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B A C K G R O U N D

Mucopolysaccharidosis type II (MPS II), also known as Hunter syndrome, is a rare X-linked recessive disease
caused by a deficiency of the lysosomal enzyme iduronate-2-sulfatase (IDS), which activates intracellular accu-
mulation of nonmetabolized glycosaminoglycans such as heparan sulfate and dermatan sulfate. This accumulation
causes severe damage to several tissues, principally the central nervous system. Previously, we identified 187 IDS-
protein interactions in the mouse brain. To validate a subset of these interactions, we selected and cloned the
coding regions of 10 candidate genes to perform a targeted yeast two-hybrid assay. The results allowed the
identification of the physical interaction of IDS with LSAMP and SYT1. Although the physiological relevance of
these complexes is unknown, recent advances allow us to point out that these interactions could be involved in
vesicular trafficking of IDS through the interaction with SYT1, as well as to the ability to form a transcytosis
module between the cellular components of the blood-brain-barrier (BBB) through its interaction with LSAMP.
These results may shed light on the role of IDS on cellular homeostasis and may also contribute to the under-
standing of MPS II physiopathology and the development of novel therapeutic strategies to transport recombinant
IDS through the brain endothelial cells toward the brain parenchyma.
1. Introduction

MPS II (OMIM 309900) is a metabolic disorder caused by mutations
affecting the gene IDS (3.1.6.13), encoding the lysosomal enzyme
iduronate-2-sulfatase. IDS is required for the degradation of the glycos-
aminoglycans (GAGs) heparan sulfate (HS) and dermatan sulfate (DS)
[1]. Therefore, the unmetabolized GAGs accumulated within the lyso-
somes of different tissues, including the central nervous system (CNS),
lead to progressive cellular damage [1]. Aggressive phenotypes include
clinical manifestations such as cognitive impairment, coarse facies, short
stature, skeletal abnormalities, joint stiffness, ocular damage, chronic
diarrhea, hearing impairment, and communicating hydrocephalus. Pa-
tients with mild phenotypes have the same somatic features with a lower
progression rate and without central nervous system involvement [1, 2].
Current treatment alternatives include enzyme replacement therapy
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(ERT), stem cells, bone marrow, or peripheral blood hematopoietic cells
transplantations [3, 4, 5].

Although the storage of HS and DS is considered the primary cause of
MPS II, several studies have shown that other signaling and metabolic
pathways could also be involved in the disease pathogenesis [2]. For
instance, it has been described autophagy impairment, neuro-
inflammation, dysregulation of calcium homeostasis, synapse, neuroac-
tive ligand-receptor interaction, axon guidance, Wnt signaling and,
immune system, among others [6, 7, 8, 9]. Nevertheless, neuropathology
causes are not entirely understood, confining the development of novel
therapeutic strategies for improving the currently approved. For
instance, although ERT improves joint mobility, gait, respiratory func-
tion, liver and spleen volumes, and urinary GAGs levels [10, 11], it does
not have any impact on CNS alterations since the enzyme cannot cross
the blood-brain barrier (BBB) [12]. In addition, although significant
advances have been made in the gene therapy field [13] and small
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molecules [14], these strategies need further studies before they can be
approved for MPS II patients. Recently, it was described that mutant IDS
is accumulated in the endoplasmic reticulum, which promotes its ubiq-
uitination and degradation. Inhibition of endoplasmic
reticulum-associated degradation improved IDS intracellular trafficking
and activity [15]. These results show the importance of understanding
the IDS maturation process and interactions, as well as the physiopa-
thology of the disease, to identify novel therapeutic targets.

Protein-protein interaction networks are important sources of infor-
mation on biological processes and complex metabolic functions in living
cells [16]. Previously, we demonstrated that proteomics analysis allowed
the identification of the IDS interactome, elucidating new physiological
roles of this protein through their interaction with proteins involved in
different cellular processes such as cell migration, oxidative phosphory-
lation, redox, immune defense, vesicular and axonal transport [17]. In
addition, a bioinformatics protein-protein network analysis led to the
identification of proteins with potential physical interactions with IDS
[17]. To increase our knowledge of the IDS interactome, in this work we
describe the validation of these ten candidates by using the yeast
two-hybrid (Y2H) assay, which confirmed the physical interaction of IDS
with limbic system-associated membrane protein (LSAMP) and
synaptotagmin-1 (SYT1). LSAMP is an immunoglobulin (Ig) superfamily
member involved in selective neuronal growth, axon targeting, cellular
migration, proliferation, and blood-brain-barrier (BBB) integrity [18,
19]. On the other hand, SYT1 has been proposed to trigger exocytosis and
endocytosis through Ca2þ-dependent interactions with
phosphatidylserine-containing liposomes and SNARE proteins [20].
Although the physiological relevance of these complexes has not been
explored, our results suggest that these interactions could provide to IDS
a pathway to the specific SYT1-mediated endocytosis during the docking
stage, connecting the vesicular membrane with the SNARE fusion com-
plex in the vesicular fusion process; as well as the capability to form a
targeting module in the transcytosis process between cellular compo-
nents from the BBB through the interaction with LSAMP [21, 22].

