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ABSTRACT

Tay-Sachs and Sandhoff diseases are genetic disorders resulting from mutations in HEXA or HEXB, which code for the a- and p-subunits of the heterodimer
B-hexosaminidase A (HexA), respectively. Loss of HexA activity results in the accumulation of GM2 ganglioside (GM2) in neuronal lysosomes, culminating in
neurodegeneration and death, often by age 4. Previously, we combined critical features of the «- and B-subunits of HexA into a single subunit to create a homodimeric
enzyme known as HexM. HexM is twice as active as HexA and degrades GM2 in vivo, making it a candidate for enzyme replacement therapy (ERT). Here we show
HexM production is scalable to meet ERT requirements and we describe an approach that enhances its cellular uptake via co-expression with an engineered GlcNAc-
1-phosphotransferase that highly phosphorylates lysosomal proteins. Further, we developed a HexA overexpression system and functionally compared the recom-
binant enzyme to HexM, revealing the kinetic differences between the enzymes. This study further advances HexM as an ERT candidate and provides a convenient

system to produce HexA for comparative studies.

1. Introduction

The GM2 gangliosidoses are a group of lysosomal storage disorders
that result from heritable loss-of-function mutations in the a- or p-sub-
unit of the lysosomal heterodimer -hexosaminidase A (HexA), or in the
GM2 activator protein (GM2AP) encoding gene, GM2A [1]. Mutations in
the a-subunit gene (HEXA) result in Tay-Sachs disease; whereas, muta-
tions in the p-subunit gene (HEXB) cause Sandhoff disease. HexA de-
grades GM2 within neurons of the brain and peripheral nervous system
with the assistance of a lysosomal protein called GM2AP [2] (for review
see [4]). GM2AP extracts GM2 from lysosomal membranes and presents
the terminal GalNAc sugar of GM2 to the a-subunit active site of HexA
for removal to generate GM3 ganglioside. Loss of HexA activity results in
the pathological accumulation of GM2 in neuronal lysosomes, leading to
inflammation and cell apoptosis [3], and ultimately to deterioration of
motor and cerebral function [4]. The rate of GM2 accumulation depends
on how severely mutations reduce HexA activity. Complete loss of HexA
activity (<0.5% of wildtype) results in a lethal disorder with onset of
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clinical symptoms during infancy, whereas mutations resulting in re-
sidual activity (1-10% of wildtype) slow GM2 accumulation and lead to
juvenile- or adult-onset forms of the disease [5]. Elevated carrier rates of
the disease are present among some populations, such as French Cana-
dians of Eastern Quebec with carrier rates as high as 1 in 14 [6]
compared to an overall carrier rate of 1 in 206 in Quebec [7], and
Ashkenazi Jews who have a carrier rate of ~1 in 31 [8]. The predicted
incidence of this autosomal recessive disorder is ~ 1 in 169,668 among
all French Canadians in Quebec [7] and ~ 1 in 3900 within the
Ashkenazi Jewish population [9]. High carrier rates in some populations
have resulted in effective carrier screening programs that have reduced
the incidence of disease [6,10]; however, GM2 gangliosidoses remain
one of the few high frequency lysosomal storage diseases without a
treatment.

Notably, as little as 10% of normal HexA activity could prevent, and
possibly reverse, GM2 accumulation and associated clinical phenotypes
[5]. This makes ERT [11] and other approaches such as pharmacological
chaperones and gene therapy attractive possibilities for managing GM2
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gangliosidoses. To enable an ERT approach, we previously addressed
issues of HexA instability and recombinant production that have
impeded its use as an ERT by engineering a highly stable variant of the
enzyme known as HexM [12]. HexM is designed based on the X-ray
structures of human HexA (o/f) and HexB (B/f) [13,14]. Critical fea-
tures of the a- and B-subunits of these isoforms were identified and
combined into a single engineered subunit (u), which contains the
a-subunit active site, the highly stable p-subunit interface, and surface
areas that bind to GM2AP [12]. The resulting p-subunit forms a highly
stable homodimer (HexM) that is twice as active as HexA, is endocytosed
into lysosomes of deficient cells, and degrades GM2 both in cellulo and in
vivo [12].

