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GENERA L ART I C L E
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Abstract

We report the case of a consanguineous couple who lost four pregnancies associated with skeletal dysplasia. Radiological
examination of one fetus was inconclusive. Parental exome sequencing showed that both parents were heterozygous for a
novel missense variant, p.(Pro133Leu), in the SLC35D1 gene encoding a nucleotide sugar transporter. The affected fetus was
homozygous for the variant. The radiological features were reviewed, and being similar, but atypical, the phenotype was
classified as a ‘Schneckenbecken-like dysplasia.’ The effect of the missense change was assessed using protein modelling
techniques and indicated alterations in the mouth of the solute channel. A detailed biochemical investigation of SLC35D1
transport function and that of the missense variant p.(Pro133Leu) revealed that SLC35D1 acts as a general UDP-sugar
transporter and that the p.(Pro133Leu) mutation resulted in a significant decrease in transport activity. The reduced
transport activity observed for p.(Pro133Leu) was contrasted with in vitro activity for SLC35D1 p.(Thr65Pro), the
loss-of-function mutation was associated with Schneckenbecken dysplasia. The functional classification of SLC35D1 as a
general nucleotide sugar transporter of the endoplasmic reticulum suggests an expanded role for this transporter beyond
chondroitin sulfate biosynthesis to a variety of important glycosylation reactions occurring in the endoplasmic reticulum.

Keywords: Schneckenbecken dysplasia; SLC35D1; nucleotide sugar transporters; genetics; radiology
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Introduction

Schneckenbecken dysplasia is a rare recessive lethal chon-
drodysplastic condition which has the classical radiological
signs of rounded ilia and medial protrusions of horizontally
orientated acetabula, reminiscent of a snail-like configuration,
hence the name (1–3). Furthermore, it is associated with fetal
hydrops (3). Two loci have been implicated in Schneckenbecken
dysplasia, SLC35D1, which encodes a nucleotide sugar trans-
porter (NST) (4), and INPPL1 encoding a inositol polyphosphate
phosphatase-like type protein (5).

In humans, NSTs belong to the solute carrier (SLC) group
35 (SLC35), a family that currently contains a total of 31 mem-
bers (6). SLC35D1 was first identified as hUGTrel7, a transporter
located in the endoplasmic reticulum (ER) in mammalian cells
(7). A yeast heterologous expression assay demonstrated that
SLC35D1 could initially facilitate the transport of UDP-glucuronic
acid (UDP-GlcA) and UDP-N-acetylgalactosamine (UDP-GalNAc)
(7) and later also UDP-N-acetylglucosamine (UDP-GlcNAc) (4).
However, a number of other UDP-sugars could not be conclu-
sively excluded from the initial study, including UDP-galactose
(7). Since both, UDP-GlcA and UDP-GalNAc, are substrates for
chondroitin sulfate and dermatan sulfate biosynthesis, SLC35D1
has been directly associated with a role in chondroitin sulfate
biosynthesis (4). Chondroitin sulfate chains contain repeating
disaccharide units of GlcA and GalNAc, with the latter often
harbouring sulfates at either the C6 or C4 position. These repeats
are the primary components of glycosaminoglycan (GAG) chains
found in cartilage proteoglycans (8), and their length and con-
tent are essential for cartilage development, specifically in the
formation of epiphyseal cartilage. The significance of SCL35D1
involvement in chondroitin biosynthesis has been confirmed
through the analysis of SLC35D1-deficient mice. Knockout mice
developed a lethal form of skeletal dysplasia with severe defects
in cartilage and skeleton formation that were caused by defects
in chondroitin sulfate biosynthesis as indicated by the produc-
tion of short and sparse chondroitin sulfate chains (4).

Prenatal detection of a skeletal dysplasia poses a signifi-
cant genetic counselling challenge because of the heterogeneous
genetic aetiology of these conditions. Here we describe a case of
a family who lost a total of six pregnancies, four of which were
associatedwithmultiple congenital anomalies. Postmortemand
radiological examination following the last pregnancy loss did
not reveal a specific diagnosis. Parental exome sequencing iden-
tified a novel variant of the SLC35D1 gene, suggesting a diagnosis
of Schneckenbecken dysplasia (4, 9). In silico protein modelling
and a detailed biochemical characterisation confirmed that the
new SLC35D1 variant is functionally compromised.

