) |
Check for

updates
Copyright © 2023 Tiic

Authors, some
rights reserved;
exclusive licensee

SCIENCE ADVANCES | RESEARCH ARTICLE

BIOCHEMISTRY

Increased 3-O-sulfated heparan sulfate in Alzheimer’s
disease brain is associated with genetic risk
gene HS3ST1

Zhangjie Wang', Vaishali N. Patel?, Xuehong Song?, Yongmei Xu', Andrea M. Kaminski®,

Vivien Uyen Doan’, Guowei Su®, Yien Liao', Dylan Mah®, Fuming Zhang®, Vijayakanth Pagadala®,
Chunyu Wang®, Lars C. Pedersen®, Lianchun Wang?, Matthew P. Hoffman?, Marla Gearing’,

Jian Liu'*

American Association
for the Advancement

of Science. No claim to
original U.S. Government
Works. Distributed

under a Creative
Commons Attribution
NonCommercial

License 4.0 (CC BY-NC).

HS3STT1 is a genetic risk gene associated with Alzheimer’s disease (AD) and overexpressed in patients, but how it
contributes to the disease progression is unknown. We report the analysis of brain heparan sulfate (HS) from AD
and other tauopathies using a LC-MS/MS method. A specific 3-O-sulfated HS displayed sevenfold increase in the
AD group (n = 14, P < 0.0005). Analysis of the HS modified by recombinant sulfotransferases and HS from genetic
knockout mice revealed that the specific 3-O-sulfated HS is made by 3-O-sulfotransferase isoform 1 (3-OST-1),
which is encoded by the HS3ST1 gene. A synthetic tetradecasaccharide (14-mer) carrying the specific 3-O-sul-
fated domain displayed stronger inhibition for tau internalization than a 14-mer without the domain, suggest-
ing that the 3-O-sulfated HS is used in tau cellular uptake. Our findings suggest that the overexpression of
HS3ST1 gene may enhance the spread of tau pathology, uncovering a previously unidentified therapeutic

target for AD.

INTRODUCTION

Alzheimer's disease (AD) is the most common form of dementia
that affects 5.8 million Americans aged 65 and older, and this
number is projected to grow to 13.8 million by 2050 (1). One of
the hallmarks of AD is the presence of neurofibrillary tangles com-
posed of hyperphosphorylated and aggregated protein tau (2). A
process that transforms unfolded monomeric protein tau into
highly structured aggregates is the primary contributing factor for
tauopathies. The roles of heparan sulfate (HS) in the progression of
AD are gaining interest. As a sulfated polysaccharide, HS is colocal-
ized with neurofibrillary tangles in AD brains (3), promotes
amyloid pathology by modulating brain  amyloid clearance and
aggregation (4), and contributes to tau cellular internalization and
spreading (5, 6). Recent studies show that a subpopulation of HS,
known as 3-O-sulfated HS, binds to tau (7, 8). The 3-O-sulfated
HS displays higher binding affinity to tau to increase the cellular
internalization (8). 3-O-sulfated HS also causes hyperphosphoryla-
tion of tau (7) and induces the aggregation of tau (9). The evidence
for the involvement of HS in patients with AD is also emerging from
etiology studies (10). Genome-wide association study (GWAS)
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involving 9751 patients demonstrates that the HS3ST1 gene is a
risk locus associated with AD (I11). Furthermore, the expression
of HS3ST1 is elevated in patients with AD (I11). The purpose of
this investigation is to connect the expression of the HS3ST1I gene
with the biosynthesis of the specific 3-O-sulfated HS that is elevated
in AD brains.

HS is biosynthesized in a form of HS proteoglycan (HSPG),
which consists of a core protein and HS sugar chains (12). HSPG
can be found on the surface of neuronal cells and in the surrounding
matrix. The biosynthesis of HS is initiated from the synthesis of
nonsulfated polysaccharide with a repeating unit of disaccharide
of glucuronic acid (GlcA) and N-acetyl glucosamine (GlcNAc).
The polysaccharide is then subjected to a series of modifications
by HS biosynthetic enzymes, including N-deacetylase/N-sulfotrans-
ferase (NST), Cs-epimerase (Cs-epi), 2-O-sulfotransferase (2-OST),
6-OST, and 3-OST. The modifications install sulfations at the differ-
ent positions of glucosamine and iduronic acid (IdoA) residues as
well as convert a GIcA to an IdoA residue. The sulfation patterns
dictate the biological functions of HS (13).

3-OSTs are a family of HS biosynthetic enzyme that transfers
sulfo groups to the 3-hydroxyl (3-OH) positions of glucosamine
residues to biosynthesize 3-O-sulfated HS. The 3-O-sulfation coex-
ists with other sulfation types on a single sugar chain, including N-
sulfation, 6-O-sulfation, and 2-O-sulfation, to form a special subpo-
pulation designated as 3-O-sulfated HS. The HS isolated from bio-
logical sources is a mixture of 3-O-sulfated HS and non-3-O-
sulfated HS. Although it is a rare modification in HS, the 3-O-sul-
fation is closely related to the biological functions of HS (14, 15).
There are seven 3-OST isoforms in the human genome encoded
by HS3ST1, HS3ST2, HS3ST3A, HS3ST3B, HS3ST4, HS3ST5, and
HS38T6 (16). Each isoform has unique substrate specificity and pro-
duces the HS with distinct 3-O-sulfated domains. Connecting a 3-
OST isoform to a specific 3-O-sulfated HS product is a central issue
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in studying the biology and biochemistry of 3-O-sulfated HS (17).
Because of its low abundance, lack of a method in measuring the
levels of 3-O-sulfated HS has hampered the effort to correlate the
expression of HS3ST1 gene and the HS subpopulation with AD.

Here, we used a liquid chromatography—tandem mass spectrom-
etry (LC-MS/MS) method to measure the level of 3-O-sulfated HS
from AD and other neurodegenerative disease brains. Five '*C-
labeled 3-O-sulfated HS calibrants were used to achieve high sensi-
tivity. We discovered a substantial increase of a specific 3-O-sulfated
HS domain, designated as Tetra-1, from AD brain. Our results dem-
onstrate that HS3ST1 gene is responsible for the synthesis of the spe-
cific 3-O-sulfated HS carrying the Tetra-1 domain. Our findings
suggest that the 3-O-sulfated HS may serve as a new target for mod-
ifying AD and early diagnosis.

RESULTS

To devise the method for the analysis of 3-O-sulfated HS, we syn-
thesized five '*C-labeled 3-O-sulfated oligosaccharide calibrants,
including four 8-mers and one 10-mers, using the chemoenzymatic
approach (Fig. 1) (18). Single or multiple 13C-labeled GlcA residues
were introduced in the oligosaccharide backbones using the glyco-
syltransferase and uridine diphosphate (UDP)-["*C]GlcA. The *C-
labeled oligosaccharide backbones were then modified by sulfo-
transferases and Cs-epi to yield the desired '*C-labeled oligosaccha-
ride calibrants as described previously (19). The structures and
purities of the calibrants were confirmed by MS and high-perfor-
mance LC (HPLC) (figs. S1 to S5). The calibrants were converted
to the corresponding '*C-labeled 3-O-sulfated tetrasaccharides
(Tetra-1 to Tetra-5) after heparin lyases digestion (Fig. 1). The 8-
mer-1 and 8-mer-3 calibrant have more than one'’C-labeled

saccharide residues. The extra '>C labels in the calibrants were
used to determine the extent of saccharide chains digestion.

The analysis covers a two-step process, including the heparin
lyases degradation followed by the LC-MS/MS analysis (Fig. 2).
The ’C-labeled calibrants were mixed with HS polysaccharides
and subjected to heparin lyases digestion, resulting in both 3-O-sul-
fated tetrasaccharides and non—3-O-sulfated disaccharides (Fig. 2).
The unlabeled 3-O-sulfated tetrasaccharides can be identified,
because the tetrasaccharides are coeluted with '*C-labeled tetrasac-
charide counterparts on the LC before the MS/MS analysis. The
quantification was achieved by measuring the ratio of the MS/MS
signal peak areas for the'’C-labeled tetrasaccharide and the unla-
beled tetrasaccharide (Fig. 2). The molecular mass of 13C-labeled
tetrasaccharide is 6 or 12 Da higher than its unlabeled counterpart
(Fig. 1). The'®C-labeled disaccharide calibrants were also added to
the mixture during the analysis to determine the amount and com-
position of non—3-0-sulfated disaccharides. A total of 13 structural
domains covering five 3-O-sulfated tetrasaccharides and eight non—
3-O-sulfated disaccharides were detected from a single analyti-
cal process.

