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Abstract

Apolipoprotein E (ApoE)’s ε4 alle is the most important genetic risk factor for late onset 

Alzheimer’s Disease (AD). Cell-surface heparan sulfate (HS) is a cofactor for ApoE/LRP1 

interaction and the prion-like spread of tau pathology between cells. 3-O-sulfo (3-O-S) 

modification of HS has been linked to AD through its interaction with tau, and enhanced levels 

of 3-O-sulfated HS and 3-O-sulfotransferases in the AD brain. In this study, we characterized 

ApoE/HS interactions in wildtype ApoE3, AD-linked ApoE4, and AD-protective ApoE2 and 

ApoE3-Christchurch. Glycan microarray and SPR assays revealed that all ApoE isoforms 

recognized 3-O-S. NMR titration localized ApoE/3-O-S binding to the vicinity of the canonical 

HS binding motif. In cells, the knockout of HS3ST1—a major 3-O sulfotransferase—reduced cell 

surface binding and uptake of ApoE. 3-O-S is thus recognized by both tau and ApoE, suggesting 

that the interplay between 3-O-sulfated HS, tau and ApoE isoforms may modulate AD risk.

Graphical Abstract

The interaction of Apolipoprotein E (ApoE) with cell surface Heparan Sulfate (HS) is enhanced by 

a rare, Alzheimer’s Disease linked 3-O-Sulfo group. This binding motif is shared with tau protein, 

suggesting a mechanism for ApoE/tau interactions in the association of certain ApoE isoforms 

with AD.
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Introduction

Alzheimer’s Disease (AD) is a neurodegenerative disease characterized by progressive 

decline of cognitive function and the accumulation of amyloid plaques and neurofibrillary 

tangles in the brain[1]. Epidemiological and genome wide association studies have identified 

polymorphism in the APOE gene as the most significant genetic determinant of Late Onset 

AD (LOAD) risk[2,3]. Compared to individuals homozygous for wild type APOE ε3, carriers 

of the ε4 allele (C112R) exhibit an increase in AD risk of 3- to 4- fold in heterozygotes 

and approximately 9- to 15- fold in homozygotes[4]. Carriers of the ε2 (R158C) in contrast 

exhibit a more than two-fold decrease in AD risk[5].

Several rare APOE isoforms are also characterized in humans. One of these, a R136S 

mutant termed ε3-Christchurch (ApoE3cc) recently came to light in a case study of an 

individual homozygous for the ApoE3cc allele in a familial AD cohort[6]. Despite extensive 

Aβ burden, the subject remained free of cognitive impairment into her 70s, 30 years after 

the typical age of onset for her cohort, suggesting ApoE3cc has neuroprotective properties 

similar to or exceeding ε2. There was little tau pathology in the patient’s brain, suggesting a 

connection between ApoE isoforms and tau in the modulation of AD risk[6].

The protein product of APOE, apolipoprotein E (ApoE) is a ~34 kDa lipid transport protein 

consisting of an N-terminal receptor binding domain (NTD) organized into a four-helix 

bundle linked to a C-terminal lipid binding domain by a flexible hinge region (Figure 1)[7]. 
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ApoE bound lipoproteins are secreted by astrocytes, hepatocytes and macrophages, and 

subsequently internalized by Low-Density Lipoprotein Receptor family receptors LDLR, 

LRP1, VLDR, and ApoER2. ApoE plays a particularly important role in the central nervous 

system where it is the primary vehicle for lipid and cholesterol transport between neurons 

and astrocytes, with LRP1 being the major neuronal receptor for ApoE[8–10].

Cell surface heparan sulfate (HS) proteoglycans (HSPGs) are important cofactors for 

LRP1 mediated ApoE uptake, serving as an initial site for the binding of ApoE bound 

lipoproteins, which can be followed by either direct HSPG mediated internalization, or 

transfer to LRP1 for endocytosis[9–14] (Figure 2A). Structurally, HS and heparin (a highly 

sulfated HS analogue) are linear polysaccharides composed of repeating disaccharide units 

of N-acetylglucosamine (GlcNAc) and either glucuronic (GlcA) or iduronic acid (IdoA)
[15,16]. The HS repeating unit has four variable sulfation sites: N-S, 2-O-S, 6-O-S, and 

3-O-S, where negatively charged sulfo groups are introduced by Golgi-membrane associated 

sulfotransferases (Figure 2B). These sulfo groups act as key determinants of HS/heparin 

interactions with proteins[16–18] (Figure 2B).