To advance the potential of HexM as an ERT candidate to manage
GM2 gangliosidoses, we demonstrate that the engineered enzyme is
highly stable, and its expression and purification is scalable to levels
sufficient for ERT applications. Using the same overexpression system
employed for HexM [15], we also developed a recombinant HexA
overexpression system and demonstrate comparable kinetic rates with
HexM, but with rate constants that reflect the presence of two a-subunits
in HexM as opposed to the a/p combination present in HexA. The new
expression system for human HexA now provides a convenient source of
active enzyme. Further, we show that co-expression of HexM with a
highly active and promiscuous engineered version of human
GlcNAc-1-phosphotransferase (S1S3 PTase) [16] markedly enhances
HexM phosphorylation and its cellular uptake into Tay-Sachs disease
fibroblasts. Finally, mass spectrometry-based glycoform analysis reveals
that the glycosylation pattern of HexM is consistent with HexA.
Together, our studies advance the potential of HexM as a biologic to
manage GM2 gangliosidoses and provide a means to conveniently pro-
duce HexA for future functional studies and pharmacological chaperone
development.

2. Materials and methods
2.1. Materials

The HEKHexABKO cell line as well as the pB-T-RfA, pB-RB and pBase
plasmids were provided by Dr. M. Tropak (SickKids Hospital, Toronto).
The TSD fibroblasts WG 1881 were obtained from the Human Mutant
Cell Repository, Montreal Children’s Hospital, the pCDNA6/S1S3
GlcNAc-1-phosphotransferase expression plasmid was provided by M6P
Therapeutics (St. Louis, MO), the pCl neo-hEST2 hTERT expression
plasmid was from Addgene [17], and the large T-antigen expression
plasmid was a gift from Dr. R. Gravel (University of Calgary).

Primers and synthetic DNA fragments were purchased from Inte-
grated DNA Technologies (Coralville, IA). Gateway Cloning reagents
were acquired from Thermo Fisher Scientific (Waltham, MA).

The reagents Bis-Tris, citric acid, bovine serum albumin (BSA),
polyethylene glycol (PEG) 8000, Triton X-100 and betaine hydrochlo-
ride were obtained from Sigma-Aldrich (St. Louis, MO). Imidazole, Tris
base, glycerol, sodium chloride (NaCl), potassium dihydrogen phos-
phate (KH3PO4), sodium phosphate dibasic heptahydrate (NaH-
PO4e7H20) and sodium phosphate monobasic monohydrate
(NaH,PO4eH,0) were purchased from Fisher (Waltham, MA).

Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum
(FBS) and penicillin-streptomycin were purchased from Gibco (Wal-
tham, MA). Doxycycline was obtained from Sigma-Aldrich (St. Louis,
MO), while puromycin and blasticidin S were purchased from Invivogen
(Waltham, MA). The FiberCell bioreactor, the C2011 cartridges and the
Chemically Defined Media for High Density (CDM-HD) serum replace-
ment powder were purchased from FiberCell Systems Inc (New Market,
MD). Phosphate buffered saline was obtained from Thermo Fisher Sci-
entific (Waltham, MA) and T75 flasks were acquired from Corning
(Corning, NY).

For immobilized metal affinity chromatography, HisPur™ Ni-NTA
resin (cat. #: 88222) was obtained from Thermo Fisher Scientific

BBA Advances 2 (2022) 100032

(Waltham, MA). A HiLoad 16/600 Superdex 200 column from GE Life
Sciences (Chicago, IL) was used for size exclusion chromatography. The
ANTI-FLAG® M2 Affinity Gel (cat #: A2220) was acquired from Sigma-
Aldrich (St. Louis, MO).

The substrates 4-methylumbelliferyl 2-Acetamido-2-deoxy-f-D-glu-
copyranoside (MUG) and 4-methylumbelliferyl 6-Sulfo-2-acetamido-2-
deoxy-p-D-glucopyranoside (MUGS) were purchased from Toronto
Research Chemicals (North York, Canada), while 4-methylumbellifer-
one (cat. #: M1381) was obtained from Sigma-Aldrich (St. Louis, MO).
The 96-well plates used for kinetic assays were acquired from Corning
(Corning, NY).