Elevated levels of 3-O-sulfated HS were detected in the HS
from AD brain

We used our method to analyze the levels of 3-O-sulfated HS from
the frontal cortex of the brain from four neurodegenerative disease
groups and the healthy control group (Table 1). The disease groups
include preclinical AD, end-stage AD, frontotemporal lobar degen-
eration with tau pathology (FTLD_tau), and Lewy body dementia
(LBD), which were diagnosed following the criteria described in
Table 1. We discovered changes in the amount of specific 3-O-sul-
fated tetrasaccharide markers between disease groups and the
control group (Fig. 3). In particular, the amount of Tetra-1

Tetrasaccharide sequence after

3
heparin lyases digestion AMolecular mass

Calibrant ID Saccharide sequence
134 13,
6S 6S 6S
8-mer-1 calibrant pNE
NS NAC 35 NS 28 NS
13,
6S 6S 6S 6S
8-mer-2 calibrant PNP
NS NS 3S NS 25 NS
8-mer-3 calibrant ﬂ & B_& -Q*PNP

2S 3SNS 28
13

8-mer-4 calibrant M_Q_p[\]p

NS NS 28 3SNS 28 NS

13,

10-mer-5 calibrant W

NAc NS 2s

S R

NS 2S 3SNS 25

134

65 65
4 Tetra-1 6 Da
NAc 3S NS
13
65 65
4 Tetra-2 6 Da
NS 3S NS
130 130
| 6s 6S
% Tetra-3 12 Da
NS 25 3SNS
13,
“ Tetra-4 6 Da
NS 2S5 3SNS
13,
4 u Tetra-5 6 Da

2S NS 2S 3SNs

*Molecular mass difference from unlabeled tetrasaccharide counterpart.

Fig. 1. List of ">C-labeled oligosaccharide calibrants and the anticipated 3-O-sulfated products after heparin lyase digestion.
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Tetra-4 | % 7
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Tetra-5
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Fig. 2. Schematic presentation of the analysis of 3-O-sulfated HS. Heparan sulfate (HS) was mixed with '*C-labeled oligosaccharide calibrants, and the mixture was
subjected to digestion with heparin lyases | and Il. The products containing both 3-O-sulfated tetrasaccharides and non-3-O-sulfated disaccharides were chemically

modified by AMAC (2-aminoacridone) and sodium cyanoborohydride followed by t
3-O-sulfated tetrasaccharides were resolved by LC as shown on the bottom left. Both

he liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. Five
3C-labeled tetrasaccharides and unlabeled tetrasaccharides were detected. Short-

hand structures of five unlabeled and ">C-labeled 3-O-sulfated tetrasaccharides are shown. The shorthand structures of eight unlabeled non-3-O-sulfated disaccharides
are also shown. From a single process, the LC-MS/MS method yields the results for the composition of five 3-O-sulfated tetrasaccharides and eight non—3-O-sulfated

disaccharides. m/z, mass/charge ratio.

showed a significant increase in AD (4.24 + 2.56 ng/mg) compared
to the control group (0.60 + 0.23 ng/mg), representing a seven-fold
increase from the control group (P < 0.0005) (Fig. 3 and tables S1 to
S§13). Accordingly, the mass percentage of Tetra-1 in the HS from
AD brain (1.5 + 0.66%) was determined to be 2.8-fold higher than
the control group (0.54 + 0.15%) (table S9), suggesting that the con-
centration of the Tetra-1 domain in HS from AD brain was elevated.
A significant, but a smaller, increase in the amount of Tetra-1, was
observed in preclinical AD (1.72 + 1.07 ng/mg) (P < 0.01) group.
Statistically significant increases of other 3-O-sulfated tetrasacchar-
ides were observed in AD and other neurodegenerative disease
patient groups (Fig. 3 and tables S9 to S12), but the levels of increas-
es are less than Tetra-1 in AD. The total amounts of HS from brain
tissues were also measured. We observed a statistically significant
increase in the total amount of HS in preclinical AD and AD
groups (fig. S6). The quantities of eight non—3-0-sulfated disaccha-
rides of the HS from each patient group are shown in fig. S7 and
tables S1 to S8.

Wang et al., Sci. Adv. 9, eadf6232 (2023) 26 May 2023

3-0ST-1 is the key isoform to biosynthesize Tetra-1 domain
We then examined which isoform is responsible for the synthesis of
the HS that contains the Tetra-1 domain. First, we analyzed the
levels of 3-O-sulfated tetrasaccharides from HS after being modified
by different 3-OST isoforms under in vitro conditions. Here, HS
was incubated with different recombinant 3-OST isoforms, includ-
ing 3-O-sulfotransferase isoform 1 (3-OST-1) to 3-OST-5 to yield 3-
O-sulfated HS polysaccharide products as illustrated in Fig. 4.
Notably, 3-OST-3A and 3-OST-3B isoforms contain an identical
amino acid sequence in the sulfotransferase domain, and both iso-
forms have same substrate specificity (16). The recombinant 3-
OST-3 used in this study contains only the sulfotransferase
domain; therefore, it represents the activities of both 3-OST-3A
and 3-OST-3B. The preparation of recombinant 3-OST-6 is still un-
successful at present time, limiting our ability to synthesize 3-OST-
6-modified HS; however, results from the analysis of HS from
mammalian cell lines that 3-OST-6 was transiently expressed sug-
gested that this isoform is very similar to 3-OST-2 to 3-OST-4 (20).
The LC-MS/MS analysis was next performed to determine the
amounts of 3-O-sulfated domains made by different isoforms
(Fig. 4). Our results show that 3-OST-1 is the isomer that produces
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Table 1. Information for the patients’ samples used in this study. AD, Alzheimer’s disease; FTLD_tau, frontotemporal lobar degeneration with tau pathology;
LBD, Lewy body dementia; PMI, postmortem interval; M, male; F, female; NIA-AA, National Institute on Aging—Alzheimer's Association.

Control Preclinical AD AD FTLD_tau LBD
Description Healthy individuals/normal Asymptomatic/preclinical AD End-stage AD FTLD_tau- LBD—frontal cortex (with
controls—frontal cortex with mild AD pathology— frontal cortex minimal
frontal cortex neurodegeneration)
n 10 9 14 10 10
Age at death 69.3 +9.7 814 +9.5 69.7 £ 11.0 664+ 11.9 71.3+£93

(means + SD)

The diagnosis of Lewy
body disease was
established using

consensus criteria (57, 52).

Sex 5 (M) and 5 (F) 5 (M) and 4 (F) 8 (M) and 6 (F) 7 (M) and 3 (F)
Race 7 (white) and 3 (Black) 8 (white) and 1 (Black) 13 (white) and 9 (white) and 1
1 (Black) (Hispanic)
PMI 82+35 84+£53 82+48 58+44
Diagnosis The normal control group was The asymptomatic AD group “ABC" scores FTLD_tau was
composed of individuals with no was composed of individuals were determined assessed
history of neurologic disease and with normal cognition who per NIA-AA according to
no obvious neurodegenerative exhibit obvious AD pathology at guidelines (49) consensus
pathology at autopsy. death (ABC scores of “low” and guidelines
"intermediate”) (49). (50, 51).
AlVAH
AllAH
AllAd
AlA
AV S+
Alll S~ ‘
Al s
AlSH
Tetra-1+1 —J
Tetra-2 =1
Tetra-3= I
Tetra-4 =
Tetra-5=1
Control Preclinical AD AD FTLD_tau LBD
15 * 6 20 . 825
» L 3 = r £ 1 » *
$10 B4 gt g
P = < 315
=
= » E §10 E10
% ——= pmg 22 2 £
= o © 35
g ) g £ 0

6 5
3
2 )
£4
2
o
o
E
EZ
0 )
S a2 .o = e
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S
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Fig. 3. Compositional analysis of HS from neurodegenerative disease brain tissues. The heatmap shows the relative fold changes of non-3-O-sulfated disaccharides
and 3-O-sulfated tetrasaccharides between disease groups and the control group. The amounts of five 3-O-sulfated tetrasaccharides from individual subject of disease
groups and the control are presented on the bottom. P values were determined by two tailed unpaired t test, *P < 0.05; **P < 0.01; ***P < 0.001. AD, Alzheimer's disease;
FTLD_tau, frontotemporal lobar degeneration with tau pathology; LBD, Lewy body dementia. The data for the 3-O-sulfated tetrasaccharides and non-3-O-sulfated di-
saccharides from analyses are presented in tables S1 to S13.