2. Materials and methods

2.1. Bioinformatic analysis

The protein/gene list of the 187 potential IDS-interacting proteins,
previously identified by the affinity purification [17], was used for a
global protein-protein interaction network reconstruction with the PPI
spider platform [23]. This analysis provided a global picture of protein
relationships, extracting the experimental binary interactions deposited
in the IntAct database [24]. The dataset was analyzed with geneMANIA
[25] at Cytoscape to visualize functional associations between these
proteins, based on reported and predicted physical interactions. This last
category incorporates functional associations from orthologous organ-
isms to enrich the network [26]. The analysis led to the election of ten
proteins directly linked to IDS to be screened by the Y2H system.

2.2. Protein-protein docking

The InterEvScore platform [27] was used to carry out all the
protein-protein docking simulations. This software combines evolu-
tionary methods in the docking process, implying that the analysis of
heteromeric proteins can be pursued by integrating a residue-based mul-
ti-body statistical potential with evolutionary information. The FRO-
DOCK2 was used for the docking search [28]. All the generated models
were re-scored with InterEvScore.The SOAP_PP atom-based statistical
potential was used to increase the confidence of the outputs [27, 29, 30].

2.3. Mouse brain RNA extraction and PCR amplification

100 mg of brain tissue from 3-month-old male wild-type C57BL/6
mice were resuspended in 1mL of TRIzol reagent and homogenized with
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a syringe according to the manufacturer's instructions (Sigma-Aldrich).
The RNAwas treated with 1mL of DNase I per mg of RNA (Invitrogen) for
15 min at room temperature to remove residual DNA contaminants.
Subsequently, DNase was inactivated by adding 1 μL of 25 mM EDTA and
heating for 10 min at 65 �C. RNA integrity was verified in 1% agarose gel
electrophoresis. One-Step RT-PCR was performed in a single tube using
gene-specific primers (Table 1), targeting RNAs from total RNA using a
mixture of SuperScript® III Reverse Transcriptase and Platinum® Taq
DNA polymerase (Invitrogen). Mice were obtained from the Comparative
Biology Unit at Pontificia Universidad Javeriana under approved pro-
tocols of the Institutional Animal Care and Use Committee.

2.4. Construction of plasmids

Cloning procedures were performed using ProQuest Two-Hybrid
Technology (Invitrogen), according to the manufacturer's instructions.
To generate the bait and prey plasmids, we cloned the ORFs of the
selected ten cDNAs and added the att sequences required for site-specific
recombination (Table 1. Supporting, Information). The canonical human
IDS sequence was used to generate the bait plasmid, and it shares 86%
identity with the mouse orthologous protein. The PCRs were performed
in 50 μL of Safe-Green™ 2X PCR Bestaq super mix reaction (ABM®)
containing 100 ng of cDNA, 0.5 μM of att primers, 1X Safe-Green Bestaq,
and nuclease-free H2O. Amplifications were performed as follows: initial
denaturation at 95 �C for 3 min, followed by 40 cycles of 30 s at 94 �C, 30
s at the annealing temperature optimal for each primer pair, 1–2 min at
72 �C, and an additional 3 min extension at 72 �C. PCR products were
purified usingWizard® SV Gel and PCR Clean-Up System (Promega). 1 μL
of each amplification product was loaded onto an agarose gel to check the
concentration before BP reactions. Site-specific recombination was per-
formed by BP recombination reaction between a pDONR 201 and 207
and attB PCR products to generate the entry clones containing genes of
interest flanked by attL1 and attL2 sites. The desired expression clones
were generated by performing an LR recombination reaction between the
entry clones and a Gateway™ destination vectors pDESTTM32 and
pDESTTM22, respectively, using the Gateway LR Clonase II Enzyme mix
(Invitrogen).

2.5. Yeast strain and growth conditions

The Y2H screen was performed by co-transformation of bait and prey
plasmids into Saccharomyces cerevisiae MaV203 strain (Invitrogen)
(Table 1). The ProQuestTM Two-Hybrid System includes control plas-
mids based on the interaction of Krev1 (a member of the Ras family of
GTP binding proteins) with RalGDS (the Ral guanine nucleotide dis-
sociator stimulator protein). The RalGDS mutants RalGDS-m1 and
RalGDS-m2 affect the interaction with Krev1 and were provided by
ProQuest™ Control Vectors Box (Invitrogen, Catalog No. PQ10001-01
PQ10002-01). For each transformation, 1 μg plasmid DNA was mixed
with 100 μg of denatured sheared salmon sperm DNA and 100 μL of the
competent yeast suspension in 2 mL of 1X LiAc/0.5X TE. Cells were
incubated at room temperature for 10 min, and 700 μL of 1X LiAc/40%
PEG-3350/1X TE was added, mixed, and incubated for 30 min at 30 �C.
Furthermore, 88 μL of DMSOwas added, and the cell solution was heated
at 42 �C for 7 min and centrifuged at 5000 rpm for 10 s. The supernatant
was removed and resuspended in 1 mL 1X TE. Finally, the supernatant
was removed, and the cells were resuspended in 50 μL of TE to be platelet
on a selective plate.