The anti-HexA Rb polyclonal antibody (cat #: ab91624) and the anti-
HexB Rb monoclonal antibody (cat #: ab140649) were purchased from
Abcam (Cambridge, UK). Phospho-Tag Phosphoprotein Gel Stain was
obtained from ABP Biosciences (Beltsville, MD).

2.2. Protein production

A HEXA and HEXB knockout HEK293T cell line (HEKHexABKO),
lacking endogenous Hex activity, was stably transfected with a HexM
expression construct containing a His-tag to generate HEKHexABKO-
HexM [12]. The HEK293T cell line was seeded into a FiberCell biore-
actor. All cells were grown in DMEM in the presence of 1% Pen-Strep,
doxycycline (1 pg/ml), and 10% CDM-HD serum replacement powder.
FiberCell Systems Inc. standard protocol was followed for the extraction
of media from the bioreactor every two days. His-tagged protein was
collected via immobilized metal affinity chromatography. The wash
buffer was 10 mM Bis-Tris (pH 6) and 100 mM NaCl (BT buffer). The
elution buffer was BT buffer (pH 6) with the addition of 250 mM
imidazole. The protein was purified by SEC using BT buffer. Protein was
resolved in SDS-PAGE under reducing conditions, transferred to a
nitrocellulose membrane, and detected with an anti-HexA Rb polyclonal
antibody (1/300 dilution) using the manufacturer’s protocol described.

2.3. HexA generation and purification

To produce recombinant HexA that could be separated from other
B-hexosaminidase isoforms, double-stranded DNA fragments encoding
HEXA and HEXB were obtained. A two-step PCR was performed using
the forward (AAAAAGCAGGCTCCAAAGCCACCATGACAAGCTCC
AGGCTTTGG) and reverse HEXA-FLAG primers (AGAAAGCTGGG
TCTCACTTGTCATCGTCTCCTTGTAATCGGTC TGTTCAAACTCCTG
TC), followed by the forward (GGGGACAAGTTTGTACAAAAAAGC
AGGC) and the reverse (GGGGACCACTTTGTACAAGAAAGCTGGG)
universal attB primers to add a C-terminal FLAG-tag and the Gateway
cloning attB sites to HEXA. To add a C-terminal His-tag and the same
attB sites to HEXB, a similar two-step PCR amplification was performed
using the forward (AAAAAGCAGGCTCCAAAGCCACCATG-
GAGCTGTGCGGGCTGGGG) and reverse ~ HEXB-His  primer
(AGAAAGCTGGGTCTTAATGATGATGATGATGATGTCTA CCCTCGAT-
CATGTTCTCATGGTTACA) followed by the forward and reverse uni-
versal attB primers.

The BP reaction was used to clone the amplified HEXA and HEXB
genes into a Gateway donor vector (p)DONR201). The LR reaction was
subsequently used to transfer HEXA and HEXB into pB-T-RfA, a
mammalian cell expression plasmid [15]. Both the BP and the LR re-
actions were carried out as per the manufacturer’s instructions. The
resulting pB-T-RfA-HEXA and pB-T-RfA-HEXB constructs were verified
by Sanger sequencing (The Center for Applied Genomics, Toronto).

Polyethylenimine (PEI) was used to transfect HEKHexABKO (~4.0 x
106 cells) with 5 pg of pB-T-RfA-HEXA, 3 g of pB-T-RfA-HEXB, 1 pg of
pB-RB and 1 pg of pBase, the plasmids required for the piggyBac
transposon-based protein expression system. Transfectants were
selected for after 72 hours, using puromycin (10 pug/ml) and blasticidin S
(5 pg/ml), which were added to the media [15]. The stably transfected
HEKHexABKO-HexA cell line was seeded into a FiberCell bioreactor as
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described for HEKHexABKO-HexM.