Tetra-1, although it also produced Tetra-4 under higher enzyme
concentrations. Other isoforms, including 3-OST-2 to 3-OST-4,
primarily generated Tetra-4. The 3-OST-3 enzyme also generated
Tetra-5 and so did 3-OST-2 to a lesser extent. 3-OST-5 is the least
selective enzyme, as it generated Tetra-1, Tetra-2, Tetra-4, and

Wang et al., Sci. Adv. 9, eadf6232 (2023)

26 May 2023

Tetra-5. The level of Tetra-4 in 3-OST-5-modified HS was about
fivefold higher than the level of Tetra-1 (Fig. 4). Together, there is
no clear distinction in the 3-O-sulfated domains from 3-OST-2—- to
3-OST-4-modified HS with an exception that a low level of Tetra-2
was detected in 3-OST-2-modified HS under high enzyme
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Fig. 4. Amounts of 3-O-sulfated tetrasaccharides from HS after being modified by 3-OST isoforms. The schematic presentation of the experiment is shown in the
top left corner. HS polysaccharide (from wild-type Chinese hamster ovary cells) was individually incubated with five different 3-O-sulfotransferase (3-OST) isoforms. The
amount of 3-O-sulfated tetrasaccharides was determined by the LC-MS/MS. Each data point is the average of three independent determinations + SD. mIU, milli-inter-

national units.

concentrations. Note that 3-OST-1 is reportedly capable of synthe-
sizing the 3-O-sulfated Tetra-2 domain, and the enzyme is unable to
synthesize Tetra-4 domain when 6- and 12-mer substrates are used
(18, 21). Our data suggest that the substrate specificity of 3-OST-1
using 6- or 12-mer oligosaccharide substrates may not completely
reflect the specificity toward the full-length polysaccharide sub-
strates (60- to 200-mers in length) isolated from cells and tissues.
To investigate in vivo 3-OST-1- and 3-OST-3-modified HS
structures, we compared HS from animal tissues using wild-type,
3-OST-17'" mice (22), and 3-OST-3"'~ mice. Because 3-OST-3
exists in both 3-OST-3A and 3-OST-3B, we chose to use Hs3st3a/
Hs3st3b double-knockout mouse in our study, referred to as 3-OST-
37/~. Compared to the mass percentages of 3-O-sulfated domains in
the brain HS from wild-type and knockout mice, there was a signifi-
cant decrease in the level of Tetra-1 from 3-OST-1""" mice, but not
from 3-OST-37'" mice (Fig. 5, A and B), suggesting that 3-OST-1 is
the key isoform to synthesize Tetra-1 domain in brain HS. Further-
more, we did not find any significant difference in the levels of 3-O-
sulfated HS from the brain comparing wild-type and 3-OST-37/~
mice (Fig. 5B). Such finding is not unanticipated, as neither 3-
OST-3A nor 3-OST-3B is expressed in the wild-type brain (16).
The Tetra-2, Tetra-4, and Tetra-5 in the brain HS are likely the prod-
ucts of the isoforms of 3-OST-2, 3-OST-4, or 3-OST-5. We also an-
alyzed the HS from liver from different mice (Fig. 5, C and D). The
level of Tetra-1 from the liver in 3-OST-17"~ mice was also signifi-
cantly decreased, but not in HS from 3-OST-37/~ mice (Fig. 5, C
and D). The data demonstrate that 3-OST-1 is also responsible
for the biosynthesis of the Tetra-1 domain in liver HS. The levels
of Tetra-2 to Tetra-5 were all decreased in the liver in 3-OST-37/~

Wang et al., Sci. Adv. 9, eadf6232 (2023) 26 May 2023

mice, suggesting that 3-OST-3 enzymes are responsible for generat-
ing various 3-O-sulfated HS, with the exception of Tetra-1. It is of
interest to note that we discovered Tetra-3 in the liver, but not in the
brain from wild-type mice, demonstrating that the 3-O-sulfated HS
saccharide sequence has unique tissue distribution. Together, our
data suggest that the elevated level of Tetra-1 found in the brain
HS is attributed to the up-regulation of the enzymatic activity of
3-OST-1 in patients with AD.

3-O-sulfated 14-mer inhibits cellular internalization of tau

One pathological impact from the elevated level of the 3-O-sulfated
HS in AD is that the specific HS epitopes enhances the cellular in-
ternalization of tau to enhance cell-to-cell spread of tau pathology
(7, 8). To test this hypothesis, we determined whether exogenous 3-
O-sulfated HS blocks the cellular internalization of tau. To this end,
we synthesized two tetradecasaccharides (14-mers) to investigate
the contribution of 3-O-sulfated HS to the inhibition of tau inter-
nalization in a mouse lung endothelial cell line that expresses a high
level of 3-OST-1 (23). The two 14-mers are (i) 14-mer-1 without the
Tetra-1 domain and (ii) 14-mer-2 with the domain (figs. S8 and S9).
The 14-mer-2 mimics the structure of the 3-O-sulfated HS in AD
brain as Tetra-1 domain was released after the heparin lyases deg-
radation. In contrast, the Tetra-1 domain was absent in 14-mer-1
after the digestion (fig. S10). In support of our hypothesis, the 14-
mer-2, at 11.8 pM, displayed about twofold stronger potency, inhib-
iting the internalization of tau to MLE (mouse lung epithelial) cells
(Fig. 6A). The binding affinities of 14-mer-2 to tau were measured
to be 14.4 nM by surface plasmon resonance (SPR), whereas the
binding affinity for 14-mer-1 was determined to be 137 nM,
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mice. Data are presented as average (n = 3 or 4) + SD. The P value was determined by two-tailed unpaired t test, ****P < 0.0001. The complete dataset for the analysis is

shown in tables S14 and S15.

nearly 10-fold weaker than 14-mer-2 (fig. S12). Higher binding af-
finity from 14-mer-2 corroborates the observation that it displays
stronger inhibition to inhibit tau internalization to MLE cells. Fur-
thermore, we demonstrate that the HS from MLE cells contains the
domain of Tetra-1 (table S16). Our data suggest that HS carrying the
Tetra-1 domain competes binding to the endogenous cell surface
and therefore likely displays stronger binding to tau and is impor-
tant for tau internalization.

We intended to measure the mRNA level of 3-OST-1 from the
brain samples using reverse transcription polymerase chain reaction
(RT-PCR) analysis but did not observe a significant increase in the
mRNA of 3-OST-1 in the AD group compared to the controls (fig.
S13). However, considerable scatter was observed in all of the exper-
imental groups, likely due at least in part to the inability to control
conditions in harvesting human tissues and the effects of postmor-
tem variables on the quality of RNA quality isolated from human
tissues (24, 25). Thus, we did not feel that we could draw any reliable
conclusions from these data regarding the expression of 3-OST-1 in
AD compared to control. Our study further demonstrates the im-
portance of directly analyzing 3-O-sulfated HS in addition to the
expression level of 3-OST-1 mRNA.

DISCUSSION

Genetic factors contribute substantially to the pathological process
of AD as demonstrated by the fact that the genetic heritability in AD
is in the range of between 60 and 80% (10). Delineating the
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connection between genetic variants in AD and structural
changes in HS glycans provides insights into the disease mechanism
as well as searching for potential new therapeutic targets. As a risk
locus identified from GWAS analysis, HS3ST1 gene displays vari-
ants among patients with AD; however, whether the variants alter
the level of 3-OST-1 enzyme activity to change the structure of HS
remains unknown (11). Here, we provide evidence to link a specific
3-O-sulfated HS structural domain in patients with AD to 3-OST-1
enzyme encoded by HS3ST1 gene. We show that in vivo deletion of
Hs3st1 in mice abolishes the synthesis of the specific 3-O-sulfate HS
tetrasaccharide in tissues. In a cell-based assay, we demonstrate that
a synthetic 3-O-sulfated 14-mer displayed stronger inhibition to the
cellular internalization of tau than that for a 14-mer without 3-O-
sulfation (Fig. 6). Our data support the conclusion that tau uses 3-
O-sulfated HS on the surface to enter cells, suggesting that overex-
pression of 3-O-sulfated HS may lead to enhancement of tau inter-
nalization (Fig. 6). To further support this claim, Ferreira and
colleagues (26) recently demonstrated that the up- or down-regulat-
ed expression of the 3-OST-1 in HCT-116 cells (a human colorectal
carcinoma cell line) substantially affects tau uptake. Our findings
offer a causal connection between variants in the genomic region
of HS3ST1 gene and structural changes in HS in patients with
AD, demonstrating that the specific 3-O-sulfated HS is a glycan
risk marker for AD.

