris-HCl, pH 7.5, 12% PEG 3350,
50 mM UDP-GIcNAc-Nay, and 50 mM MgCl,) for 16 h at 22°C and cryo-
protected as above. X-ray diffraction data were collected at 100 K on beamline
24-1D-E with an EIGER 16M detector at the Northeastern Collaborative Access
Team facility, Advanced Photon Source.

Isolated mammalian GNPTG could not be produced at high yield in insect
cells. Clawed frog GNPTG crystallized in 20% PEG 3350 with 100 mM bis-Tris
propane-HCl, pH 8, and 200 mM KNOs. The crystal was soaked in well solution
with 20% glycerol for a few seconds and flash-frozen. X-ray diffraction data were
collected at 100 K on beamline 5.0.2 with a Pilatus3 S 6M detector at the
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Berkeley Center for Structural Biology, Advanced Light Source, Lawrence Berkeley
National Laboratory.

Structure Determination. Data were processed by HKL2000 (69) with auto-
corrections enabled. This option applies several corrective procedures including
ellipsoidal truncation which reduces high-resolution data completeness depend-
ing on anisotropy. This is made apparent in the number of reflections and com-
pleteness values in "Data collection” versus "Refinement” in S/ Appendix, Table
S1. The GNPTAB structure was solved by molecular replacement using Phaser
(70) in Phenix (71), with a search model derived from an AlphaFold2 prediction
(72). The GNPTG structure was solved by molecular replacement with the MRH
domain of glucosidase 2 B subunit (PDB ID 4XQM) (58, 59). All structures were
manually built in Coot (73). Refinement was carried out by phenix.refine (74),
with noncrystallographic symmetry (NCS) restraints applied for the GNPTG struc-
ture, and translation-libration-screw parameters (TLS, 10 groups) refined for the
GNPTAB complex with UDP-GIcNAc. Crystallographic data collection and structure
refinement statistics are presented in SI Appendix, Table S1. Structural images
were prepared with PyMOL (PyMOL Molecular Graphics System, Version 2.4;
Schrodinger, LLC) and ChimeraX (75). Interface surface areas were calculated
with PISA (76). Surface electrostatic potentials were generated with PDB2PQR
(77) and APBS (78). Sequence logos were generated with WebLogo (79), and
alignments were performed with MUSCLE (80).

Enzymatic Activity Assays. In vitro enzymatic activity assays were carried out
on the purified hamster GNPTAB-GNPTG active (furin-cleaved) complex (S/
Appendix, Fig. S2 C and D) because its recombinant expression was better than
the human homolog. The protein was incubated at 30 to 1,000 nM with 100
mM a-methyl p-mannoside (Sigma 67770), 1 mM UDP-GlcNAc (Sigma U4375)
and 25 units/mL of Quick CIP (New England Biolabs M0525) in buffer (20 mM
bis-Tris-HCl, pH 7, 50 mM NaCl, and 5 mM MgCl,) for 1 h at 37 °C. A high
methyl-mannoside concentration was used due to its low affinity as substrate
(14, 21, 37). The CIP phosphatase converts the UMP product to uridine and
phosphate. Five volumes of BIOMOL Green phosphate detection reagent (Enzo
Life Sciences BML-AK111) were then added, followed by incubation for 10 min
and absorbance measurement at 620 nm. The reaction was quantified with a phos-
phate standard curve. Less than 10% of the UDP-GIcNAc was converted.

GNPT activity on acid ceramidase, a lysosomal hydrolase, was assayed in vitro.
The inactive (Cys143Ala mutant) acid ceramidase from the naked mole rat was
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purified as previously described (81), except that 20 pM kifunensine (Toronto
Research Chemicals K450000) was added to the insect cell media during protein
expression, in order to obtain mostly Mano-GIcNAc, N-linked glycans. The
Asn348Ser mutant was used, which contains three N-glycosylation sites. Acid
ceramidase at 1 mg/mL (23 pM) was incubated with 0.25 mg/mL (0.76 pM)
GNPT as above in presence of 1 mM UDP-GIcNAc in buffer (50 mM bis-Tris-HCl,
pH 7, 50 mM NaCl, and 10 mM MgCl) for 1 h at 37 °C. Reducing sodium
dodecyl sulfate polyacrylamide gel electrophoresis sample buffer was added, fol-
lowed by incubation at 95 °C for 5 min. The reaction was analyzed on a 10%
Mini-PROTEAN TGX gel (Bio-Rad Laboratories 4561036).

Data, Materials, and Software Availability. Atomic coordinates and crystal-
lographic structure factors have been deposited in the Protein Data Bank under
the accession codes 7569 (82), 7S6N (83), and 75J2 (84).
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