The 3-O-S moiety is the rarest HS modification site, with few known binding partners 

and a poorly understood biological function[19]. Emerging evidence suggests a connection 

between 3-O sulfation of HS and AD. Transcriptomics and proteomics data from the Human 

Protein Atlas indicates all but one (Hs3st6) of the of the seven 3-O-sulfotransferases 

found in humans are expressed within the central nervous system, with four (Hs3st1, 
Hs3st2, Hs3st4, and Hs3st5) being specific to the brain[20]. Two independent genome 

wide association studies have identified Hs3st1 as a putative AD risk factor[21,22]. Tau 

protein, the major component of neurofibrillary tangles, interacts with 3-O-S for cell surface 

binding and uptake[23]. Additional evidence shows that HS 3-O-Sulfotransferase expression 

is upregulated in the AD brain[24], accompanied by a nearly three-fold increase by mass 

percentage of a specific, 3-O-sulfo containing motif termed tetra-1 (Figure 2C)[25].

Motivated by the connections between ApoE and AD, we probed the interactions of ApoE 

with the various sulfation groups of HS on an isoform specific basis. Our data indicate 

that ApoE interacts with oligosaccharides containing the rare, AD linked 3-O-S group, 

facilitating ApoE cell surface binding and uptake. This interaction is conserved across the 

three common ApoE isoforms (ApoE2, ApoE3, and ApoE4), as well as the rare ApoE3cc 

mutant.

Results and Discussion

3-O-S Enhances the Binding of HS to Multiple ApoE Isoforms in Glycan Array Analysis

We employed a well-established[26–29] microarray consisting of 52 chemically defined HS 

oligosaccharides immobilized on a microarray chip (Figure S1), termed a Low Molecular 

Weight HS (LMWHS) array, to probe the glycan determinants of ApoE/HS interactions 

(Figure 3 and Figure S2). The binding of ApoE to the array—or lack thereof—was measured 

using ApoE labeled with Alexa-Fluor 488. ApoE3 binding produced strong signals in wells 

immobilized with heparin (a positive control), HS heptasaccharides (7-mers) 4, 5, 10, and 

11, and dodecasaccharides (12-mers) 18, 19, and 20, indicating elevated binding. A striking 
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trend emerges upon comparing the structures of these oligosaccharides: glycans containing 

3-O-S groups bind significantly more than identical structures lacking 3-O-S groups. Among 

the 7-mers, the 3-O-sulfated oligos 4 and 10 respectively produced a 2-fold and 1.4-fold 

increase in fluorescence relative to their counterparts, oligos 5 and 11. Among the 12-mers, 

oligo-18, which has two 3-O-S groups, produced 50% more fluorescence than oligo-19, 

which possesses only one 3-O-S, and a 3.4-fold increase relative to oligo-20, which entirely 

lacks 3-O-S (Figure 3A). Curiously, oligo-22, which lacks 3-O sulfation, also exhibited 

strong binding to ApoE (Figure S2). A subsequent SPR competition assay carried out using 

a 3-O sulfated version of oligo-22 revealed an enhanced ability to compete for ApoE/heparin 

binding compared to the original glycan, consistent with the impact of 3-O-S on the other 

LMWHS compounds (Figure S3).

Due to the relevance of APOE polymorphism in human health and disease, we repeated this 

array using three additional isoforms: ApoE2, ApoE4, and ApoE3cc, finding the relative 

binding of these isoforms to 12-mers to be largely unchanged compared to ApoE3. Among 

the 7-mers, the binding pattern of ApoE3cc was largely the same as ApoE3 (Figure 3C). 

ApoE2 exhibited a noticeable reduction in its response to the 3-O-sulfated 7-mers (Figure 

3B), while the binding of ApoE4 to oligos 4/10 compared to 5/11 was nearly identical 

(Figure 3D). These data show that 3-O-S is recognized in HS 12-mers by all ApoE isoforms 

under study, and in HS 7-mers except by ApoE4.