We have developed a protocol using '*C-labeled calibrants
coupled with LC-MS/MS and carried out an extensive composition-
al analysis of HS. Our method covers only part of 3-O-sulfated
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< 0.001.

sequences present in HS from biological sources (14). At the current
time, it is unknown how many different 3-O-sulfated tetrasacchar-
ide sequences are present. Our rationale to start with five 3-O-sul-
fated tetrasaccharides is based on the fact that (i) the calibrants can
be used to distinguish the products between 3-OST-1-modified HS
and other 3-OST isoform-modified HS and (ii) these tetrasacchar-
ides can be resolved with the current LC conditions. We noticed
that three other 3-O-sulfated tetrasaccharides were reported from
heparin (27). The synthesis of additional 13C-labeled calibrants to
cover these three reported 3-O-sulfated tetrasaccharides will be
the subject for future study.

The involvement of the'’C-labeled calibrants as internal refer-
ence standards in the analysis is crucial to allow quantifying HS
from AD brains with adequate sensitivity. The inclusion of >C-
labeled calibrants also confers “self-correction” capability to
address a question associated with the analysis of HS: For
example, if the results are negative, then how do we know
whether it is due to the sensitivity, not due to the contaminants
that suppress the ionization of the analytes to reduce signals? In
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our experimental design, failed analyses should give very low
signals from the 'C-labeled calibrants. In this case, purification
steps can be added to remove contaminants as we reported previ-
ously (19). Such capability is essential for the analysis of the HS sub-
population that is present in low abundance, i.e., 3-O-sulfated HS.
During the current study, the '*C-labeled calibrants showed compa-
rable signal strengths in all samples, and thereby no additional pu-
rification steps were added to individual analysis.

Our findings demonstrate that a specific 3-O-sulfated HS
domain that we refer to as Tetra-1 is increased in patients with
AD. The increase of the 3-O-sulfated HS in patients with AD is
the result of two combined factors: the elevation of total HS and
the percentage of the 3-O-sulfated domain in HS. Notably, the in-
crease in Tetra-1 domain alone does not account for all elevated HS.
HS contains other sulfation domains, including N-sulfation, 6-O-
sulfation, and 2-O-sulfation. To synthesize these structural
domains involves N-deacetylase/NST, 6-OST, and 2-OST, respec-
tively, although none of these enzymes has been identified as a
risk locus for AD from the available GWAS data (10).
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Compositional analysis revealed a statistically significant increase of
AUA-GIcNS (AIVS) disaccharide (from 10.75 + 4.58 to 34.5 + 16.99
ng/mg; table S4 and fig. S7) representing a building block from the
N-sulfated domains and an increase of AUA-GIcNAc6S (AITA) dis-
accharide (from 10.88 + 3.49 to 30.2 + 7.64 ng/mg; table S6 and fig.
S7) representing a building block from the 6-O-sulfated domain.
The elevations of AUA-GIcNS and AUA-GIcNAc6S in HS may
not require substantial overexpression of both N-deacetylase/NST
and 6-OST, as both enzymes are constitutively expressed in most
cell types. In contrast, the expression level of 3-OST-1 in the
healthy human brain is low (11). Because N-sulfation and 6-O-sul-
fation are the intermediates for the biosynthesis of Tetra-1 domain
(28), elevated N-sulfation and 6-O-sulfation may be contributing
factors for up-regulating the biosynthesis of 3-O-sulfated HS. The
presence of 6-O-sulfation and N-sulfation, but not 2-O-sulfation,
has been shown to be required for the binding to tau and its cellular
uptake (29, 30). An increase in the amount of AUA2S-GIcNAc
(AIIIA) was also observed in AD (2.12 + 0.67 ng/mg) and preclinical
AD (0.93 + 0.34 ng/mg) groups from the control group (0.41 £ 0.22
ng/mg) (table S7 and fig. S7). The disaccharide is biosynthesized by
2-OST, and the amount is low compared with AIVS and AIIA.

The results from the NMR study of the interaction between 3-O-
sulfated HS and tau revealed that the sugar mainly interacts with the
proline-rich region 2, a repeat domain 2 in tau protein (8). These
regions are known to contribute to tau aggregation and microtubule
binding as well as serve as hotspots for phosphorylation. In addition
to tau, the investigation on whether pathologic effect of 3-O-sulfat-
ed HS involves the binding to apolipoprotein E is underway.

Our conclusion is that 3-OST-1 is the primary isoform that
carries out the synthesis of Tetra-1 domain based on the structural
analysis of in vitro 3-OST-1-modified HS and the HS from 3-OST-1
knockout mice (Figs. 4 and 5). Other isoforms of 3-OST have been
implicated in AD in a previous study. The mRNA levels of 3-OST-2
and 3-OST-4 were reportedly elevated in hippocampus of AD, the
area relevant to AD pathology (7). Although the 3-O-sulfated HS
structures from AD hippocampus have not been reported, we
found that 3-OST-2 and 3-OST-4 likely synthesize HS similar to
those made by 3-OST-3, not by 3-OST-1. Both 3-OST-2 and 3-
OST-4 synthesize the 3-O-sulfated HS carrying the Tetra-2 and
Tetra-4 domains. The reason that we were unable to detect an in-
crease of 3-OST-2— and 3-OST-4-modified products in AD
brains could be multifactorial. One possibility is that we analyzed
the HS from frontal cortex, not from hippocampus, where 3-
OST-2 and/or 3-OST-4 expression are up-regulated (31). HS3ST1
is reportedly overexpressed in amygdala, claustrum (31), and cere-
bellar cortex in patients with AD (11). Further analysis of the dis-
tribution of 3-O-sulfated HS from different areas of AD brains will
be of interest and the subject for a subsequent study. The dynamic
changes of Hs3st1 mRNA expression in AD have been reported by
Pérez-Lopez et al. (31). Hs3st1 mRNA expression was down-regu-
lated at the mild and moderate AD stages and increased in the severe
stage. It is known that tau cell-cell spreading and cellular internal-
ization are found in many parts of brain, including the amygdala,
claustrum, and cerebellar and frontal cortex in the late-stage AD
(32, 33). Elevated expression of the 3-O-sulfated HS synthesized
by 3-OST-1 in these areas may facilitate the tau spreading and in-
ternalization, exacerbating the pathogenic process. Although we
proved that 3-OST-1 plays an essential role in controlling the syn-
thesis in mice, cautions should be applied to extrapolate the data
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from mice to humans. Nevertheless, a substantial similarity to
control the biosynthesis of HS between humans and mice exists.
A recent study shows that 3-OST-1 is responsible for Tetra-1 expres-
sion in HCT 116 cells, a human colon cell line (26), supporting the
assertion that both human and mouse 3-OST-1 is responsible for
the synthesis of Tetra-1.

The structural changes in HS among different neurodegenerative
diseases are not uniform, which is reflected in the total amount of
HS and the level of 3-O-sulfated HS. In addition to Tetra-1, we also
observed a significant increase in the level of Tetra-2 in both AD and
preclinical AD groups as well as Tetra-4 in AD group, but the extent
of the increase is smaller (Fig. 3). The increases in Tetra-2 and Tetra-
4 can be attributed to the actions of 3-OST-2, 3-OST-4, and 3-OST-
5. An increase in the total amount of HS was observed among pre-
clinical AD and AD groups, but not from FTLD_tau and LBD
groups, suggesting that 3-O-sulfated HS has distinct roles in con-
tributing to the neuropathology under different disease conditions
(fig. S6).

Our findings provide a body of evidence to justify further in-
depth studies investigating the contribution of HS to the progres-
sion of AD and for the development of therapeutic as well as bio-
markers for AD. The 3-O-sulfated HS oligosaccharides could serve
as decoy receptors to reduce the cellular internalization and cell-cell
spreading of tau (8). Although demonstrated in a cell-based exper-
iment, the delivery of highly sulfated oligosaccharides to neurons
perhaps requires penetrating blood-brain barrier, which can be
challenging as a therapeutic approach. An alternative approach is
to design small-molecule inhibitors that can penetrate the barrier
to inhibit the activity of 3-OST-1. A small-molecule scaffold has
been reported to inhibit the activity of 3-OST-1, which potentially
blocks the synthesis of Tetra-1 domain (34). Another aspect of our
findings is to exploit the possibility of using Tetra-1 as a diagnostic
marker for AD, since a significant elevation of Tetra-1 was detected
in the preclinical AD group. To develop the diagnostic application,
our future goal will be to detect Tetra-1 domain from plasma or
urine samples of patients with AD, where the samples can be col-
lected from patients noninvasively or with minimum invasion.