Results

Phenotype, pathology and radiology

A consanguineous Arabian couple had eight pregnancies with
two live born children and an early miscarriage. The first preg-
nancy was initially uneventful but ended with a fetal death
at 21 weeks. A post-mortem examination showed no malfor-
mations and no radiological evidence of a skeletal dysplasia.
The cause of death was attributed to early placental separation.
Brief clinical details of the four pregnancies affected by multiple
congenital anomalies are summarised in Table 1.A post-mortem
examination was only available for the fourth pregnancy, MCA 4
in Table 1 (Fig. 1A; 1B). Examination showed extreme shortening
and bowing of the long bones; a small, narrow thorax and
prominent abdomen; a disproportionately large head; a small

mouth with a cleft soft palate; large ears with unfolded helices;
hirsutism, overlapping fingers and clinodactyly; bilateral rocker
bottom heels; kyphoscoliosis; mild bilateral hydronephrosis and
pulmonary hypoplasia. There was no cardiac anomaly. Resting
cartilage of the femur showed an increase in vascular channels
with mild perivascular fibrosis (Fig. 1C). The findings on antero-
posterior and lateral radiographs of the fetus are summarised in
Supplementary Table 2 and are compared with the radiological
features previously reported for Schneckenbecken dysplasia (9).
The radiological features in this case are milder than usually
seen, and the absence of a snail-like pelvis meant that Schneck-
enbecken dysplasia was not considered within the differential
diagnosis, with the primary suggested diagnosis being a type II
collagenopathy (although the normal ossification of the superior
pubic rami was noted).

Sequence analysis of parents

To identify variants that could be attributed to these congen-
ital anomalies, parental exome sequencing was performed.
Sequencing determined that the parents were both heterozy-
gous for a missense change in the solute carrier SLC35D1

(NM_015139.3) c.398C>T p.(Pro133Leu) (Fig S1). This variant is
not present in the Genome Aggregation Database (gnomAD)
database of >120000 individuals (10) and affects a highly
conserved amino acid. The in silico pathogenicity prediction
tools Align GVGD (11, 12), SIFT (J. Craig Venter Institute; La
Jolla, CA; http://provean.jcvi.org/index.php) and PolyPhen (13)
all predicted the variant to have a detrimental effect on protein
function; specific grades or scores returned by the prediction
tools were: Align GVGD, class C65 (probability for pathogenicity
≥0.81) (14); SIFT, 0.00 (SIFT scores of ≤ 0.05 are usually taken as
indicative of deleterious substitutions) (15); PolyPhen HumDiv,
score (probability for pathogenicity) 0.998, sensitivity 0.27,
specificity 0.99; PolyPhen HumVar, score 0.958, sensitivity 0.63,
specificity 0.92. Sanger sequencing of the DNA sample from
one of the affected fetuses identified the SLC35D1 missense
variant, p.(Pro133Leu), in the homozygous state, consistent with
autosomal recessive inheritance (Fig. 1D).

Structural modelling of SLC35D1 and the p.(Pro133Leu)
variant

While there are no experimental structures for the SLC35D1
protein, structures have been reported for a number of other
NSTs allowing comparative protein modelling. A search for suit-
able templates using the Swiss-Model web server (16) identified
structures of the yeast GDP-mannose transporter Vrg4 (17) as the
best available templates, with overall 41.4% sequence similarity
and 20.4% identity with SLC35D1. Modelling on the nucleotide
sugar-bound form of Vrg4 (PDB identifier 5ogk) yielded a struc-
ture covering residues 44 to 338 of SLC35D1; amodel constructed
on the apo-form of Vrg4 (PDB 5oge) was essentially identical
(root-mean-square deviation between α-carbons=0.65 Å; data
not shown). Consistent with the known structure of Vrg4 and
other NSTs as integral membrane proteins, the predicted struc-
ture was of a roughly barrel-shaped protein containing the char-
acteristic 10 transmembrane (TM) helices surrounding a central
channel (Fig. 2A). In the modelled structure, the transporter is
open to the lumen of the ER, with both Pro133 and Thr65 lying
roughly opposite each other at the periphery of the substrate
channel on this surface. In keeping with the different substrate
specificities of SLC35D1 and Vrg4, the predicted protein surface
showed differences in topology and, more notably, surface
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Table 1. Summary of pregnancies affected by multiple congenital anomalies (MCA)

Pregnancy

Number

Cystic

hygroma/nuchal

translucency

Ascites/hydrops Short long bones Cleft Palate Cardiac defect † outcome

MCA 1 + + + ND + IUFD at 21 weeks
MCA 2 + ND + ND ND TOP 12 weeks
MCA 3 + + + ND ND TOP 15 weeks
MCA 4 + + + + (soft) − IUFD at 28 weeks