2.6. Characterization of transformants

The identification of transformants was performed by patching and
replica plating steps onto the selection/screen plates on dropout SC
amino acid mixture formulation (without L-Leucine and L-Tryptophan)
for S. cerevisiae growth media (SC-Leu�Trp). Subsequent procedures
were performed following the manufacturer's specifications (ProQuest™



Table 1. Transformations of Saccharomyces cerevisiae MaV203 strain.

Test
number

Bait
plasmid

Prey plasmid Tested pair Purpose

0 None None Empty plasmids Negative Controls

1 pDEST32/
Krev1

pDEST32/
RalGDS-wt

Krev1þRalGDS-
wt

Strong positive
interaction control

2 pDEST32/
Krev1

pDEST32/
RalGDS-m1

Krev1þRalGDS-
m1

Weak positive
interaction control

3 pDEST32/
Krev1

pDEST32/
RalGDS-m2

Krev1þRalGDS-
m2

Negative interaction
control

4 pDEST32 pDEST22 None (Empty
vectors)

Negative activation
control

5 pDEST32/
IDS

pDEST22 IDS Negative activation
control; baseline

6 pDEST32/
IDS

pDEST22/
1433G

IDSþ1433G Testing specific
two-hybrid
interaction

7 pDEST32 pDEST22/
1433G

1433G Negative activation
control

8 pDEST32/
IDS

pDEST22/
1433Z

IDSþ1433Z Testing specific
two-hybrid
interaction

9 pDEST32 pDEST22/
1433Z

1433Z Negative activation
control

10 pDEST32/
IDS

pDEST22/
ALDOA

IDS þ ALDOA Testing specific
two-hybrid
interaction

11 pDEST32 pDEST22/
ALDOA

ALDOA Negative activation
control

12 pDEST32/
IDS

pDEST2/
ALDOC

IDS þ ALDOC Testing specific
two-hybrid
interaction

13 pDEST32 pDEST22/
ALDOC

ALDOC Negative activation
control

14 pDEST32/
IDS

pDEST22/
EAA1

IDS þ EAA1 Testing specific
two-hybrid
interaction

15 pDEST32 pDEST22/
EAA1

EAA1 Negative activation
control

16 pDEST32/
IDS

pDEST22/
HSP7C

IDS þ HSP7C Testing specific
two-hybrid
interaction

17 pDEST32 pDEST22/
HSP7C

HSP7C Negative activation
control

18 pDEST32/
IDS

pDEST22/
LSAMP

IDS þ LSAMP Testing specific
two-hybrid
interaction

19 pDEST32 pDEST22/
LSAMP

LSAMP Negative activation
control

20 pDEST32/
IDS

pDEST22/
PRDX2

IDS þ PRDX2 Testing specific
two-hybrid
interaction

21 pDEST32 pDEST22/
PRDX2

PRDX2 Negative activation
control

22 pDEST32/
IDS

pDEST22/
SYT1

IDS þ SYT1 Testing specific
two-hybrid
interaction

23 pDEST32 pDEST22/
SYT1

SYT1 Negative activation
control
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Two-Hybrid System, Invitrogen). Interactions were identified by acti-
vating both independent reporter genes URA3 and lacZ. To assay, the
activation of the HIS3 reporter gene, multiple colonies from each SC-
Leu�Trp plate were resuspended in 0.9% NaCl and spotted onto syn-
thetic agar medium containing dropout supplements lacking leucine,
tryptophan, and histidine (SC-Leu�Trp�His). Plates were incubated for
three days at 30 �C and assessed for growth.
3