In summary, we report an LC-MS/MS method to profile the
structural composition of HS from patients with AD and other neu-
rodegenerative diseases. Our data have successfully built the con-
nection between the elevated level of a specific 3-O-sulfated HS
domain and HS3ST1 gene. Our findings provide a new molecular
target to investigate the mechanism of the progression of AD.

MATERIALS AND METHODS

Experimental design

This study was aimed to establish the connection between a specific
3-O-sulfated tetrasaccharide domain and genetic risk gene HS3ST1.
The HS isolated from human brain tissues with different neurode-
generative diseases were analyzed. To develop a method for the
analysis of 3-O-sulfated HS, '°C-labeled 3-O-sulfated oligosaccha-
ride calibrants were synthesized using the chemoenzymatic ap-
proach. The identification and quantification of 3-O-sulfated HS
domains were carried out using LC-MS/MS technique with *C-
labeled internal standards. We used this method to analyze a total
of 44 human brain samples. A specific 3-O-sulfated tetrasaccharide
domain referred as to Tetra-1 is substantially increased in AD group
and pre-AD groups. The HS3ST1 gene encodes 3-OST-1 enzyme.
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To correlate the activity of 3-OST-1 with the elevated level of Tetra-
1 domain, we conducted the analysis of HS modified by HS3ST iso-
forms in vitro. The structures of HS from 3-OST-1 and 3-OST-3
knockout mice were also analyzed to confirm the role of 3-OST-1
in synthesizing the Tetra-1 domain in vivo. The function of 3-O-sul-
fated HS on the tau cellular internalization was investigated using
the mouse lung endothelial cell line using two synthetic 14-mers.
A key technology in this study is to develop a method to analyze
3-O-sulfated HS. Unlike the disaccharide compositional analysis,
our method is designed to analyze tetrasaccharides from HS after
being digested with heparin lyases. The glycosidic linkages that
are adjacent to the nonreducing end of a 3-O-sulfated glucosamine
residue in HS are known to be resistant to the digestion. Conse-
quently, the HS polysaccharides are degraded to 3-O-sulfated tetra-
saccharides after heparin lyases digestion rather than disaccharides
(35-37). Some 3-O-sulfated HS domains are reportedly depolymer-
ized into disaccharides (38, 39); however, the actual efficiency for
cleaving a 3-O-sulfated domain in context of HS polysaccharide
into the disaccharides is unknown. In the current study, we only
used two heparin lyases, I and II, to depolymerize 3-O-sulfated
HS to minimize the formation of 3-O-sulfated disaccharides.
Notably, the use of heparin two lyases effectively completely depo-
lymerizes the non—3-O-sulfated domains in HS into disaccharides.

Materials

2-Aminoacridone (AMAC) and sodium cyanoborohydride were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Four Bc.
labeled 8-mer calibrants and one '*C-labeled 10-mer calibrant
were synthesized by chemoenzymatic synthesis method (19). Re-
combinant heparan lyase I and II were expressed in Escherichia
coli and purified by a Ni-agarose column. Diethylaminoethyl
(DEAE) Sepharose Fast Flow resin was purchased from GE Health-
care (Chicago, IL, USA). All reagents and chemicals were HPLC
grade or LC-MS grade.

Chemoenzymatic synthesis of '>*C-labeled 8- and 10-mer
calibrants

The use of the '*C-labeled 8- and 10-mer calibrants was the crucial
innovation in this study. The calibrants were degraded into five dif-
ferent '>C-labeled 3-O-sulfated tetrasaccharides, including Tetra-1
to Tetra-5. These tetrasaccharides served as tracers to follow the
target analytes during LC analysis. Identification of the analytes
from LC allows us to perform the multiple reaction monitoring
(MRM) analysis to gain sensitivity. Furthermore, 8- and 10-mer cal-
ibrants are chemically stable, while 3-O-sulfated tetrasaccharides are
labile due to the presence of a 3-O-sulfated glucosamine residue at
the reducing end (36, 40).

The synthesis of calibrants 8-mer-1 to 8-mer-3 has been report-
ed previously (39). The synthesis of calibrants 8-mer-4 and 10-mer-
5 started from the 6-mer (GlcNS-GlcA-GlcNS-IdoA2S-GIcNS-
GlcA-pNP). The "*C-labeled GlcA was inserted in the designed po-
sition of oligosaccharides. After heparin lyases digestion, the *C-
labeled 3-O-sulfated tetrasaccharide targets carrying '>C-labeled
GIcA or IdoA (IdoA2S) were obtained.

The elongation and sulfation steps were involved in the synthesis
of calibrant 8-mer-4 and 10-mer-5. The elongation from GIcNS-
GlcA-GIcNS-IdoA2S-GIcNS-GIcA-pNP (6-mers) to ['*C]GlcA-
GIcNS-GIcA-GleNS-IdoA2S-GleNS-GlcA-pNP (7-mers) was im-
plemented by incubating 6-mers (1.2 mg/ml), 0.2 mM UDP-
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["*C]GlcA, and PmHS2 (heparosan synthase from Pasteurella mul-
tocida; 290 pg/ml) in a buffer containing 25 mM sodium acetate
(NaOAc) (pH 5.0) and 15 mM MnCl, in a total volume of 100 ml
at 37°C overnight (where [*C]GIlcA indicates universally B¢
labeled GlcA residue). In the elongation of 7-to 8-mers
(GIeNTFA-[*C]GlcA-GleNS-GleA-GleNS-1doA2S-GleNS-GleA-
pNP), the substrate (0.3 mg/ml) was incubated with 0.2 mM UDP-
GIcNTFA (N-trifluoroacetylated glucosamine), PmHS2 (290 pg/
ml), 25 mM Mops (pH 6.8), and 15 mM MnCl, in a total volume
of 400 ml at 37°C overnight. The de—N-trifluoroacetylation of 8-
mers was implemented by suspending the oligosaccharide in 0.1
M LiOH and incubation on ice for 30 min. The pH was then adjust-
ed to neutral using HCL. The N-sulfation of 8-mers (0.2 mg/ml) was
followed by incubating with NST (30 pg/ml), 50 mM Mops (pH
6.8), and 0.2 mM PAPS (3'-phosphoadenosine 5'-phosphosulfate)
in a total volume of 500 ml at 37°C overnight. Product formation
was monitored by strong anion exchange chromatography on a
ProPac PA1 column (9 by 250 mm; Thermo Fisher Scientific) by
measuring the absorbance at 310 and 260 nm. The purification
was performed using Q Sepharose (GE Healthcare). The epimeriza-
tion and 2-O-sulfation was performed in the solution containing
start material (0.3 mg/ml), Cs-epi (3 ug/ml), 2-OST (6.5 pg/ml),
0.2 mM PAPS, and 50 mM Mops (pH 6.8) and 5 mM MnCl, in
the total volume of 400 ml. The mixture was incubated at 37°C over-
night. For the 8-mer-4, the 3-O-sulfation was introduced by incu-
bating the 8-mers (0.25 mg/ml) with 3-OST-3 (0.11 mg/ml), 50 mM
Mops (pH 7.0), and 0.2 mM PAPS in a total volume of 400 ml at
37°C overnight. The 10-mer-5 calibrant was obtained by two addi-
tional elongations with UDP-GIcA and UDP-GIcNAc with 8-mer-4
as start material. From 8- to 9-mers, substrate (0.1 mg/ml) was in-
cubated with 0.1 mM UDP-["°C]GlcA, PmHS2 (290 pg/ml), 25 mM
NaOAc (pH 5.0), and 15 mM MnCl, in a total volume of 400 ml at
37°C overnight. The 9-mer (0.1 mg/ml) was subjected to epimeriza-
tion and 2-O-sulfation by incubation with Cs-epi (3 ug/ml), 2-OST
(6.5 pg/ml), and 0.1 mM PAPS in 50 mM Mops (pH 6.8) and 5 mM
MnCl, in a total volume of 400 ml at 37°C overnight. The additional
GlcNAc residue was introduced by incubating start material (0.095
mg/ml), 0.05 mM UDP-GIcNAc, and PmHS2 (290 pg/ml) in a
buffer containing 25 mM Mops (pH 6.8) and 15 mM MnCl, at
37°C overnight to obtain the 10-mer-5 calibrant. The chemoenzy-
matic synthesis involves the elongation, epimerization, and sulfa-
tion steps. The recovery yield of each step was in the range of 73
to 92%.