†Ventricular septal defect with possible aortic stenosis and coarctation or hypoplasia of the aortic arch. IUFD= intra-uterine fetal death; TOP= termination of pregnancy

Figure 1. Phenotype and genotype of the affected fetus (MCA 4) (A) Radiographs of the proband (MCA 4). (B) Radiograph outlining the absence of a snail-like ilia in the

proband (MCA 4). (C) Epiphyseal plate of femur, featuring an increase in vascular channels within the resting cartilage (indicated by arrows). (D) Sanger sequencing of

the homozygous c.398C>T variant in the affected fetus.

charge within the substrate channel (Fig. 2, right panels). These
differenceswere also evident in the aligned sequences of the two
proteins. In Vrg4, a conserved FYNN motif (residues 218–221) in
the nucleobase binding pocket of the channel confers specificity
for guanine-containing nucleotide sugars, while the GALNK
motif in the sugar-binding pocket (residues 285–289) is the
consensus sequence observed in NSTs for whichmannose is the
preferred sugar (17). In the modelled SLC35D1 structure, these
motifs are replaced by YYNA (residues 239–242) and GCIKN (289–
293), respectively, consistent with the different specificities of
SLC35D1 for both nucleobase and sugar groups of the substrate.
Use of other NST structures asmodelling templates (specifically,
PDB identifiers 6i1z and 6i1r, the apo- and CMP-bound forms
respectively of maize CMP-sialic acid transporter; and PDB 6oh2,
CMP-bound form of mouse CMP-sialic acid transporter) yielded
models of essentially identical structure and topology to those
obtained for the Vrg4 structures (data not shown).

Detailed inspection of the predicted structures showed that
Pro133 lies at the N-terminal of TM helix 4, separating this helix
from the preceding helix 3–helix 4 loop, while Thr65 lies in the
flexible helix 1–helix 2 loop. Introduction of the p.(Pro133Leu)
and p.(Thr65Pro) variants into themodel showed that both novel
amino acids could be accommodated without significant pertur-
bation of the overall structure (Fig. 3A), although both variants,
and p.(Pro133Leu) in particular, were predicted to cause modest
changes to the surface properties of the protein around the
substrate channel (Fig. 3B, C). It is possible that such changes
might result in altered binding or release of the transported
substrate into the ER lumen, particularly as Pro133 lies just N-
terminal to Phe135 and Arg139 in helix 4 which, by homology
with Vrg4 Tyr114 and Lys118, are predicted to contribute to sub-
strate binding in the sugar-binding pocket (17); moreover, Pro133
lies immediately adjacent to Leu132, which appears to partially
cap the sugar-binding pocket at the luminal surface. Notwith-
standing these potential effects, it is also possible that both vari-
ants have an impact upon protein structure and function which

is not evident from comparative modelling alone. The technique
of comparative modelling is limited in that it relies simply on
exchanging one amino acid for another in the 3D structure of
a fully folded protein but is unable to take account of how
these substitutions might affect the process of folding itself. As
such, it may often under-estimate the biological effects of mis-
sense substitutions, particularly when they affect the elements
of underlying secondary structure which drive the process of
protein folding in vivo. Proline substitutions are well-known for
such effects. Proline is often found at the start of α helices,
where, due to the rotational constraint imposed by the cyclic
nature of the amino acid, it acts to separate regions of differing
secondary structure. This property is likely to be particularly
important for insertion ofmulti-passmembrane proteins,where
the translocation complex must be able to correctly recognize
start-transport and stop-transport signals at each end of the TM
helices. In the case of Pro133, this residue separates the flexible
helix 3–helix 4 loop from TM helix 4; substitution of proline
by leucine will reduce the structural constraint at this bound-
ary, potentially resulting in altered secondary structure leading
to misfolding and/or incorrect membrane insertion of the TM
helices. Conversely, Thr65 occurs in the flexible loop between
helices 1 and 2, where this flexibility is likely to be important
for folding of the loop back on itself during membrane insertion
to allow correct antiparallel insertion of helices 1 and 2. Due
to its cyclic nature, proline substitutions reduce flexibility and
increase rigidity in proteins, again potentially leading to aberrant
protein folding and/or membrane insertion in this region. It is
possible therefore that both the p.(Pro133Leu) and p.(Thr65Pro)
substitutions have deleterious effects on protein folding that
are not apparent from comparative modelling alone, and thus
may have greater biological effects than are evident from such
modelling. In support of this hypothesis, analysis of native and
variant SLC35D1 sequences using a range of freely available
web-based tools indicated that both variants were predicted to
cause small but calculable changes to the predicted secondary
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Figure 2. Predicted structure of SLC35D1. (A) Predicted structure of SLC35D1, residues 44–338, modelled on PDB 5ogk (yeast GDP-mannose transporter Vrg4). Left and

centre panels show the protein in ribbon format, coloured from N-terminal, blue, toC-terminal, red, with sidechains shown in stick format for residues Pro133 and