2.7. β-galactosidase activity detection

A β-galactosidase assay was used as a quantitative indicator of the
strength of the interaction. The assay was performed following the pro-
tocol described in the ProQuest Two-Hybrid System manual (Invitrogen)
but with some variations in the cell lysis method. Three colonies con-
taining a pair of proteins previously detected as a positive on HIS3 plates
(LSAMP þ IDS and SYT1þIDS), as well as both positive and negative
controls (Test number 0, 1, 2, 3 4, 5, 19, and 23, Table 1), were growth in
2.5 mL of SC-Leu-Trp medium and incubated for 16 h at 30 �C. Then, 5
mL of yeast extract containing peptone, glucose, and adenine sulfate
dihydrate medium (YPAD) was added, and when the cultures reached
OD600 ¼ 1.0–1.5; 1.5 mL were centrifuged at 12000 x g for 30 s, and the
pellets were washed with 1,5 mL of Z-buffer (60 mM Na2HPO4, 40 mM
NaH2PO4, 10 mM KCl, 1 mM MgSO4, pH 7.0), resuspended in 300 μL of
Z-buffer, and lysed with glass beads (Merck) in 8 cycles of vigorous
vertexing during 30 s followed by 30 s on ice. Further, 100 μL of the
supernatant were mixed with 700 μL of Z-buffer, 2-mercaptoethanol
buffer, and 160 μL of the o-nitrophenyl-β-D-galactopyranoside sub-
strate (ONPG, Thermo Scientific). Samples were incubated for 30 min at
30 �C before stopping with 400 μL of Na2CO3 1M. Finally, the absorbance
of each sample was measured at 420 nm. The β-galactosidase activity was
calculated using the following equation:

U βgal¼1000*OD420

t*V*OD600

where t¼ incubation time (min), V¼ volume of culture used in the assay
(mL) ¼ 6mL, OD420 ¼ ONPG reaction absorbance, and OD600 ¼ initial
culture density.
2.8. Statistical analysis

Data analysis was performed using GraphPad Prism version 8.4.3
(San Diego, CA, United States). One-way with Dunnett's posttests was
used to determine the significance of observed differences. Differences
were considered statistically significant when p was <0.05.

3. Results

3.1. Bioinformatics analysis of brain IDS-interactome

The mouse brain IDS-interactome was previously isolated and iden-
tified using affinity purification and mass spectrometry [17]. The main
functional categories among IDS putative interactors were transducers,
enzymes, transcriptional activators, transporters, and structural and
binding proteins [17]. Here, the interpretation of a set of proteins in the
biological context was carried out on PPI Spider and Cytoscape platforms.
According to the topological context, the network model of the identified
protein list was transferred to a global PPI network. The enrichment took
place if missing relevant proteins were included to connect the network.
A Monte Carlo simulation was used to obtain the statistical significance
of the models. The method has been used as a web-based tool on the PPI
spider platform. The re-analysis of the IDS interactome using PPI spider
showed that molecular functions related to the binding proteins and
metabolic enzymatic activities were predominant in the interaction
network (Figure 1). Also, relevant metabolic pathways like ATP-catabolic
activity, small GTPase mediated signal transduction, vesicle-mediated
transport, hydrogen peroxide catabolic process, tricarboxylic cycle ac-
tivity, cytoskeleton, response to stress, axogenesis, and positive regula-
tion of cell migration were identified (Figure 2A).

As shown in Figure 2B, GeneMANIA analysis represents the associa-
tion networks between selected proteins built upon physical interactions
and predicted network categories to visualize functional relations



Figure 1. Functional classification of mouse IDS interactome. Protein analysis through evolutionary relationships algorithm was used for GO term assignment.
187 proteins were classified according to evolutionary groupings, protein class, and functional groupings (gene ontology and pathways). Red lines relate the per-
centages for each group.
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between genes and proteins by mapping known functional associations
across species [17]. Further, considering the coverage sequence per-
centage and the respective ion score obtained by mass spectrometry
(Supplementary information), five proteins were selected to validate
their physical predicted interactions from the GeneMANIA network:
limbic system-associated membrane protein (LSAMP), CaM kinase-like
vesicle-associated protein (CAMKV), synaptotagmin-1 (SYT1),
fructose-bisphosphate aldolase C (ALDOC), and excitatory amino acid
transporter 1 (EAA1) (Figure 2B), and five proteins from the PPI-Spider
network: peroxiredoxin-2 (PRDX2), heat shock cognate 71 kDa protein
(HSP7), 14-3-3 protein zeta/delta (1433Z), 14-3-3 protein gamma
(1433G) and aldolase A (ALDOA) (Figure 2A).

3.2. Y2H to validate a selection of interactors

The physical interaction of IDS with the selected proteins was vali-
dated using the Y2H system. The cDNAs of the selected proteins were
amplified by PCR successfully for all proteins, excepting CAMKV, despite
making different modifications on PCR conditions (Supplementary data,
figure 2). We evaluated the interactions between IDS (bait) and the
predicted interactors (prey) through the reconstitution of the active
transcription factor, which in turn activated expression of the three re-
ported genes (HIS3, URA3, and lacZ), which one with an independent
promoter (Figure 3). The characterization of S. cerevisiae MaV203
transformants cells containing bait and prey interacting proteins as well
as positive controls for weak and strong interactions allows the
4

expression of the three reporter genes HIS3, URA3, and lacZ. Positive
colonies for HIS3 and URA3 reporters were identified by patching and
replica plating steps onto the selection plates (Supplementary data figure
3). In this respect, the cloning of cDNAs by PCR was successful except for
CAMKV despite making different modifications to promote clonal
amplification (Supplementary data, figure 2).