Characterization of the ApoE/heparin Interaction Supports the Correlation Between Glycan 
Affinity and AD Risk

ApoE binds to HS and heparin with dissociation constants on the order of 10−7 to 

10−8 M[11,12], mainly mediated by a cluster of lysine and arginine residues spanning 

R142-R147[12]. Previous studies suggest ApoE/glycan interactions occur in two stages: 

a fast electrostatic interaction, followed by a slower conformational change step[11,12]. 

Interestingly, the affinity of ApoE isoforms for HS and heparin roughly correlates with 

their contribution to AD risk, with ApoE4 having the highest affinity, and ApoE3cc the 

lowest[6,11,31].

To interrogate the kinetics and thermodynamics of the ApoE/3-O-S interaction and validate 

the findings of the LMWHS array, we employed Surface Plasmon Resonance (SPR). Porcine 

derived heparin was biotinylated and immobilized on a streptavidin sensor chip. We found 

the binding affinity (KD) of our ApoE constructs by fitting sets of sensograms from ApoE/

heparin binding at varying concentrations, deriving a KD of 25 nM for ApoE3 (Figure 

4A), 64 nM for ApoE2 (Figure S3B), and 17 nM for ApoE4 (Figure S3D), consistent 

in both affinity and kinetics with previous measurements of ApoE/heparin binding using 

SPR[11], as well a sample of human plasma derived ApoE (Figure S3A) (Table 1). ApoE3cc, 

which had yet to have its heparin binding kinetics quantified, bound to heparin with a KD 

of 200 nM, dramatically lower than wild type ApoE3, confirming earlier studies which 

indicated its affinity for heparin was lower than any of the common isoforms[6]. In all 

cases, the kinetics of the ApoE/glycan interaction fit a two-state reaction model, with a 

fast initial interaction followed by a slow conformational change step (Table 1). Consistent 

with previous data, ApoE2’s reduced affinity for heparin was largely due to a lower ka1, 
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while ApoE4’s increased affinity resulted from a reduced kd1. Interestingly, ApoE3cc also 

exhibited a reduction to kd1, however this was offset by an increase to kd2 and a drastically 

lower ka1 (Figure 4B). The more than 10-fold reduction in the association constant of 

the fast reaction suggests the disruption of electrostatic interactions are responsible for 

ApoE3cc’s low affinity for heparin. This represents the first time the kinetics of ApoE3cc 

binding to heparin have been quantified, and confirms both its reduced affinity for heparin, 

and the retention of two state binding kinetics.

Competition SPR Demonstrates Site Specific Preferences for Sulfation in ApoE-Glycan 
Binding

To study the impact of site-specific sulfation, we also performed solution and surface 

competition (competing with chip bound heparin) SPR using desulfated heparin with 6-O-S, 

2-O-S or N-S groups chemically removed (Figure 5A). Recombinant ApoE3 was premixed 

with each polysaccharide at a defined concentration and flowed over the chip containing 

immobilized heparin. Increasing oligosaccharide concentration binds ApoE in solution, 

diminishing the interaction of ApoE with the heparin on the surface of the chip and reducing 

the signal from ApoE/heparin binding.

Unmodified heparin was used as a positive control, which practically abolished interaction 

between ApoE and the heparin on the chip (Figure 5B). In contrast, the desulfated glycans 

retained approximately 60% binding for 2-O-desulfated heparin, 70% for N-desulfated 

heparin, and 80% for 6-O-desulfated heparin (Figure 5B). This result indicates that ApoE 

interacts preferentially with 6-O-S and N-S over 2-O-S, which has not previously been 

reported in the literature.

Due to the chemistry of desulfation and rarity of 3-O-S, it is not possible to prepare 

completely 3-O-desulfated heparin. To corroborate the glycan array results, we carried out 

additional competition SPR experiments using HS oligos 19 and 20, along with oligo-22 
and a 3-O-S modified version of oligo-22-3S as previously mentioned. The IC50 constants 

for the inhibition of the ApoE/heparin interaction by oligos 19 and 20 were measured 

respectively as 0.4 μM and 2.2 μM (Figure 4B-C), consistent with the stronger binding of 

ApoE to oligo-19 in the glycan microarray. Oligo-22 inhibited binding with an IC50 of 1.0 

μM for the original compound, and 0.2 μM for the 3-O Sulfated version (Figure S3). The 

large decrease in the IC50 of oligo-19 and the 3-O sulfated oligo-22 variant compared to 

their 3-O-S lacking counterparts (oligo-20 and 22), shows that the presence of a 3-O-S group 

significantly enhances this inhibition.