Thr65; views shown are: left, in the plane of the ER membrane with the lumenal surface uppermost; and centre, from the ER lumen, with TM helices numbered 1–10.

The right panel shows the predictedmolecular surface, seen from the lumen, coloured by surface charge (blue, positive/basic; red, negative/acidic). (B) as A, but showing

the structure of Vrg4 bound to GDP-mannose (PDB 5ogk); in left and centre panels, Pro112 and Asn44, the equivalent residues to SLC35D Pro133 and Thr65, are shown

in stick format and coloured by atom type; sidechains, coloured by protein position, are also shown for residues which contribute directly to substrate binding in the

nucleobase- or sugar-binding pockets, with those in TM helix 4 (Tyr114, Lys118) labelled. The GDP-mannose substrate is shown by space-filling spheres in the left and

centre panels, and in stick format in the right panel. The yellow oval shows the approximate location of the sugar-binding pocket, while the nucleobase-binding pocket

is buried deeper within the channel as indicated by the green arrow.

structure around the variant, including altered stability and
position of TM helices, as well as changes to the hydrophobicity
at the N-terminal of TM helix 4 (data not shown).

In vitro substrate specificity of SLC35D1

SLC35D1 has previously been characterised as an ER localised
UDP-GlcA/UDP-GalNAc transporter involved in chondroitin
biosynthesis (4). However, previous data indicated that SLC35D1
may also be capable of transporting other nucleotide sugar sub-
strates (7). Thus, to compare accurately functional constraints
in the SLC35D1 p.(Pro133Leu) variant, we initially sought to
determine the in vitro substrate specificities for SLC35D1 using
a recently developed proteoliposome-based transport assay (18).
Consequently, SLC35D1 was heterologously expressed in yeast
(Fig. 4A) and its ability to transport nucleotide sugars with UMP
as counter exchange substrate under competitive conditions
was assessed (Fig. 4B; 4C). Our results confirm previous work,
indicating that SLC35D1 transports both UDP-GalNAc and UDP-
GlcA. However, adding to earlier observations (7), we have
observed that SLC35D1 appears to function as a general UDP-
sugar transporter in vitro, with the ability to transport UDP-
GlcNAc, UDP-GalNAc, UDP-Gal, UDP-Glc, UDP-GalA, UDP-GlcA,
UDP-Arap, UDP-Xyl and UDP-Araf (Fig. 4E). Minor transport of
GDP-sugars were also observed in the SLC35D1 assay; however,

this is likely the result of endogenous yeast transport activity,
since GDP-sugar uptake was comparable to that of the corre-
sponding control (Fig. 4E). Notably, compared with the control,
SLC35D1 did not have any significant nucleotide sugar transport
capabilitywhen proteoliposomeswere preloadedwith AMP,GMP
or CMP, indicating that its transport abilities are strictly depen-
dent on the presence of UMP as exchange substrate (Fig. S2).

Kinetics for multiple substrates for SLC35D1

A detailed analysis of the kinetic parameters for SLC35D1
revealed a Km of 6 μM for UDP-GlcA, while the Km values for
UDP-GlcNAc, UDP-GalNAc and UDP-Xyl were in the range of
27 to 37 μM, those for UDP-Arap, UDP-Glc and UDP-Gal were
in the range of 106 to 126 μM (Table 2). To estimate whether
the Km values for SLC35D1 were within the physiological range
of cellular nucleotide sugar concentrations, we quantified the
nucleotide sugar pools from different organs harvested from
mouse including brain, heart, liver and lungs. Since the identity
between human and mouse SLC35D1 protein is about 97%, we
concluded that such a comparison between the two species
is reasonable. The UDP-sugar contents in the mouse organs
range from 1 to 347 pmol·mg−1 of fresh weight, respectively
(Table 3) and apart from UDP-Arap, the estimated Km values for
UDP-sugars transported by SLC35D1 are likely to be within the
expected physiological range.
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Figure 3. Predicted structure of SLC35D1 variants. (A) The left panel shows the predicted structure of SLC35D1 as seen from the ER lumen, as in Fig. 2A; centre and

right panels show the predicted structures of the p.(Pro133Leu) and p.(Thr65Pro) variants respectively, derived from in silico mutagenesis of the SLC35D1 structure. (B)