Chemoenzymatic synthesis of 14-mer-1 and 14-mer-2

The synthesis of 14-mer-1 and 14-mer-2 was started from 11-mer
with a structure of GIcA-GIcNS-GlcA-GIcNS-IdoA2S-GIeNS-
IdoA2S-GIcNS-IdoA2S-GIcNS-GlcA-pNP. In the elongation of
11- to 12-mers with UDP-GIcNAGg, the substrate (1 mg/ml) was in-
cubated with 0.6 mM UDP-GIcNAc, PmHS2 (290 pg/ml), 25 mM
Mops (pH 6.8), and 15 mM MnCl, in a total volume of 50 ml at
37°C overnight. The elongation from 12- to 13-mers was performed
by incubating start material (0.25 mg/ml), 0.3 mM UDP-GIcA, and
PmHS2 (290 pg/ml) in 25 mM NaOAc (pH 5.0) and 15 mM MnCl,
in a total volume of 200 ml at 37°C overnight. The 13-mer (0.2 mg/
ml) was subjected to epimerization and 2-O-sulfation by incubating
Cs-epi (3 pug/ml), 2-OST (6.5 ug/ml), and 0.2 mM PAPS in 50 mM
Mops (pH 6.8) and 5 mM MnCl, in a total volume of 200 ml at 37°C
overnight. The elongation step was finished by introducing the
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UDP-GIcNTFA in the solution containing 0.2 mM UDP-GIcNTFA
and PmHS2 (290 ug/ml) in 25 mM Mops and 15 mM MnCl, at 37°C
overnight. The de—N-trifluoroacetylation of 14-mers was imple-
mented by suspending the oligosaccharide (0.19 mg/ml) in 0.1 M
LiOH and incubation on ice for 30 min. The pH was then adjusted
to neutral using HCL. The N-sulfation of 14-mers was followed by
incubating with NST (30 pg/ml) in 50 mM Mops (pH 6.8) and 0.2
mM PAPS in a total volume of 200 ml at 37°C overnight. The 6-O-
sulfation of 14-mers was carried out by incubating 14-mers (0.23
mg/ml) with 6-OST-3 (0.9 mg/ml) and 6 mM PAPS in 100 mM
tris (pH 8.5) in a total volume of 100 ml at 37°C overnight to get
the 14-mer-1. The 14-mer-2 was synthesized by incubating the
14-mer-1 (0.25 mg/ml) with 3-OST-1 (0.15 mg/ml) and 0.7 mM
PAPS in 50 mM Mops and 5 mM MgCl, in a total volume of 40
ml at 37°C overnight. Product formation was monitored by strong
anion exchange chromatography on a ProPac PA1 column (9 by 250
mm; Thermo Fisher Scientific) by measuring the absorbance at 310
and 260 nm. The purification was performed using Q Sepharose
(GE Healthcare). The recovery yield of each step was in the range
of 67 to 91%.

The pNP (p-nitrophenyl)-tagged 14-mers were converted to bi-
otinylated counterparts. 14-mers with a pNP tag (5 to 10 mg) and
0.5 mg of palladium on carbon (Pd/C) were dissolved in 20 mM
NaOAc (pH 5.0) in a total volume of 4 ml. Reaction mixture was
vacuumed and refilled with H, three times. The reaction was then
incubated at room temperature for 4 hours. After that, it was filtered
to remove charcoal. The filtered solution was adjusted to pH 8.5
using 500 mM Na,HPO,. Succinimidyl 6-azidohexanoate (20
molar equivalents of starting oligosaccharides) was added and incu-
bated at 37°C overnight. Reaction was purified by DEAE HPLC
column to generate azido-tagged oligosaccharides. Phosphate-buff-
ered saline (PBS; pH 7.4) buffer was bubbled with N, for 5 min to
prepare the sample solution of 0.1 M CuSOy,, 0.1 M tris(3-hydrox-
ypropyl-triazolylmethyl)amine (THPTA; Sigma-Aldrich), 0.15 M
sodium ascorbate, 0.01 M azido-tagged oligosaccharides, and 0.02
M biotin-PEGy-alkyne (Sigma-Aldrich). The mixture of 400 pl of
THPTA and 80 pl of CuSO,4 was vortexed, and then 160 ul of
sodium ascorbate, 200 pl of azido-tagged oligomers, and 200 pl of
biotin-PEG4-alkyne was added and bubbled with N, for 2 min and
then incubated at 37°C overnight. The reaction was purified by
DEAE HPLC column to generate biotinylated products. The reac-
tions were monitored using HPLC and MS. The weight-average mo-
lecular weight (M,,) of biotinylated 14-mer-1 was determined to be
4468.0, which is very close to the calculated M,, of 4469.9. The M,,
of biotinylated 14-mer-2 was determined to be 4547.4, which is very
close to the calculated M,, of 4549.9.

Preparation of 3-O-sulfated HS using different 3-OST
isoforms

The HS polysaccharides modified by 3-OST isoforms were per-
formed with rHS01 (HS isolated from wild type Chinese hamster
ovary cells; TEGA Therapeutics) as a substrate. The modification
reaction constituted 10 pg of rHS01, 0.4 mM PAPs, 50 mM
Mops, and 5 mM MgCl, and a series of concentrations of 3-OST
isoforms and incubated at 37°C for 5 hours. After incubation, the
reaction was boiled at 100°C for 10 min and centrifuged to get the
supernatant. The recovered solution was freeze-dried and reconsti-
tuted with 100 pl of heparin lyases buffer containing enzymatic
buffer [100 mM sodium acetate/2 mM calcium acetate buffer (pH
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7.0) containing 0.1 g/liter bovine serum albumin (BSA)] and
heparin lyase cocktails containing 5 mg/ml each of heparin lyase I
and II. °C-labeled five 3-O-sulfated oligosaccharides calibrants
(500 ng each) were added to the digest solution. The reaction solu-
tion was incubated at 37°C overnight. After incubation, the reaction
was boiled at 100°C for 10 min and centrifuged to get the superna-
tant. The recovered solution was freeze-dried and stored at —20°C
for AMAC labeling and LC-MS/MS analysis.

Labeling disaccharides and tetrasaccharides with AMAC
The AMAC derivatization was performed with 5 pl of 0.1 M AMAC
in the solution in dimethyl sulfoxide/glacial acetic acid (17:3, v/v)
and incubated at room temperature for 15 min. Then, 5 ul of 1 M
aqueous sodium cyanoborohydride (freshly prepared) was added.
The mixture was incubated at 45°C for an additional 2 hours and
then centrifuged to obtain the supernatant for the LC-MS/MS
analysis.

Patient samples from neurodegenerative diseases

Frozen postmortem frontal cortex samples were provided by the
Neuropathology Core Brain Bank at the Goizueta Alzheimer’s
Disease Center at Emory University (Institutional Review Board ap-
proved no. AM4_IRB00045782). Tissues were provided from 10
control participants, 9 early or preclinical AD samples, 14 end-
stage patients with AD, 10 FTLD_tau, and 10 LBD. The neuropath-
ological diagnosis of neurodegenerative diseases was established fol-
lowing current diagnostic criteria. Control participants consisted of
individuals with no known history of neurological disease and no
obvious neurodegenerative pathology at autopsy. Detailed informa-
tion for patients is shown in Table 1.

3-0ST-1"'~ and 3-0ST-37/~ knockout mice

All mice used were housed and maintained according to guidelines
approved by National Institute of Dental and Craniofacial Research
(NIDCR) and National Institutes of Health (NIH). 3-OST-17"~
mice were provided by J. Esko (41) and genotyped as described pre-
viously (22). The 3-OST-37'~ mice were generated by the Gene
Transfer Core at NIDCR, NIH. The Hs3st3b1™~ mice used were
as described previously (42). A zinc finger nuclease (ZFN) mRNA
construct targeted to exon 1 of Hs3st3al gene (NM_178870.5 AGC-
TACCACAAGGGCCTCgcctggTACCGGTGAGCGCGGGGA) was
designed, assembled, and validated by Sigma-Aldrich. The ZFN
mRNA were microinjected into single-cell Hs3st3b1"~ mouse
embryos, which were then transferred to the oviduct of day 0.5
pseudo-pregnant females. Offspring were screened for ZFN-
induced mutations at the target site of the Hs3st3al gene. Hs3st3
mice were confirmed to have cosegregation of both Hs3st3a and
Hs3st3b deletion on the same allele. Brain and liver tissues were har-
vested from 8- to 12-week-old male mice, weighed, and frozen for
HS analysis. Samples were blinded before HS analysis.