Knockout of Hs3st1 Reduces the Cellular Binding and Uptake of Multiple ApoE Isoforms

We also carried out assays to measure the binding of ApoE to the cell surface and its 

subsequent uptake to test the relevance of our biophysical findings in a cellular context. 

A pair of previously described cell lines[32] consisting of wild type (WT or Ndst1f/f) and 

Hs3st1 knockout (Hs3st1−/−) mouse lung endothelial cells (MLECs) were used in these 

experiments. Hs3st1−/− MLECs express lower level of 3-O-S groups, but retain normal 

levels of N-S, 6-O-S, and 2-O-S groups[23].
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Biotinylated ApoE was incubated with cells and detected using streptavidin-horse radish 

peroxidase (HRP) to measure ApoE cell surface binding. Recombinant ApoE2, ApoE3, 

ApoE3cc, and ApoE4 all bound to the surface of the WT Ndst1f/f MLECs, while surface 

binding was significantly diminished in the Hs3st1−/− line. The magnitude of this inhibition 

ranged from 25% for ApoE2 to 50% for ApoE4 (Figure 6A).

For uptake assays, the cells were incubated with Alexa-488 labeled ApoE (except for 

ApoE2, which was labeled with Alexa-647) for 4 hours and imaged via confocal microscopy 

to measure fluorescence from ApoE uptake. As a positive control we used WT cells treated 

with heparin, which has previously been shown to inhibit ApoE uptake. Compared to 

untreated WT cells, both heparin treated WT and Hs3st1−/− cells exhibited a significant 

reduction in fluorescence from internalized ApoE(Figure 6B–C). This effect was consistent 

across all isoforms under study, further confirming the relevance of 3-O-S groups in 

ApoE/HS interactions.

ApoE and Tau Compete for Cell Surface Binding

Given the similarity between the ApoE/HS binding motif identified in this paper and the 

Tau/HS binding motif described in our previous work[23], as well as their shared uptake via 

the LRP1 pathway[33], we speculated that ApoE and tau would compete with one another for 

HS binding.

To this end, we carried out additional cell surface binding assays with ApoE3 and ApoE4 

in MLECs. Varying concentrations of tau were introduced to MLECs incubated with 

biotinylated ApoE3 or ApoE4 to achieve a final ApoE concentration of 1.2 μg/mL. For a 

positive control, we used 500 μg/mL of heparin in place of tau. After further incubation and 

washes, we measured the cell surface binding of ApoE via streptavidin-HRP as described in 

the previous section.

At high ratios of Tau to ApoE, we observed a significant decrease in the cell surface binding 

of ApoE3 (Figure 7A). The magnitude of this decrease (~20%) was comparable to the 

inhibition achieved in the heparin positive control. Conversely, the inhibition of ApoE4 cell 

surface binding was limited in magnitude (~5%) and not statistically significant, even at 

the highest Tau concentrations (Figure 7B), while heparin inhibited ApoE4 binding with 

a similar magnitude to ApoE3. The drastic reduction in tau’s ability to compete for cell 

surface binding with ApoE4 compared to ApoE3 is suggestive of tighter binding between 

ApoE4 and cell surface HS. This is consistent with the ApoE4’s higher heparin binding 

affinity from our SPR measurements. These data indicate that ApoE and tau compete for 

HS binding on the cell surface and demonstrate an ApoE-isoform dependent effect on the 

interactions between ApoE, Tau, and HS.

NMR Titration Reveals H140, L144, and R147 as Key Residues for ApoE’s Interaction with 
3-O-S Containing Glycans

Next, we attempted to identify the specific regions of ApoE involved in the recognition of 

the 3-O-S group using NMR titration. We generated a construct consisting of N-terminal 

domain residues 1–183 of ApoE3 (ApoE3-NTD) to study this interaction. ApoE3-NTD 
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retains the capacity to bind HS/heparin, albeit at reduced affinity, and contains the entire 

physiological HSPG binding site spanning residues 135–150[34,35].