Predicted surface charge (blue, positive/basic; red, negative/acidic) around the substrate channel at the lumenal surface in SLC35D1 (left) and the p.(Pro133Leu) and

p.(Thr65Pro) variants (centre and right respectively); labels indicate surface positions of relevant residues. C) as B, but coloured by predicted surface hydrophobicity

(red, most hydrophobic, to white, most polar).

Table 2. Kinetic parameters of SLC35D1 mediated transport into proteoliposomes

SLC35D1 UDP-GlcA UDP-GlcNAc UDP-GalNAc UDP-Xyl UDP-Arap UDP-Glc UDP-Gal

Km [μM] 6±1 37±6 27±5 36± 3 106±17 108±14 126±19±

Vmax [nM s−1] 4±0 14±1 11±1 8±0 6±0 7±0± 7±0
kcat [s−1] 0.1 0.4 0.3 0.2 0.1 0.2 0.2

Data points with varying substrate concentrations (0.5 to 400 μM) were acquired. Total replicates were n=4±Std. Error. The abundance of SLC35D1 in proteoliposomes
was estimated using MRM as outlined in supplementary table 1.

Biochemical characterisation of the SLC35D1
p.(Pro133Leu) variant

To determine whether the missense change in SLC35D1
c.398C>T p.(Pro133Leu) indeed affects SLC35D1 function,
we again employed the proteoliposome assay to evaluate
its transport capacity (Fig. 4D, P133L). As a control, we also

generated and tested the previously characterised missense
mutation SLC35D1 c.193A>C p.(Thr65Pro) that results in
Schneckenbecken dysplasia (4). The SLC35D1 p.(Thr65Pro)
mutant (T65P) has been reported to possess severely diminished
activity indicating that this amino acid is critical for the
function of SLC35D1 (9). Our data reveal that both mutations
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Figure 4. Substrate specificity and kinetics of SLC35D1 and variants. (A) Immunoblot analysis of proteoliposomes including the empty vector (Control), SLC35D1,

SLC35D1 p.(Pro133Leu) (P133L) and SLC35D1 p.(Thr65Pro) (T65P). (B) Separation and detection of nucleotide sugar standards (20 pmol each) by multiple reaction

monitoring. (C) Representative MRM analysis of SLC35D1-containing proteoliposomes preloaded with 30 mM UMP after conducting the transport assay with 16

nucleotide sugar substrates. (D) RepresentativeMRManalysis of SLC35D1 p.(Pro133Leu)-containing proteoliposomes (P133L) preloadedwith 30mMUMPafter conducting

the transport assay with 16 nucleotide sugar substrates. (E) Quantification of nucleotide sugar transport into proteoliposomes with Control, SLC35D1, P133L or T65P

preloaded with 30 mMUMP after incubation with 16 nucleotide sugar substrates. Data represent the mean and SD of n=4 assays. ∗ indicates that both UDP-GlcNAc and

UDP-GalNAc were employed, reflecting 2-fold increase in signal compared to other substrates. (F) SLS35D1-containing proteoliposomes were preloaded with 30 mM

UMP and incubated with the listed substrates at varying concentration (0.5 to 400 μM) for 2 min at 37◦C. Data are the mean and SEM of n=4 assays.

Table 3. Nucleotide sugar pools from various mouse organs

compound brain heart liver lung

UDP-α-d-Glc 38.5 ± 1.7 13.1 ± 1.7 141.4 ± 4.4 28.1 ± 0.9
UDP-α-d-Gal 16.7 ± 2.1 11.2 ± 2.3 79.0 ± 4.2 12.9 ± 0.2
UDP-α-d-GlcA 6.1 ± 0.3 8.3 ± 1.4 10.1 ± 0.7 10.8 ± 0.2
UDP-α-d-Xyl 1.7 ± 0.1 1.2 ± 0.2 9.1 ± 0.4 1.3 ± 0.1
UDP-β-l-Arap 0.2 ± 0.0 0.03 ± 0.0 0.9 ± 0.1 0.1 ± 0.0
UDP-α-d-GlcNAc/GalNAc 78.7 ± 4.3 62.3 ± 5.3 346.6 ± 10.1 77.0 ± 3.5
GDP-β-l-Fuc 6.1 ± 0.4 3.8 ± 0.5 2.3 ± 0.1 5.5 ± 0.3
GDP-α-d-Man 18.2 ± 1.6 8.3 ± 1.4 18.2 ± 1.1 10.6 ± 0.4
CMP-Neu5Ac 52.9 ± 1.7 27.8 ± 4.3 6.9 ± 0.6 33.4 ± 1.2
PAPS 0.1 ± 0.0 0.1 ± 0.0 1.3 ± 0.1 0.9 ± 0.0