The expression of 3-OST isoforms

The expression of (His)s-tagged 3-OST-1 and 3-OST-3 was per-
formed in E. coli using BL21 cells (43). The transformed cells
were grown in LB medium containing kanamycin (50 pg/liter) for
3-OST-1 and 3-OST-3 and incubated at 37°C until the optical
density at 600 nm (ODggonm) reached 0.6 to 0.8. 0.2 mM isopro-
pyl-p-p-thiogalactopyranoside (IPTG) was added to induce the ex-
pression of 3-OST-1 and 3-OST-3. The bacteria culture was kept
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shaking at 22°C overnight. The bacterial cells were harvested by
spinning at 8000g for 15 min. The cells were resuspended in 25
ml of buffer solution containing 25 mM tris (pH 7.5), 30 mM im-
idazole, and 500 mM NaCl. The suspension was sonicated and cen-
trifuged at 15,000¢ for 30 min. The supernatant was filtered through
a 0.45-pm membrane before purification. Nickel-agarose (GE
Healthcare) column was used to purify the proteins. Buffer A con-
tained 25 mM tris (pH 7.5), 30 mM imidazole, and 500 mM NaCl;
buffer B contained 25 mM tris (pH 7.5), 300 mM imidazole, and 500
mM NaCl. After loading the medium, buffer A was used to wash the
column until ultraviolet absorbance at 280 nm reached baseline at a
flow rate of 2 ml/min. Buffer B was then applied to elute the protein.
The expression of (His)6-tagged 3-OST-5 was performed in the
CHAP-OriB cell line (44). The cells were grown at 37°C in terrific
broth containing ampicillin (75 pg/ml), kanamycin (37.5 pg/ml),
chloramphenicol (26.3 ug/ml), and tetracycline (9.4 pg/ml) to an
ODggonm of 0.8 to 0.9. Chaperone GroEL/GroES expression was
induced by addition of (r)-arabinose to a final concentration of 1
mg/ml, and the temperature was decreased to 18°C for 30 min.
The expression was then induced by addition of IPTG to a final con-
centration of 0.4 mM IPTG and allowed to proceed overnight at
18°C, with shaking at 275 revolutions per minute (rpm). The cells
were lysed by sonication in buffer A containing 25 mM tris (pH 8),
750 mM NaCl, and 10 mM imidazole (pH 8) supplemented with 1
mM phenylmethylsulfonyl fluoride and complete EDTA-free pro-
tease inhibitor tablets (one tablet per 40-ml volume of lysis buffer),
and the lysate was centrifuged at 18,000 rpm at 4°C. The superna-
tant was loaded to Ni—nitrilotriacetic acid (QIAGEN) resin at 4°C
and washed thoroughly with buffer A; and protein was eluted with
buffer B containing 45 mM tris (pH 8), 775 mM NaCl, and 200 mM
imidazole (pH 8).

For 3-OST-2 and 3-OST-4 expression, the regions encoding the
sulfotransferase domains of 3-OST-2 (Lysws-Glu367) and 3-OST-4
(Glu'®® -Lys456) were cloned into the pMALX(TEV) vector, generat-
ing a maltose binding protein N-terminal fusion protein. The re-
sulting vector was transformed into the CHAP-OriB cells for
expression (44). The cells were grown in LB medium supplemented
with ampicillin (75 pg/ml), kanamycin (25 pug/ml), chlorampheni-
col (26.25 pg/ml), and tetracycline (9.4 pug/ml) to an ODgponm of
~0.8. (1)-arabinose was added to a final concentration of 1 mg/ml
(to induce expression of the GroES/GroEL chaperone), and the
temperature was decreased to 16°C for 35 min. Target protein in-
duction was achieved by addition of IPTG to a final concentration
of 0.4 mM, and expression was allowed to proceed overnight at
16°C. The cells were pelleted and lysed by sonication in 25 mM
tris (pH 8.0) and 500 mM NaCl. The lysate was cleared by centrifu-
gation, and the soluble proteins were bound in-batch to amylose
resin. 3-OST-2 and 3-OST-4 were released from the resin by over-
night cleavage with tobacco etch virus (TEV) protease in sonication
buffer supplemented with 20 uM PAPS at 4°C. The cleaved proteins
were further purified by size exclusion chromatography, using a
Superdex 200 10/300 Increase column equilibrated with sonication

buffer.

Measurement of the sulfotransferase activities of 3-OSTs

For measuring the activities of 3-OST-1 and 3-OST-5, a 6-mer ol-
igosaccharide (0.1 mg/ml; GIcNS6S-GlcA-GIcNS6S-1doA2S-
GIcNS6S-GlcA-pNP) was incubated with either 3-OST-1 (10 pg/
ml) or 3-OST-5 (10 ug/ml) in the reaction buffer containing
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MOPS (50 mM), MgSO, (5 mM), MnCl, (5 mM), and PAPS (248
uM). For measuring the activities of 3-OST-2, 3-OST-3, and 3-OST-
4, a 8-mer oligosaccharide (0.1 mg/ml; GIcNS-GlcA-GIcNS-
IdoA2S-GIcNS-IdoA2S-GleNS-GlcA-pNP) was incubated with 3-
OST-2 (10 pg/ml), 3-OST-3 (22 pg/ml), or 3-OST-4 (6.7 pg/ml)
in the reaction buffer containing Mops (50 mM), MgSO, (5 mM),
MnCl, (5 mM), and PAPS (248 uM). The reaction mixture was in-
cubated at 37°C for 5 hours and then was quenched by placing on a
100°C heat block for 10 min. The mixture was then spun down at
14,000¢ for 10 min. The supernatant was collected and analyzed by
HPLC on a ProPac PA1 anion exchange column at a flow rate of 1
ml/min buffer A (20 mM NaOAc, pH 5.0). A linear gradient from
35 to 100% buffer B (20 mM NaOAc and 2 M NaCl, pH 5.0) over 60
min with a flow rate of 1 ml/min was used for elution with moni-
toring the absorbance at 310 nm. The enzyme activity was deter-
mined on the basis of the ratio of peak areas of oligosaccharide
substrate and the 3-O-sulfated oligosaccharide product. One unit
of the sulfotransferase activity was defined as the amount of
enzyme that transfers 1 nmol of sulfo group to the substrate
under the conditions described above.

Tau internalization assay

The overexpression and purification of full-length tau protein were
performed as previously described (45, 46), and the tau protein was
conjugated with Alexa Fluor 488 (8). The mouse lung endothelial
cell line was developed in our lab and expresses a high level of
HS3ST1 (23). The cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum
(FBS), penicillin (100 U/ml) and streptomycin (100 pg/ml) at
37°C, and 5% CO,.

Mouse lung endothelial cells (2.5 x 10°) were seeded at DMEM
(600 pl per well) containing 10% FBS and penicillin (100 U/ml) and
streptomycin (100 pg/ml) in a 12-well plate. After culturing over-
night, the cells were washed with Dulbecco’s phosphate-buffered
saline (DPBS) twice and then incubated with DMEM (500 pl per
well) containing BSA (1.6 pg/ml or 24 nM), Alexa Fluor 488-
labeled tau (Tau-Alx488; 2.7 ug/ml, 56 nM), Tau-Alx488 (2.7 ug/
ml, 56 nM) mixed with heparin (20 or 200 pg/ml, 1.67 or 16.7
uM), or Tau- Alx488 (2.7 ug/ml, 56 nM) mixed with 14-mer-1 or
14-mer-2 (5 or 40 pg/ml, 1.3 or 11.8 uM) at 37°C for 3 hours. Some
of the wells were pretreated with heparin lyases I to III (0.3 or 0.4 U/
0.3 ml of DMEM per well) at 37°C for 1 hour before the Tau-Alx488
incubation. The cells were then processed for image or flow cytom-
etry analyses. For image analysis, the cells were covered with mount-
ing medium 4b,6-diamidino-2-phenylindole (DAPI) and examined
for internalized tau-Alx488 using Keyence BZ-Z800 microscope.
The image data were processed using ImageJ. For flow cytometry
analysis, the cells were trypsinized and resuspended in DPBS con-
taining 2 mM EDTA, 1% BSA, and propidium iodide (PI), which
stain dead cells, and then analyzed by BD FACSCanto II flow cy-
tometer. The flow cytometry data were processed using Flow]o
v10.8. GraphPad Prism 9.0 was applied for statistical analysis and
graphing of the collected data.