HexA was purified from the media collected from the FiberCell
bioreactor by immobilized metal affinity chromatography, using 10 mM
phosphate buffer (5.78 mM Na;HPO4e7H30, 4.22 mM NaH;PO4eH50;
pH 7.0) as the wash buffer and 10 mM phosphate buffer, 250 mM
imidazole (pH 7.0) as the elution buffer. The elution fractions were
pooled together and dialyzed overnight at 4°C against tris-buffered sa-
line (50 mM Tris-HCl, 150 mM NaCl; pH 7.4). The dialyzed protein was
subsequently run through a column containing anti-FLAG affinity resin,
using the manufacturer’s protocol. HexA production was verified by
western blot as described for HexM, using a 1/1000 dilution of the rabbit
polyclonal anti-HexA Ab.

2.4. HexM and HexA kinetic assays

The enzyme activity of recombinant HexA was compared to that of
HexM using MUG or MUGS as a substrate; hexosaminidases can cleave
these substrates and release a highly fluorescent product {4-methyl-
umbelliferone, (4-MU)}, which can be used to assay enzyme activity
[18-20]. HexA and HexM were purified as described above and protein
concentrations were determined by measuring UV absorbance at 280 nm
using a NanoDrop One (Thermo Fisher Scientific). The molecular weight
and extinction coefficient of each enzyme were acquired (HexM MW:
125,183 Da and e5g9: 216,400 M’lcm’l, HexA MW: 124,780 Da and
€280: 233,510 M~ lem™) using the ProtParam tool from ExPASy: SIB
bioinformatics resource portal and were taken into consideration when
determining protein concentrations.

The enzyme assays were performed in opaque polystyrene 96-well
plates (Corning, New York USA). HexM or HexA (final concentration
of 100 pM) were aliquoted into each well and either MUGS (0.18 mM,
0.30 mM, 0.42 mM, 0.60 mM, 0.90 mM, 1.20 mM, 1.50 mM, 3.00 mM
and 3.50 mM final concentrations) or MUG (0.18 mM, 0.30 mM, 0.42
mM, 0.60 mM, 0.90 mM, 1.20 mM, 1.50 mM, 2.00 mM, 3.00 mM, 3.50
mM and 4.00 mM final concentrations) were added. The total well
volume was brought to 100 pl by adding Mcllvaine (citrate-phosphate)
buffer (pH 4.2) supplemented with w(g)/v(ml) 0.5% bovine serum al-
bumin. Each kinetic assay was performed with three technical replicates
and was monitored for 30 minutes at 37°C in a SpectraMax ID5 plate
reader (Molecular Devices) by selecting the excitation and emission
bandpass at 365 nm and 450 nm respectively. SoftMax Pro software was
used to collect the data.

Monitoring hexosaminidase activity with fluorescence presents a
unique, often neglected technical challenge; i.e., the predominance of
inner-filter effects due to significant substrate absorbance. This problem
is circumvented by calculating product concentrations from the degree
of conversion (DOC) parameter as defined by Shulman et al. (1980) [20]:

F(t) — F(0)

DOC=Foyx 120

x 100%

For a given initial substrate concentration Sy, F(t) is the fluorescence
intensity of the reaction mixture measured at time (t) after enzyme
addition, F(0) is the fluorescence intensity of the substrate at Sy con-
centration (no enzyme present). The DOCs were subsequently used to
calculate the concentration of 4-MU ([P,]) released using the following
formula:

[P,]= (DOC)xS,

Microsoft Excel was used to plot product (Pt) against time in order to
determine initial hydrolysis rates. Nonlinear least squares regression
analysis required for fitting the resulting data to the Michaelis Menten
equation was performed using GraphPad Prism 8.

2.5. Protein phosphorylation analysis

HexM-producing HEK293T cells were transiently transfected with a
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PCDNAG6/S1S3 GlcNAc-1-phosphotransferase (S1S3 PTase) expression
plasmid [16], which had the polyHis tag removed. PEI was used to
transiently transfect HEKHexABKO-HexM cells with the S1S3 PTase
plasmid following a previously established protocol. 20 ug of S1S3 PTase
plasmid was mixed with 1 ml serum-free DMEM and 60 pl of PEI and
subsequently added to a T75 flask. Media from S1S3 PTase transfected
T75 flasks was collected over four days. The expressed protein was a
soluble engineered HexM enzyme. Media from S1S3 PTase
non-transfected (control) and transfected cells was collected and puri-
fied via IMAC and SEC and protein phosphorylation was assessed by
Phospho-Tag Phosphoprotein Gel Stain, a highly sensitive fluorescent
stain designed to selectively complex its zinc center with phosphate
groups, following the manufacturer’s protocol.