To test the specific interaction with IDS, the transformants were
analyzed by plating them on media lacking Leu, Trp, and His. Addi-
tionally, the same colonies were grown in a medium lacking uracil
(Supporting information figure 3, right panel). Both negative and posi-
tive controls were always seeded next to the tests (Supporting informa-
tion, figure 3, left panel). All the tested colonies grew normally in the
non-selective culture medium (SC-Leu-Trp), confirming the presence of
both bait and prey vectors (Supplementary Information, figure 3, Assay #
2 and 3, A-C). Colony replating on a selective medium (SC-Leu-Trp-His-
Ura) showed differential growth for co-transformed colonies containing
IDS þ LSAMP and IDS þ SYT1 constructs, suggesting that both proteins
may interact with IDS (Figure 4). On the other hand, based on the
experimental conditions used in this study, colonies containing IDS
protein co-transformed with 1433G, ALDOA, ALDOC, EAA1, HSP7C, and
PRDX2 did not show growth in patching and replica plating steps onto
the selection plates (Supplementary Information, figure 3, Assay # 1B
and D). Although the system is designed to reduce false positives because
of the uses of low-copy-number vectors and the presence of three
different reporter genes with independent promoters, the protein 14-3-3
Z was not considered for further validations because the negative control



Figure 2. Protein-protein interaction (PPI) network construction with PPI-Spider. A) D1-3 network model from the input list presented by rectangles. Colors are
used to indicate gene function according to the Gene Ontology terms. Proteins from the input list are represented as colored rectangles, where each color represents
independent metabolic pathways. The colored rectangles correspond to those proteins that the software finds related to the entry list, but that is not part of it. B)
primary IDS network predicted with GeneMANIA selecting physical interactions using query gene-based weighting. Proteins that were selected for Y2H validation are
marked with black stars.
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(pDEST32 þ pDEST22/14-3-3 Z) showed that by itself, it could activate
the transcription factor. In addition, two-point mutations that probably
affect the reading frame were found in the sequence of 14-3-3 Z (Sup-
plementary Information, figure 3, Assay # 1B).

LSAMP and SYT1 showed the activation of HIS3 and URA3 reporter
genes mediated by a strong interaction with IDS in replica and the clean
plates (Figure 5A-B). The negative controls did not grow in the URA3
selective medium (Figure 5C). Also, the negative activation controls
(pDEST32/IDSþ pDEST22) showed that IDS do not possess domains that
promote the activation of the reporter genes (Figure 5, IDS-C). Dilutions
for each of the following co-transformants were also evaluated (Figure 5):
Krev1-RalGDS-wt for strong interaction control; Krev1-RalGDS-m1 for
weak interaction; Krev1-RalGDS-m2, pDEST22-pDEST32 (Empty vec-
tors) for negative interaction. Clones co-expressing pDEST32/IDS and
pDEST22/LSAMP, and pDEST32/IDS and pDEST22/SYT1 plasmids grew
in URA3 selective medium supplemented with HIS, and total absence of
growth was observed for autoactivation controls co-transformed with
empty bait plasmid pDEST32 and pDEST22/LSAMP (LSAMP) and
pDESTP32 and pDEST/SYT1 (SYT1), respectively (Figure 5C).

3.3. β-galactosidase activity quantification

The measured β-galactosidase activity reflected the expression level
of the reporter gene lacZ. Transformed cells URA3 positive were also
analyzed by plating them on media lacking leucine, tryptophan, and
URA3. Also, colonies containing positive and negative controls were
5

evaluated. As observed in Figure 6, transformants co-expressing IDS þ
LSAMP or IDSþ SYT1 showed an increase in β-galactosidase activity. IDS
þ LSAMP showed higher β-galactosidase activity than IDS-SYT1 and all
the negative controls (i.e., Krev1-RalGDS-m2, pDEST32 þ pDEST22, and
pDEST32þ pDEST22/LSAMP), being comparable to that detected for the
strong interaction control (Krev1-RalGDS-wt). In contrast, the IDS þ
SYT1 pair showed a-galactosidase activity close to that observed in the
weak interaction control Krev1-RalGDS-m1 (Figure 6). As expected,
positive control (Krev1-RalGDS-wt) showed a significantly high
β-galactosidase activity; while there was a low or negligible amount of
activity for empty plasmids pDEST32 and pDEST22 (negative control)
and pDEST32 þ pDEST22/SYT1 as compared with the positive in-
teractions. Nevertheless, the cross-activation controls for pDEST32 þ
pDEST22/LSAMP and pDEST22 þ pDEST32/IDS showed that by them-
selves induce reporter activation.