HS oligos 19 and 20 were individually titrated into 0.3 mM samples of ~70% deuterated 
2H, 15N ApoE3-NTD to at molar ratios of 0.1:1, 0.2:1, 0.4:1 ratios of glycan to protein 

(Figure 8 and Figure S4). Transverse Relaxation Optimized Spectroscopy (TROSY) NMR 

spectra were recorded on an 800 MHz Spectrometer (Bruker) and resonance assignments 

were obtained from previous work (BMRB entry 6524)[36].

Compared to the Apo spectrum (Figure 8A, blue peaks), significant chemical shift 

perturbations (CSPs) were observed following the addition of both oligo-19 (Figure 

8A, purple peaks) and oligo-20 (Figure 8A, yellow peaks). As expected, These CSPs 

progressively increased over the course of the titration (Figure S4), with oligo-19 producing 

noticeably larger CSPs than oligo-20 in the vicinity of the canonical ApoE/HS binding site.

Spatially, these shifts were clustered in two areas: firstly, ApoE’s receptor binding site 

(R136-R150) in helix 4, particularly the canonical HSPG binding residues (R142-R147), and 

secondly a stretch of residues in helix 1 spanning roughly F33-L37 which interacts with 

helix 4 via R145. This is consistent with accepted models of the ApoE/HS interaction, which 

require the relocation of W34 to accommodate optimal binding[12].

Several isolated peaks with large CSPs are magnified in Figure 8B. The CSP differences 

(ΔCSP) between the oligo-19 and oligo-20 titrations were plotted against residue number 

(Figure 8C) to probe the 3-O-S recognition sites. Significant backbone ΔCSPs occurred in 

the receptor binding region of ApoE, particularly in the canonical HSPG binding site, with 

the greatest ΔCSPs occurring on H140, L144, and R147 (Figure 8C). Given the alignment 

of oligo-19 ΔCSP with areas of high CSP in the oligo-20 spectra, these results suggest the 

presence of the 3-O-S moiety likely enhances the existing interaction between ApoE and 

HS, rather than altering the binding mode.

Implications for Alzheimer’s Disease

Here we show that ApoE specifically recognizes 3-O-S modified HS. ApoE/HS interactions 

and cellular binding/uptake are greatly enhanced by 3-O-sulfation, as demonstrated by the 

results of the LMWHS array, SPR experiments, NMR titration, and cellular binding and 

uptake assays. Our SPR experiments confirmed that different ApoE isoforms exhibit altered 

affinities for heparin, with ApoE4 having the highest affinity, followed by ApoE3 > ApoE2 

> ApoE3cc. We observed that structurally defined HS 7-mers and 12-mers containing 3-O-S 

groups bound preferentially to ApoE in a LMWHS array. Strikingly, one of these 3-O-S 

7-mers (oligo-4) has a non-reducing end nearly identical to tetra-1, which is enriched in AD 

brain, lacking only a N-sulfo group on glucosamine 2 (Figure 9).

The impact of the 3-O-S group was further confirmed by competition SPR assays, 

which revealed an HS 12-mer with a single 3-O-S group (oligo-19) inhibited ApoE3/

Heparin interactions with a nearly 6-fold lower IC50 than its 3-O-S lacking counterpart 

(oligo-20). The results of our NMR titration were also consistent with this, with oligo-19 
producing elevated CSP within the HSPG binding site—particularly H140, R147, and 
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R154—compared to oligo-20. Cell based binding and uptake experiments showed that 

the reduction of 3-O-S from Hs3st1 knockout significantly inhibited the binding and 

internalization of ApoE in Hs3st1−/− cells, suggesting that 3-O-S groups play a major role 

in cellular uptake of ApoE. Together these data demonstrate that ApoE recognizes 3-O-S 

groups in HS, making it the eighth protein with a specific interaction with 3-O-S discovered 

to date[19,37].