Extraction and quantitation analysis of HS from the AD
human brain tissue and mice brain and liver tissues

The HS extraction from tissues was carried out on frozen tissues
with homogenization and defatting as described previously (19).
Briefly, the tissue (from 800 to 1300 mg) was excised and
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homogenized in the PBS. Then, the homogenized tissue was sub-
jected to defat by suspension and vortex in the chloroform/metha-
nol mixtures [2:1, 1:1, and 1:2 (v/v)]. The defatted tissues were dried
and weighed to obtain the dry weight (from 30 to 80 mg). Then, the
dried tissue (20 mg) was subjected to pronase E digest [10 mg:1 g
(w/w), tissue/pronase E] at 55°C for 24 hours to degrade the pro-
teins. Twenty nanograms of recovery calibrant '*C-labeled NSK5P
(N-sulfo heparosan from E. coli K5 strain) was added into the diges-
tion solution before subjecting to DEAE column purification. The
DEAE column mobile phase A consisted of 20 mM tris (pH 7.5) and
50 mM NacCl, and mobile phase B consisted of 20 mM tris (pH 7.5)
and 1 M NaCl. After loading the digested solution, the column was
washed with 1.5 ml of mobile phase A, followed by 1.5 ml of mobile
phase B to elute the HS fraction. The YM-3KDa spin column was
applied to desalt the elution, and the retentate was subjected to
heparin lyases digest. Before the digestion, *C-labeled 3-O-sulfated
calibrants (500 ng each) were added to the retentate. A total of 100 pl
of enzymatic buffer [100 mM sodium acetate/2 mM calcium acetate
buffer (pH 7.0) containing BSA (0.1 g/liter)] and the 20 pl of
enzyme cocktails containing heparin lyases I and II (5 mg/ml
each) was added to degrade the retentate on the filter unit of the
YM-3KDa column. The reaction solution was incubated at 4°C
for 1 hour. Before recovering the disaccharides from the digest sol-
ution, a known amount '*C-labeled non—3-O-sulfated disaccharide
calibrants (AIS = 80 ng, AIIS = 80 ng, AIIIS = 40 ng, AIVS = 80 ng,
ATA =40 ng, ATIA = 80 ng, AIITA = 40 ng, and AIVA = 250 ng) were
added to the digestion solution. The HS disaccharides and tetrasac-
charides were recovered by centrifugation, and the filter unit was
washed twice with 200 pl of deionized water. The collected filtrates
were freeze-dried before the AMAC derivatization. The AMAC
label and LC-MS/MS analysis of the collected disaccharides and tet-
rasaccharides of tissues was performed as described below. The
amount of tissue HS was determined by comparing the peak area
of native di/tetrasaccharide to each corresponding "*C-labeled in-
ternal standard, and the recovery yield was calculated on the basis
of a comparison of the amount of '*C-labeled disaccharide
(A[*C]UA-["*C]GIeNS from heparin lyases degraded 13C-labeled
NSK5P) in the tissue samples and control, respectively.

LC-MS/MS analysis

The analysis of AMAC-labeled di/tetrasaccharides was implement-
ed on a Vanquish Flex ultra HPLC System (Thermo Fisher Scien-
tific) coupled with TSQ Fortis triple-quadrupole MS as the detector.
The ACQUITY Glycan BEH Amide column (1.7 pm, 2.1 by 150
mm; Waters, Ireland, UK) was used to separate di/tetrasaccharides
at 60°C. Mobile phase A was 50 mM ammonium formate in water
(pH 4.4). Mobile phase B is acetonitrile. The elution gradient was as
follows: 0 to 20 min, 83 to 60% gradient B; 20 to 25 min, 5% B; and
25 to 30 min 83% B. The flow rate was 0.3 ml/min. On-line triple
quadrupole MS operating in the MRM mode was used as the detec-
tor. The electrospray ionization MS analysis was operated in the
negative ion mode using the following parameters: negative ion
spray voltage at 3.0 kV, sheath gas at 55 arbitrary units, aux gas at
25 arbitrary units, ion transfer tube temperature at 250°C, and va-
porizer temperature at 400°C. TraceFinder software was applied for
data processing.

Wang et al., Sci. Adv. 9, eadf6232 (2023) 26 May 2023

Determination of the binding affinity between 14-mers

and tau

SPR measurements were performed on a Biacore 3000 SPR (GE
Healthcare, Uppsala, Sweden). The biotinylated 14-mers (14-mer-
1 and 14-mer-2) were immobilized to streptavidin (SA) sensor chips
(Biacore, GE Healthcare, Uppsala, Sweden) based on the manufac-
turer’s protocol. In brief, 20 ul of biotinylated 14-mers (0.2 mg/ml)
was injected over flow cells 2 and 3 (FC2 and FC3) of the SA chip at
a flow rate of 10 ul/min. The successful immobilization of biotiny-
lated 14-mers was confirmed by the observation of 811— and 789—
resonance unit increase. The control flow cell (FC1) was prepared
by 1-min injection with saturated biotin. The running buffer con-
tained 0.01 M Hepes, 0.15 M NaCl, 3 mM EDTA, and 0.05% sur-
factant P20 (pH 7.4).

Recombinant tau protein at concentrations of 500, 250, 125, 63,
and 32 nM were injected at a flow rate of 40 ul/min. At the end of the
recombinant tau injection, the same buffer flowed over the SA
surface to facilitate dissociation. After a 3-min dissociation time,
the SA surface was regenerated by injecting 40 pl of 2 M NaCl.
The response was monitored as a function of time (sensogram) at
25°C. The sensograms of various tau concentrations were globally
fitted with 1:1 Langmuir model. SPR measurements were per-
formed on a Biacore 3000 operated using Biacore 3000 control
and BIAevaluation software (version 4.0.1).

gPCR analysis of mRNA expression

Total RNA was isolated from human brain tissues with TRIzol
reagent (Invitrogen; Thermo Fisher Scientific Inc.) following
RNeasy Mini Kit (QIAGEN Inc.). Before RNA extraction, brain
samples were homogenized using BeadBlaster homogenizer
(Benchmark Scientific Inc.) with beads at 6.5 m/s, 15 s for three
cycles. The quality of RNA and concentration were assessed using
the NanoDrop one/one Microvolume ultraviolet-visible Spectro-
photometer (Thermo Fisher Scientific Inc.). RNA concentrations
ranged from 0.1 to 0.6 pg/pl, and an optical density at a wavelength
0f 260/280 nm with a range of 1.8 to 2.2 were chosen for this study.
One microgram of total RNA was reverse-transcribed into cDNA
using SuperScript II Reverse Transcriptase (Thermo Fisher Scien-
tific Inc.) with RNaseOUT RNase inhibitors (Invitrogen). mRNA
expression of 30ST-1 (sense: 5'-ACCACATGCAGAAGCACAAG-
3" and anti-sense: 5'-TCCAAAAGGTCGAGAGGTTCCT-3') and
internal control glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; sense: 5'-ACCACATGCAGAAGCACAAG-3' and anti-
sense: 5-TCCAAAAGGTCGAGAGGTTCCT-3") and cytochrome
C1 (CYCI; sense: 5'-AGCCTACAAGAAAGTTTGCCTAT-3" and
anti-sense: 5'-TCTTCTTCCGGTAGTGGATCTTGGC-3") were
evaluated by quantitative PCR (qPCR) using the PowerUp SYBR
Green Master Mix (Applied Biosystems). Primer pair sequences
are designed on the basis of literature (47, 48) and ordered from
Eton Bioscience. The amplification condition was as follows: 50°
(2 min) and 95° (2 min), followed by 40 cycles at 95° (15 s), 57°
(20s), and 72°C (1 min). The melting curve was tested after the am-
plification, with the condition as follows: 95° (15 s), 60° (1 min), and
95°C (15 s). The experiment was done using the ViiA 7 Flex Real-
Time PCR System (Thermo Fisher Scientific). The range of C; of 3-
OST-1, GAPDH, and CYCl1 is 22.8 to 32.3, 16.3 to 23.9, and 17.4 to
26.9. mRNA levels of 3-OST1 were quantified with the 274"
method and normalized to the internal control gene GAPDH and
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CYC1. The results are shown relative to the expression level of the
control group.

The statistics and reproducibility

For the quantification of HS from brain tissues in the different neu-
rodegenerative diseases, two replicates of each sample were per-
formed on LC-MS/MS analysis. For the evaluation of substrate
specificity of different 3-OST isoforms using polysaccharide, three
separate samples were performed on LC-MS/MS analysis. For the
quantification of HS isolated from brain and liver tissues in the 3-
OST-17'~ and 3-OST-37'" mice, two replicates of each sample were
performed on LC-MS/MS analysis. The P value was determined by
two-tailed unpaired ¢ test. **P < 0.01; ***P < 0.001; ***P < 0.0001.
The statistical significance was defined as P < 0.05.
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