3.4. Protein-protein docking

The modeling of protein-protein interactions allows us to elucidate
how cellular networks work. To provide a possible visualization of the
LSAMP-IDS and SYT1-IDS interaction, the coordinates of their unbound
components were used to generate potential predictions from a rigid-
body 6D search followed by a second refining round. Then, we per-
formed multiple sequence alignments to identify binding interfaces on
the InterEvDock2 server. This is a commonly used platform to study
heteromeric proteins, combining a residue-based multi-body statistical



Figure 3. Schematic representation of the yeast two-hybrid validation. For the study of the interactions, mouse cDNA of IDS was fused to the DNA-binding
domain (DBD) of Gal 4 (Bait vector), and the other proteins were fused with the activation domain (AD) of Gal4 (Prey vector). The yeast strain is transformed
with the expression plasmids encoding the bait and prey. If protein IDS interacts with any prey protein in the nucleus, this will bring the activation domain together
with the DNA-binding domain to reconstitute transcriptional activation and result in the expression of the reporter genes (HIS3, URA3, and lacZ).

Figure 4. Characterization of transformants based on their phenotypes including self-activation controls and the positive controls for the weak and strong
interaction. TPP: Tested proteic pair. NAC: Negative activation control. Krev1þRalGDS-wt: strong positive interaction control; Krev1þRalGDS-m1: weak positive
interaction control; Krev1þRalGDS-m2: negative interaction control; MaV203: empty S. cerevisiae Mav203 cells.
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potential with evolutionary information derived from the multiple
sequence alignments between potential protein partners [27]. The results
predicted that the 42 kDa heavy chain of IDS might overlap with the
-terminal residues of LSAMP, while the light chain appears to be over-
lapping with the N-terminal region of SYT1 (Figure 7).
6

4. Discussion

Recent advances in high-throughput technologies have provided
relevant information about the neuronal damage in murine models for
MPS II. Alterations of secondary cellular processes have been described



Figure 5. Representative images of yeast growth in media lacking tryptophan, leucine, and histidine for the selection of cells transformed with bait and
prey plasmids. The interaction assays between IDS þ LSAMP and IDS þ SYT were evaluated by the expression of HIS3 and URA3 reporter genes at different dilutions.
A. SC-Leu-Trp (þ His þ Ura) plates: Positive grow control in the non-selective medium. B. SC-Leu-Trp-His (þ Ura) Plates: HIS3 gene expression in selective
medium lacking histidine. C. SC-Leu-Trp-Ura (þ His) plates: URA3 gene expression in selective medium lacking uracil. Krev1þRalGDS-wt; strong positive interaction
control, Krev1þRalGDS-m1; weak positive interaction control; Krev1þRalGDS-m2; Negative interaction control; MaV2013; empty cells.

Figure 6. β-galactosidase activity. The expression of the lacZ reporter gene
was quantified by measuring the β-galactosidase activity in cultures of
pDEST22/LSAMP þ pDEST32/IDS, pDEST22/SYT1þpDEST32/IDS, positive
controls (Krev1-RalGDS-wt; strong interaction, and Krev1-RalGDS-m1; weak
interaction), and negative controls (Krev1-RalGDS-m2; negative interaction
control, pDEST22 þ pDEST32; empty plasmids, pDEST22 þ pDEST32/IDS,
pDEST32 þ pDEST 22/LSAMP and pDEST32 þ pDEST22/SYT1; negative acti-
vation controls). All values were compared with the mean of the empty vectors
(pDEST32 þ pDEST22). Differences were considered statistically significant
when p was. * ¼ p < 0.05 and ** ¼ p < 0.001.

E. Benincore-Fl�orez et al. Heliyon 8 (2022) e09031
as a consequence of the lysosomal accumulation of HS and DS, such as the
permeabilization of lysosomal and mitochondrial membranes, and the
dysregulation of calcium homeostasis, among others [31]. Also, some
proteins have been identified as damage-triggers factors on lipid meta-
bolism, GAGs degradation, glycosphingolipid biosynthesis, and
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autophagy processes like TFEB, mTOR, and SERBP [32]. Likewise, a
systems biology approach was performed to understand the effect of
metabolism alterations in MPS through metabolic reconstruction.
Silencing MPS-related enzymes also supported severe damage affecting
mainly the mitochondrial function and the amino acid and lipid meta-
bolism [32]. New contributions in this field have shown differentially
expressed protein profiles in the hippocampus and cerebral cortex from
MPS II mouse models through transcriptomic analysis, showing signifi-
cant alterations in axon guidance, calcium homeostasis, synapse,
neuroactive ligand-receptor interaction, neuroinflammation, and the
calcium-dependent exocytotic vesicles [33].