Values are reported as pmol mg−1 fresh weight and represent the average of n=3 technical replicates ± STDEV.

significantly affect SLC35D1 function (Fig. 4E); however, while
the T65P mutation results in a complete loss-of transport
activity, this newly reported P133L variant leads to a dramatic
decrease in transport activity, which we estimated to be
around 2% to 4% activity compared to that of the SLC35D1
protein.

Discussion

We report the identification, modelling and characterisation
of a new hypomorphic allele of SLC35D1 that results in a
p.(Pro133Leu) change that dramatically affects the in vitro

function of this protein. The identified mutation causes
a milder radiological phenotype which we have termed
‘Schneckenbecken-like dysplasia’; of note are the absence of
the ‘snail-like’ pelvis that gives the condition its name and the
unusual oval ossification of the proximal inferior pubic rami not
seen in classic Schneckenbecken dysplasia. While traditional

radiology did not suggest the diagnosis, ‘reverse radiology’
following parental whole-exome sequencing provided support
to pursue functional studies of SLC35D1 involving modelling
and biochemical characterisation.

Functional analysis of the p.(Pro133Leu) variant showed that,
like the previously reported p.(Thr133Pro) variant, there was a
profound loss of transport activity as a result of the substitution.
However, whereas the p.(Thr133Pro) variant displayed complete
inactivation of UDP-sugar transport, as previously described (9),
the p.(Pro133Leu) variant retained low residual activity of 2 to
4% compared to wildtype. Interestingly, this low but detectable
activity is consistent with the milder phenotype and absence of
the classical pelvic features observed in our patient compared
to the carrier of the p.(Thr65Pro) variant. In silico analysis of both
variants by comparative protein modelling indicated relatively
modest effects on protein structure; however, in both cases the
involvement of proline residues and the structural context of
each variant suggested that these substitutions could result
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in misfolding, leading to a more profound effect on biological
activity than was apparent from modelling alone. In the context
of our functional data, this seems themore likely possibility, and
contrasts with the more subtle effects observed for substitution
of a number of substrate-binding residues within either the
nucleobase- or sugar-binding pockets of Vrg4 (17) or the maize
CMP-sialic acid transporter (19).We conclude therefore that both
the p.(Pro133Leu) and p.(Thr65Pro) variants are likely to cause a
general or global loss of SLC35D1 function as a result of misfold-
ing and/or aberrantmembrane insertion, although confirmation
would require further histochemical study of the levels and dis-
tribution of SLC35D1 variants within cells. Our data nevertheless
highlight the importance of using careful functional analysis
where possible to test assumptions based on sequence and/or
structural data.

The biochemical characterisation of SLC35D1 and variants
was undertaken using amulti-substrate transport assay that has
been previously used to characterise NSTs from plants and fungi
(18, 20–26). Here,we have demonstrated that SLC35D1 appears to
be a general UDP-sugar transporter rather than specific for UDP-
GlcNAc, UDP-GalNAc and UDP-GlcA as previously reported (4, 7,
9). Under competitive conditions, SLC35D1 was capable of trans-
porting UDP-GlcNAc, UDP-GalNAc, UDP-Gal, UDP-Glc, UDP-GlcA,
UDP-GalA, UDP-Arap, UDP-Xyl and UDP-Araf . Moreover, we have
been able to determine an apparent Km for these substrates that
correlates with estimated cellular concentrations. Significantly,
SLC35D1 was unable to transport the plant specific nucleotide
sugar UDP-Rha and was incapable of transporting UDP-sugars
when not employing UMP as a counter ion. These observations
indicate that SLC35D1 exhibits distinct substrate specificity. The
identification of UDP-Arap inmouse tissue samples is surprising
given that, to the best of our knowledge, there are no reports
of glycans containing Ara moieties in mammals. However, the
presence of UDP-Arap has previously been reported in Chinese
hamster ovary (CHO) cells (27).