3-O sulfation of HS has been linked to AD through elevated levels of 3-O-sulfotransferases 

and 3-O-sulfated HS in AD brains, a genetic association between Hs3st1 and AD, and the 

specific interaction between tau and 3-O-S[21–25]. Adding to these molecular connections, 

the current study demonstrates the specific interaction between ApoE and 3-O-S. This 

is especially interesting, given that both ApoE and tau recognize 3-O-S and bind to 

LRP1 and HS for cellular uptake[10,33,38,39]. Tau and ApoE have similar binding patterns 

for in the HS glycan array, suggesting they recognize the same 3-O-S containing HS 

motifs, and thus should compete for HS binding. This is supported by our ApoE/Tau 

competition experiments, and further strengthens the molecular basis of the well-established 

phenomenon that ApoE can inhibit tau uptake in cell culture[33,40]. In one study, ApoE4 

showed better inhibition of tau uptake than ApoE3 and ApoE2[40], which is consistent with 

our competition experiment, and with the higher binding affinity between HS and ApoE4 

compared with ApoE3 and ApoE2, reflected in our SPR studies and previous work[11,12].

It is not completely understood how these data can be correlated to AD risk in ApoE 

isoforms, where ApoE4 promotes LOAD while ApoE2 and ApoEcc are protective against 

LOAD. A possible mechanism could be through the long-term alteration of brain interstitial 

tau level. In this model, ApoE occupies cell surface HS binding sites, inhibiting tau binding 

and the Tau/HS/LRP1 pathway for tau cellular uptake. Should the tau/HS/LRP1 pathway be 

involved in directing extracellular physiological tau into endosome/lysosome compartment 

for degradation, ApoE/tau competition would regulate the level of tau in brain interstitial 

fluid. The ApoE4 isoform would inhibit this tau clearance process, thereby enhancing the 

interstitial tau level in the brain. ApoE2 and ApoEcc in contrast would enhance tau clearance 

due to their weaker competition with tau/HS/LRP1 pathway. Because AD is a decades-long 

pathological process, even a small elevation in brain interstitial tau level by ApoE4 may have 

profound consequences such as misfolding and aggregation of tau. Alternatively, reduced 

tau clearance by HS-LRP1 pathway in neurons by ApoE4 may increase tau uptake by glia, 

which reportedly independent of HS[41], potentially contributing to neuroinflammation in 

AD.

Future studies should focus on characterizing the behavior of the ApoE/tau/HS ternary 

interaction, the role of lipidation and the ApoE C-terminus on ApoE/HS interactions in the 

context of AD, analyze potential isoform specific differences, and test whether extracellular 

tau levels are elevated in CSF and/or brain interstitial fluid of ε4 positive individuals as 

predicted in our proposed model.
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Conclusion

To conclude, in this study we have shown that multiple AD relevant ApoE isoforms 

recognize 3-O-Sulfo groups in HS in a manner similar to tau. Isoforms of ApoE may 

modulate AD risk by competing with tau for HS binding to different extent.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Three-dimensional structure of lipid free human ApoE (PDB 2L7B)[30] with polymorphism 

sites indicated for ApoE2, ApoE3cc, and ApoE4.
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Figure 2. 
Cell surface HSPGs mediate the uptake of ApoE. (A) ApoE-containing lipoproteins 

are taken up by LRP1 in an HSPG dependent mechanism. (B) The HS disaccharide 

repeats is composed of glucuronic/iduronic acid followed by N-acetylglucosamine. HS 

sulfotransferases act upon GlcNAc at N-acetyl, 3-O, and 6-O sites and uronic acid at the 2-O 
site, producing distinct patterns of sulfation. (C) Structure of AD enriched HS glycan tetra-1.
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Figure 3. 
Glycan microarray reveals the 3-O-S binding preference of ApoE. (A) The normalized 

fluorescence intensity of the ApoE3 microarray results for wells 1–22 represented as a bar 

graph reveal a clear binding preference for 3-O-sulfated 7-mers and 12-mers. The structures 

of the glycans present in wells 4, 5, 10, 11, 18, 19, and 20 are represented in glycan notation. 

Results of the glycan microarrays for (B) ApoE2, (C) ApoE3cc, and (D) ApoE4. A complete 

list of all HS oligosaccharides used in the array, and the full results of the array can be found 

in Figures S1 and S2 respectively. Error bars are ± SEM.
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Figure 4. 
Isoform Specific Kinetics of the ApoE/Heparin Interaction (A) The binding affinity of the 

ApoE-HS interaction was measured to be 29 nM by SPR binding kinetic assay for human 

ApoE3. The association and dissociation curve of different ApoE3 concentrations were 

fitted (black line) to a two-state reaction (conformational change) model. (B) A bar graph 

comparing the ApoE isoform kinetics constants relative to recombinant ApoE3. Error bars 

are ± SEM.
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Figure 5. 
Competition SPR corroborates ApoE’s recognition of 3-O-S in LMWHS Array. (A) 