On the other hand, functional classification analysis for the specific
mouse brain IDS-proteome revealed that most of the proteins identified
as direct IDS putative interactors are related to axogenesis, vesicle-
mediated intracellular and extracellular transport, and neuron projec-
tion [17]. These proteins were previously isolated and identified by af-
finity chromatography, using a human recombinant IDS as a ligand under
high stringency conditions (150 mM NaCl) to favor the selection of the
strongest interactors. In addition, we confirmed some of these in-
teractions by immunoprecipitation from mouse brain protein extracts.
The antibodies against myelin, 14-3-3 proteins zeta (14-3-3Z), 143-3
gamma (14-3-3G), and aldolase C, were able to co-immunoprecipitated
IDS [17]. Although there is no evidence about IDS physiological func-
tions beyond its known catalytic role, these interactions suggest that IDS
may be involved in a wide spectrum of cellular functions related to cell
growth, enzymatic activity induction, intracellular trafficking, biogen-
esis, and glycolytic pathways respectively [17]. Additionally, we isolated
functional native IDS-complexes in cytosolic fractions from the mouse
brain, containing 9 proteins also identified by affinity chromatography
(The mitochondrial ATP synatse, glutathione s-transferase, peroxir-
edoxins (isoforms 2 and 6), creatine kinases, ubiquinol–cytochrome c
oxidoreductase, rab GDP dissociation inhibitor alpha, and alfa enolase)
[17]. Although these assays allowed us to provide evidence that IDS may
form complexes with different proteins, they did not allow us to identify
direct physical interactions between these proteins and IDS. In this sense,
we decided to use the yeast two-hybrid system to confirm direct-physical
protein interactions of some of these putative interactors.

We have applied orthogonal approaches to unravel protein-protein
interactions with IDS: protein-protein docking, affinity purification/



Figure 7. Residue Interface Consensus.
The server runs several steps to propose a
selection of the ten most likely models for
each score (InterEvScore, SOAP_PP, FRO-
DOCK scores) as well as ten consensus
models and five most likely interface resi-
dues on each protein. Columns marked in
blue show amino acids from either LSAMP or
SYT1 that could be interacting with IDS
residues (marked in red for each interaction).
Figures A and B show the predicted interface
for IDS-LSAMP and IDS-SYT1, respectively.
C. The Eukaryotic Linear Motifs analysis for
the LSAMP sequence reveals the presence of
four SH3 domains.
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MS-based analysis for primary identification, and now, targeted Y2H for
physical interaction validations. To decrease the rate of false-positive
interactions, we used a stringent triple auxotrophic yeast strain with
independent promoters for yeast colony analysis. After secondary URA3
screening, candidate colonies were identified as containing IDS-
interacting proteins, and their respective autoactivation controls for
this marker showed negative growth on the selection plates (Figures 4
and 5). Subsequent quantitative analysis of β-galactosidase to evaluate
lacZ gene from URA3 plate colonies showed a positive but residual ac-
tivity for auto-activation controls (pDEST32/IDS þ pDEST22 and
pDEST22/LSAMP, Figure 6). Two factors can explain this: first, the URA3
reporter gene is the most stringent reporter in the Y2H system due to the
URS1 sequence presence that strongly represses transcription, which
means that only solid protein-protein interactions induce this gene suf-
ficiently to allow growth [34, 35], and second, colonies screened on
SC-Leu-Trp-Ura plates that did not grow, should not be excluded as true
interactors. Furthermore, while showing strong induction of theHIS3 and
lacZ reporter genes, specific bait fusions may lead to weak induction of
URA3. In addition, it is well known that the system could generate false
negatives in some cases because the interaction between test proteins
may place the BD and AD in a non-favorable configuration. Since
post-translational modifications would be absent in a Y2H assay, in-
teractions that require them will be missed [36]. LSAMP and, to a lesser
extent, IDS could have low affinities for many system components,
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including nuclear signal, activation domain, or the RNA, providing
certain false-positive activities. Still, when PDEST32/IDS þ
PDST22/LSAMP were assayed for lacZ and URA3, the interaction was
more robust than the controls (whose activity was abolished entirely in
URA3 plates), suggesting that this interaction is undoubtedly strong. On
the other hand, the sensitivity of the HIS3 reporter was evident since the
yeast strain already expresses a basal level of it. Also, bait proteins often
contain a certain level of transcriptional activity that could be enough to
initiate the transcription of HIS3, which was undoubtedly confirmed in
our experiments using the respective bait controls (Figure 6).

The relevance of these interactions in the pathogenesis of MPS II
would be the next issue to investigate. Under physiological conditions,
the nature of these interactions remains unclear. However, a functional
relationship between IDS and SYT1 could underlie pathways of exocy-
tosis and endocytosis of enzymes dependent on SNARE complexes such
as IDS. In this regard, it is well known that the extracellular presence of
lysosomal enzymes may be due to a mannose 6-phosphate targeting
signal (M6P-dependent pathway). Likewise, a new vesicular M6P-
independent mechanism of newly synthesized lysosomal enzymes to ly-
sosomes has been reported [37, 38]. ERT for MPS II takes advantage of
exposed M6P residues present in the recombinant IDS used for this
purpose (i.e., idursulfase and idursulfase-beta), which target cell surface
M6P receptors and promote the internalization via clathrin-coated vesi-
cles [39]. On the other hand, in addition to the degradative functions,
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lysosomes are also capable of extracellularly releasing their contents by
lysosomal exocytosis via a Ca2þ dependent process [37]. The dynamics
include the peripheral transport along microtubules, the presence of
vesicle-associated membrane protein 7 (VAMP7) on the surface of lyso-
somes interacting with syntaxin-4 and with synaptosome-associated
protein of 23 kDa (SNAP23) on the plasma membrane, and a local
Ca2þ sensor like synaptotagmin 7 to facilitate the cytoplasmic membrane
fusion [40]. In this regard, the synaptotagmin family comprises 17
members, many of which trigger exocytosis in response to calcium, such
as SYT1, which also functions as a primary calcium sensor in the syn-
chronous neurotransmitter release synaptic vesicles (SV) [41]. SYT1 is a
membrane protein with conserved Ca2þ sensors capable of initiating
SNARE-dependent vesicle fusion during endo-exocytosis of synaptic
vesicles and hormone stimulation [42].