Overall, these data support a role for SLC35D1 as a general
UDP-sugar transporter of humans in providing a biochemical
route for nucleotide sugars to the ER lumen for various glyco-
sylation reactions. Human SLC35D1 has previously been char-
acterised as an ER localised UDP-GlcA, UDP-GlcNAc and UDP-
GalNAc transporter (7) with a functional role in chondroitin
sulfate biosynthesis (4). However, the multi-substrate in vitro

transport capabilities of SCL35D1 described here in conjunction
with phylogenetic clustering (Fig. S3) with ‘general’ UDP-sugar
transporters from Drosophila melanogaster (Fringe Connection,
FRC) (28) and Caenorhabditis elegans (Squashed Vulva-7, SQV-7)
(29), support its expanded role as a transporter with a broad
substrate specificity.

The functional reclassification of SLC35D1 as a general UDP-
sugar transporter of the ER confers a role beyond providing
substrates for the elongation of chondroitin sulfate chains as
previously reported (4). In fact, the disruption of ER-Golgi move-
ment with brefeldin A has previously indicated that chondroitin
sulfate synthesising enzymes are localised to the trans-Golgi
network (30). Proteoglycans, such as chondroitin sulfate, com-
prise large GAG chains and are important components of the
animal extracellularmatrix and cell surface (31). GAG elongation
is generally considered to occur in the Golgi apparatus (32, 33)
as are the major steps in the biosynthesis of mucin-type O-
glycans, N-linked glycans and glycolipids (34). So what role is
there for a general UDP-sugar transporter in the ER? Prior to
the generation of GAGs chains within the Golgi apparatus, a
tetrasaccharide is added to the core protein to form the base of
all GAG chains. The sequential generation of this tetrasaccharide

linker (GlcA-Gal-Gal-Xyl-O-Ser) appears to be initiated within
the ER (33). Further examples of O-linked glycosylation within
the ER are those that occur on epidermal growth factor (EGF)-
like repeats (35). EGF repeats are found in a variety of proteins
including growth factors, receptors and many other proteins
present in the extracellular matrix (35). EGF repeat containing
proteins can contain Xyl and Glc disaccharides (Xyl-Glc-O-Ser)
and trisaccharides (Xyl-Xyl-Glc-O-Ser), single GlcNAc attached
to Ser/Thr residues, as well as disaccharide, trisaccharide or
tetrasaccharide sequentially extending from an O-Fuc residues
(Sialic Acid-Gal-GlcNAc-Fuc-O-Ser/Thr). Thus, SLC35D1 is likely
responsible for the delivery of UDP-Xyl, UDP-Gal, UDP-Glc, UDP-
GlcNAc and UDP-GlcA to the ER for the generation of important
di-, tri- and tetrasaccharide extensions on proteins prior to fur-
ther maturation processes within the endomembrane and may
also provide substrates for early generation of polysaccharide
structures such as GAG chains.

The extension of SLC35D1 substrate specificity to UDP-Xyl
and UDP-Glc, both of which are required for the initial O-linked
glycosylation steps in the GAG tetrasaccharide linker and di-
and trisaccharide found on EGF repeat containing proteins, such
as the Notch receptor, elevates the functional significance of
this transporter beyond its role in the polymerisation of chon-
droitin sulfate. The requirement for UDP-Xyl in the ER creates
a metabolic portioning quandary since UDP-Xyl is biosynthe-
sised by the Golgi-localised UDP-Xyl Synthase (UXS) from UDP-
GlcA (36). Thus, it needs to be remobilised to the ER for the
above xylosylation reactions. A Golgi localised UDP-Xyl trans-
porter from humans (SLC35B4) has been described (37) with
the authors speculating that SLC35B4 is likely involved in UDP-
Xyl efflux from the Golgi to the cytosol. Since SLC35D1 dis-
plays clear activity towards UDP-Xyl, this transporter provides
a mechanism for Golgi synthesised UDP-Xyl to be transported
into the ER for essential xylosylation reactions. While UDP-Glc
is presumably also required for the initial glycosylation of EGF
repeat containing proteins within the ER, this substrate could
also be used byUDP-glucose:glycoprotein glucosyltransferase for
reglucosylation ofmalfolded proteins, resulting in their return to
the calnexin/calreticulin cycle for refolding (38). Such pleiotropic
roles have already been described for homologous UDP-sugar
transporters, including FRC from D. melanogaster where muta-
tions in frc affect both Notch signaling and heparan sulfate
biosynthesis (39).