Scheme for competition SPR. (B) SPR competition with chemically desulfated heparin. The 

inhibition of ApoE/Heparin interactions by chemically desulfated heparin indicates that the 

6-O-S group plays a large role compared to the 2-O-S group. Whereas fully sulfated heparin 

almost completely abolishes ApoE3 binding to the heparin chip, 2-O-desulfated heparin 

retains about 60% ApoE binding, while 6-O-S desulfated heparin retains 80% binding 

and N-desulfated heparin retains 70%. (C) The 3-O-Sulfated Oligo-19 inhibits ApoE3-HS 
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binding with an IC50 of 0.4 μM, compared to (D) oligo-20, which inhibits ApoE-HS binding 

with an IC50 of 2.2 μM. Error bars are ± SEM.

Mah et al. Page 17

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2024 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Hs3st1 knockout inhibits the binding and uptake of ApoE in an isoform independent 

fashion. (A) Hs3st1−/− cells show a highly significant reduction in ApoE cell surface binding 

compared to wild type Ndst1f/f MLECs. Following fixation and incubation with biotinylated 

ApoE (1000 ng/mL, 100 μL/well) for 90 minutes at RT, cell surface bound ApoE was 

measured following incubation with streptavidin-HRP and color development. (B) The 

internalization of fluorescently labeled ApoE is significantly reduced by knockout of Hs3st1, 

demonstrating the role of 3-O-S in ApoE uptake. (C) Representative confocal microscopy 

images of ApoE internalization experiments graphed in panel B. ApoE3 is visualized via 

fluorescence at 488 nm, nuclei are stained blue with DAPI. Scale bars are 20 μm. Error bars 

are ± SEM.
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Figure 7. 
ApoE and Tau compete for cell surface binding. (A) Incubation of ApoE3 with high 

concentrations of tau or with heparin elicits a statistically significant reduction in the binding 

of ApoE3 to the surface of MLECs. (B) ApoE4 cell surface binding is significantly inhibited 

by the addition of heparin, however tau inhibition is greatly reduced, and non-significant. 

Error bars are ± SEM.
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Figure 8. 
Mapping the ApoE/HS interaction and 3-O-S binding site with NMR. (A) Overlay of the 

1H-15N TROSY spectra of N-terminal domain of ApoE3 before (Blue) and after 0.4:1 

molar ratio addition of HS 12-mer Oligo-20 (Yellow) and Oligo-19 (Purple). (B) Zoomed-in 

NMR spectra of high CSP residues R136, R145, R147, and D151. (C) CSP Differences 

between spectra reveals a specific interaction between 3-O-S and residues R136, R139, 

H140, L144, R147, and D151 within the canonical receptor binding site of ApoE. The CSPs 

of the 0.1:1 and 0.2:1 titration points are shown in Figure S4.
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Figure 9. 
Comparison of tetra-1 with ApoE binding 7-mers. The structures of the AD enriched 

tetrasaccharide motif tetra-1 strongly resemble the non-reducing end of the ApoE binding 

3-O-S 7-mer oligo-4.
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Table 1.

Kinetics and Thermodynamics of ApoE/heparin interaction from SPR

ApoE Isoform ka1 (105/M*s) kd1 (10−2/s) ka2 (10−3/s) kd2 (10−3/s) KA (105/M) KD (nM)

ApoE3 2.3 ± 0.03 4.2 ± 0.3 13 ± 0.5 1.7 ± 0.1 410 ± 20 25 ± 1.3

ApoE2 0.5 ± 0.1 3.6 ± 0.3 11 ± 0.9 1.0 ± 0.2 170 ± 30 64 ± 12

ApoE3cc 0.22 ± 0.01 1.8 ± 0.2 12 ± 1.3 2.8 ± 0.1 50 ± 4 200 ± 14

ApoE4 2.2 ± 0.1 2.1 ± 0.1 8.3 ± 0.4 1.5 ± 0.01 580 ± 30 17 ± 1

Plasma Derived 1.7 ± 0.1 5.7 ± 0.2 7.8 ± 0.1 0.7 ± 0.1 400 ± 60 26 ± 4
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