2.6. Cellular uptake assay

A TSD fibroblasts line WG 1881, that was homozygous for the 7.6
kbp French Canadian deletion [21] was chosen for uptake assays
because the HEXA-encoded alpha subunit is not expressed. An immor-
talized form of the cell line (WG 1881) was generated by co-transfection
of human telomerase reverse transcriptase (TERT) and the SV40 large
T-antigen. To assess the effects of phosphorylation on endocytosis of
HexM and hyperphosphorylated HexM (phosHexM), a cellular uptake
assay was conducted following a modified version of a previously
described protocol [16]. TSD WG1881 cells (1.0 x 10° cells/well) were
grown in 6 well plates in Dulbecco’s Modified Eagle Medium supple-
mented with 10% FBS and 1% penicillin and streptomycin. 25 pg of
phosHexM or HexM protein was added to each well in the presence or
absence of 5 mM mannose-6-phosphate (M6P) or mannose. After 24
hours of growth at 37°C, cells were washed twice with
phosphate-buffered saline (PBS; pH 7.4) and then scraped into PBS. The
cells were pelleted using centrifugation and then resuspended for 10
minutes on ice in 100 pl of cell lysis buffer (PBS w/v 0.5% Triton-X 100).
The cell debris was pelleted by centrifugation (15 mins x 13,000 rpm)
and the supernatant was collected and used for the determination of
protein concentration and HexM activity. Total protein concentration
was determined using a BSA standard curve. HexM activity was assayed
using 4-MUGS as a substrate and activity was determined from a 4-meth-
ylumbelliferone standard curve. The data was subsequently analyzed
using a paired t-test.

2.7. Matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS)

Measurements by MALDI-MS according to a glycoproteomic
approach were conducted in order to determine glycosylation sites and
glycan structures in HexM and HexA.

Ammonium bicarbonate, dithiothreitol (DTT), iodoacetamide (IAA),
trifluoroacetic acid (TFA), acetonitrile (ACN), and 2,5-dihydroxyben-
zoic acid (DHB) were purchased from Sigma-Aldrich (St. Louis, MO).
C18 cartridges were purchased from Phenomenex (Torrance, CA).
Endoproteinase GluC was purchased from New England Biolabs (Ips-
wich, MA).

HexA, HexM and PhosHexM (100 pg) were suspended in 50 mM
ammonium bicarbonate (pH 8.5). Samples were reduced with 10 mM
DTT (56°C, 45 min) and alkylated with 50 mM IAA (room temperature,
in the dark, 30 min). Excess IAA was quenched by adding 15 mM DTT.
Samples were cleaned and fractionated (9 fractions per sample) using
C18 cartridges. GluC was added at a 1:50 enzyme to substrate ratio for
overnight digestion (16-18 h) at 37°C.

Peptide/glycopeptide fractions were lyophilized and resuspended in
20 pL of 0.1% TFA in 30:70 ACN to water (TA30). They were mixed with
DHB matrix solution (20 mg/mL in TA30) at a 1:1 ratio. Each mixture (1
uL) was spotted onto the stainless-steel MALDI target and allowed to dry.
The following peptide calibration mixture (American Peptide Company,
Vista, CA) was used: bradykinin (1-7) 757.3992; angiotensin II
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1046.542; angiotensin I 1296.685; substance P 1346.735; bombesin
1619.822; ACTH clip (1-17) 2093.086; ACTH clip (18-39) 2465.198;
ACTH (1-39) 4539.267, where ACTH = adrenocorticotropic hormone
and numbers are calculated m/z values of [M+H]" ions. 1 uL of a TA30
solution containing 0.125 pg of each protein was mixed at a 1:1 ratio
with DHB matrix solution and spotted onto the target. An Ultra-
fleXtreme™ mass spectrometer (Bruker Daltonics, Bremen, Germany)
was used in reflector positive mode for analysis.