Interestingly, our docking studies allowed us to predict possible in-
teractions between SYT1 domains, specifically C2A, and the C-terminal
light chain of IDS. It has been well known that SYT1 interacts with a
clathrin adaptor protein (AP-2), suggesting a role in the clathrin-
mediated endocytosis [43]. SYT1 is one of the main modules for exocy-
tosis and endocytosis Ca2þ dependent [44]. Nevertheless, most studies
have exposed a compensatory modulation of endocytosis switching from
Ca2þ�dependent to Ca2þ independent in the absence of SYT1 [45]. In
addition, experiments with SYT1 knockout neurons revealed a slower
endocytosis rate than wild-type neurons. These results were consistent
when the SYT1 native function was abolished from Drosophila neuro-
muscular junction, rising impaired synaptic vesicle endocytosis [46].
Clathrin-coated vesicles are formed by their interaction with adaptor
membrane proteins capable of recruiting transmembrane receptors into
the fledgling vesicle [47]. Then endosomal trafficking takes place when
the enzyme–receptor complex dissociates [48, 49]. An instance of the
mechanisms, receptors of transferrin, insulin, low-density lipoprotein,
growth factors, and numerous other ligands that have been used to
internalize lysosomal enzymes such as IDS [50, 51]. This recruitment
mechanism can be independent of ligand attachment or specific to the
spatial conformation of a ligand-receptor complex. Hence, the clathrin
pathway will be attractive as a flexible tool for drug design, enabling the
uptake of selective drugs or enzymes conjugated to antibodies, peptides,
and natural sensors like SYT1 that target receptors in clathrin-coated
vesicles [51].

LSAMP is a critical member of the IgLONs protein family, encoded as
a preproprotein proteolytically processed to generate a neuronal surface
glycoprotein. IgLONs proteins are known to form homophilic and het-
erophilic complexes along the cell surface [52]. Furthermore, this protein
may act as a selective homophilic adhesion molecule during axon guid-
ance and neuronal growth in the developing limbic system but may also
behave as a tumor suppressor [53]. Structurally, LSAMP is an immuno-
globulin superfamily member with 3 Ig-like C2 domains, mediating
cellular interactions [18]. According to our protein-protein docking, it
was predicted that the interaction between the IDS-heavy chain and
LSAMP could take place on the Ig-like C2–N-terminal domain from
LSAMP (Figure 7, left panel). This family of cell adhesion molecules has
been involved in neurite outgrowth regulation, dendritic arborization,
and synapse formation [18]. Recently, functional studies have shown
that LSAMP can promote and inhibit neurite outgrowth [54]. Recent
advances in molecular evolution using bioinformatics allowed the iden-
tification of a KVTVNYP motif on LSAMP that serves as the SH3 recog-
nition domain. SH3 domains are short sequences that seem to play an
essential role in the BBB integrity on the level of cellular adhesion be-
tween astrocytes, endothelial cells, and leukocytes. These domains are
typically expressed on scaffolding proteins localizing to the tight junc-
tions and endothelial cells [18, 55]. In this regard, LSAMP possesses
several small SH3 modules (Figure 7C) that could be influencing the BBB
integrity [56, 57]. Hence, the interaction between IDS and LSAMP is
attractive in the way that it could be used as a targeting module between
cellular components from BBB. However, the interaction of LSAMP
within the respective components of the BBB is still to be uncovered [58].
9

5. Conclusions

This study has identified LSAMP and SYT1 as novel interactors of
human IDS. These results highlight the importance of proteomics and
interactomics studies to continue understanding the role of IDS in the
brain. The biological relevance of the interaction of IDS with LSAMP and
SYT1 may underlie the intracellular trafficking pathways, which could
involve the formation of multiprotein complexes for translocation of li-
gands, i.e., from the BBB to the brain, and the clathrin-endocytic mech-
anism mediated by SYT1, respectively. These results may help generate
novel hypotheses to increase our knowledge regarding the molecular and
cellular bases of MPS II and to design novel therapeutic alternatives.
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