The finding that SLC35D1 is likely a general UDP-sugar trans-
porter located in the ER of humans further supports the critical
role of this NST in developmental biology andmay better explain
the complex phenotype associated with Schneckenbecken dys-
plasia (4) and ‘Schneckenbecken-like dysplasia’ described here.

Materials and Methods

Substrates

Substrates were obtained from the following sources: UDP-α-
d-xylose, UDP-β-l-arabinopyranose and UDP-α-d-galacturonic
acid (Carbosource Services, Complex Carbohydrate Research
Center, Athens, GA); UDP-α-d-glucuronic acid, UDP-α-d-glucose,
UDP-α-d-galactose, UDP-N-acetyl-α-d-glucosamine, UDP-N-
acetyl-α-d-galactosamine, GDP-α-d-mannose, GDP-β-l-fucose,
GDP-α-d-glucose, adenosine 3′-phosphate 5′ phosphosulfate,
CMP-N-acetylneuraminic acid and ADP-α-d-glucose (Sigma-
Aldrich, St Louis, MO); and UDP-β-l-arabinofuranose (Peptides
International, Louisville, KY). UDP-β-l-rhamnose was enzymat-
ically synthesised as described earlier (18).
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Parental exome analysis

Exome library preparation, sequencing, variant annotation and
filtering for the couple was undertaken as described previously
(40). Variant confirmation and co-segregation was undertaken
by PCR and Sanger sequencing (primers available on request).
The in silico tools Align GVGD, SIFT and PolyPhen were accessed
through Alamut Visual (Interactive Biosoftware).

Protein modelling

Comparative proteinmodelling of SLC35D1was carried out using
the Swiss-Model web server (16); in silico mutagenesis was car-
ried out using the FoldX modelling suite (41).

Cloning procedures and mutagenesis

Human ORFeome v8.1 SLC35D1 clone (accession BC093786,
clone ID ccsbBroadEn_02726) without native stop codon was
obtained from the Ultimate ORF clone collection (Thermo
Fisher Scientific). For heterologous expression in Saccharomyces

cerevisiae (yeast) the coding sequence was introduced into
the yeast expression vector pYES-DEST52 (Thermo Fisher
Scientific) using LR Clonase II (Thermo Fisher Scientific). The
c.193A>C (T65P)mutationwas introduced by PCR using Phusion
polymerase (New England BioLabs) with the following primers:
SLC35D1_193A>C_fwd: 5′-AGAGCGTGCTCCCCAATTACAGAT-3′

and SLC35D1_193A>C_rev: 5′-ATCTGTAATTGGGGAGCACGCTCT-
3′. The c.398C>T (P133L)mutationwas introduced using primers
SLC35D1_398C>T_fwd: 5′-CAAAGAAACTGAACTTGCTAATGTTT
ACAGTTCTGAG-3′, and SLC35D1_398C>T_rev: 5′-CTCAGAACTG
TAAACATTAGCAAGTTCAGTTTCTTTG-3′. The resulting PCR
products were digested with Dpn1 and transformed into TOP10
Escherichia coli (Thermo Fisher Scientific). All mutations were
verified by Sanger sequencing.

Transporter assay

Heterologous expression in S. cerevisiae (strain INVSc1), reconsti-
tution of microsomal proteins and subsequent transport activity
assays were carried out as previously described (25). Kinetic
parameters were calculated by non-linear regression using the
Prism7 application (GraphPad Software). Absolute quantifica-
tion of expressed SLC35D1 in yeast proteoliposomes was under-
taken by MRM analysis of a common tryptic peptide to the
V5-tag region using a 6460 Triple Quad LC/MS system (Agi-
lent Technologies) as previously described (25) and detailed in
Supplementary Table 1. Polyacrylamide gel electrophoreses and
immunoblot analyses were conducted as previously described
(25) using 2.5 μg of protein derived from liposome preparations
and probed using an anti-V5 antibody (Thermo Fisher Scientific).

Nucleotide sugar extraction from mouse tissue

Mouse tissues (livers, lungs, brains, hearts) were harvested from
two individuals (CD-1) and pooled. Tissues were ground to a fine
powder in liquid nitrogen using a mortar and pestle. Nucleotide
sugars were extracted, purified and quantified by LC-MS/MS as
previously described (25).

Supplementary Material

Supplementary Material is available at HMG online.
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