3. Results
3.1. Production and purification of HexM and recombinant human HexA

To produce HexM in quantities sufficient for the functional studies
described herein, as well as for future structural and preclinical ERT
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studies, we used a FiberCell bioreactor system to grow a HEK293T cell
line (HEKHexABKO-HexM) [12] that secretes overexpressed HexM into
the growth medium. Genes HEXA and HEXB are inactivated in the HEXA
and HEXB knockout HEK293T cell (HEKHexABKO) line, which elimi-
nates endogenous HexA and B expression. HexM (containing a C-ter-
minal Hisg affinity tag) was produced in the cells from expression
cassettes that were stably integrated into genome using a piggyBac
transposon-based system [12,15]. To establish a cell culture for HexM
expression, HEKHexABKO-HexM cells were seeded into the extracapil-
lary space (~20 ml) of a C2011 FiberCell bioreactor cartridge. Hollow
fibers that run through the extracapillary space of the cartage act like
capillaries (20 kDa cutoff) to provide nutrients and remove waste while
also providing a large surface area (~4000 cm?) for cell growth. Pre-
viously, cell culture using traditional culture flasks yielded ~ 1 mg/1 of
HexM-Hisg (1 1 of media collected over time from 4 x T75 flasks of cells)

(b) kDa
130

100

70 |-
55

40
35

HexM

[
100 150

Volume (ml)

Fig. 1. Purification of HexM from culture medium used to grow HEKHexABKO-HexM cells in a FiberCell bioreactor (a) Elution profile of a HiLoad 16/600 Superdex
200 (GE Life Sciences) gel filtration run with HexM after the protein had been affinity purified from crude extract using a nickel-NTA resin. (b) Western blot of HexM.
A 50 pl sample was taken from the peak fractions collected during gel filtration and assessed for the presence of the HexM in its reduced form (~62 kDa). An anti-
HexA antibody (ab91624) was used to detect the protein and PageRuler Prestained Protein Ladder (ThermoFisher Scientific) was used as a size standard. (c)
Coomassie blue stained SDS-PAGE gel of purified HexM (~62 kDa) produced by HEKHexABKO-HexM cells. Pierce Prestained Protein MW Marker (ThermoFisher
Scientific) was used as a ladder. Lanel is HexM purified from cells grown in a T75 flask. Lane 2 is a purified sample from a FiberCell harvest.
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[12]. In contrast, the FiberCell bioreactor proved to be significantly
more productive, yielding ~ 2 mg of HexM per daily extraction (~20
ml), yielding ~100 mg/1 of culture medium. Approximately 3.5 liters of
growth medium was extracted from the FiberCell cartridge (~600 mg of
HexM) over 6 months.

Roughly 60 mg of HexM-Hisg produced by the C2011 FiberCell
cartridge was purified to demonstrate the robustness of the expression
system. The enzyme was found to be highly stable during purification
and was readily brought to homogeneity by affinity chromatography
using Ni-NTA resin, followed by size exclusion chromatography (HiLoad
16/600 Superdex 200, GE Life Sciences). Western blot analysis and SDS-
PAGE confirmed the identity and purity of the enzyme (Figure 1).

To our knowledge, a system to generate milligram quantities of
human HexA from mammalian cell culture is not currently available.
The ability to produce recombinant HexA would provide an excellent
control enzyme during development of HexM as an ERT strategy, as well
as open further structural and functional studies of the enzyme,
including efforts to identify new pharmacological chaperones as treat-
ments for later-onset forms of GM2 gangliosidoses [22]. Thus, we
developed a human HexA expression system based on the same piggyBac
transposon-based system [15] that was used to construct the HexM
expression system [12]. As was done for the p-subunit of HexM,
expression cassettes for the a- and p-subunits of HexA were integrated
into the genome of the HEKHexABKO cell line. The resulting HexA
producing cells (HEKHexABKO-rHexA) were then seeded into the
extracapillary space (~20 ml) of a C2011 FiberCell bioreactor cartridge
for HexA production.

The bioreactor cartridge provided excellent yields of HexA, pro-
ducing ~ 0.4 mg of the enzyme per daily extraction (~20 ml), yielding
~20 mg/]1 of culture medium. Given the combination of isoforms
generated when co-expressing the a- and f-subunits (HexA [o/f], HexB
[B/p] and HexS [a/a]), the yield of HexA was expected to be lower than

(a)

FLAG FLAG FLAG His6 His6 His6
l Nickel-NTA column
His6 His6 His6 (C) kDa
130
) 100
anti-FLAG column 7
55
40
35
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HexM, since the latter only adopts one form (homodimer of p-subunits).
HexA was purified by removing the HexB (/p) and HexS (a/a) isoforms
as well as other contaminants using a two-step affinity chromatography
procedure (Figure 2a). This was achieved by fusing the C-terminus of
the a-subunit to a FLAG affinity tag (DYKDDDDK) and fusing a Hise tag
to the C-terminus of the p-subunit. Loading extracapillary media extracts
onto a column containing nickel-NTA resin captured proteins of mo-
lecular mass consistent with the masses of a- and p-subunits, which were
confirmed by western blot (Figure 2b, ¢, d). Protein eluted from the
nickel-NTA resin was comprised of both HexA and HexB isoforms since
both contained a Hisg tagged p-subunit. HexA was successfully isolated
from this mixture using an anti-FLAG immunoaffinity column
(Figure 2a, b). As described below, in addition to western blotting
(Figure 2¢, d), kinetic analysis of the enzyme eluted from the anti-FLAG
column confirmed the enzyme as HexA. The above expression and pu-
rification scheme provide more than enough human HexA for functional
comparisons to HexM as described below and will enable future struc-
tural and functional studies of the enzyme as well as development of
pharmacological chaperones of the enzyme.

3.2. Engymatic characterization of purified HexM and HexA

The enzymatic activities of purified HexM and HexA were compared
using the substrate analogues MUG and MUGS. The a- and the p-subunits
of human HexA have different affinities towards MUG and MUGS due to
the presence of a unique 6-sulfo group on MUGS. The 6-sulfo group
imparts a negative charge on the analogue that mimics the negatively
charged sialic acid present on the natural GM2 substrate. The a-subunit
of HexA is positively charged due to the presence of a basic reside, Arg
424, which enhances its ability to catalyze the hydrolysis of negatively
charged substrates such as MUGS and GM2 [23], as well as neutral
substrates [18]. In contrast, the f-subunit active site lacks an equivalent

(b)kDa 1 2
130 | —
100 | a—
70 | -
- ——
55 | -
40 [
35 | —
1 2 3 (D kDpa| 1 2 3
130
100
TR 70 D <)
55
40
35

Fig. 2. Purification of recombinant HexA from culture medium used to grow HEKHexABKO-rHexA cells in a FiberCell bioreactor. (a) Two-step purification scheme
for rHexA. Cell culture media collected from the FiberCell bioreactor was passed through a column containing nickel-NTA resin, capturing rHexA («/p) and rHexB
(B/p) and removing any rHexS (a/a). Enzyme eluted from the nickel-NTA resin was dialized overnight and passed through a column containing anti-FLAG
immunoaffinity resin, which selectively captured rHexA (a/p). (b) SDS-PAGE analysis of rHexA purity (subunits are ~62 kDa). PageRuler Prestained Protein Lad-
der (ThermoFisher Scientific) was used for the ladder. Lane 1 is the elution fraction from the Ni-NTA column (~3 pg). Lane 2 is an elution fraction from the anti-FLAG
affinity resin (~1 pg). Confimation of Hex subunits by western blot analysis using an (c) anti-HexA antibody (ab91624) and an (d) anti-HexB antibody (ab140649).
PageRuler Prestained Protein Ladder (ThermoFisher Scientific) was used as a size standard for both western blots. Lane 1 contains 100 ng of purified HexM. Lane 2
contains 100 ng of protein eluted from the Ni-NTA column (HexA and HexB mixture). Lane 3 contains 100 ng of purified HexA, after elution from the anti-

FLAG column.
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Arg residue within its active site and is much more efficient at hydro-
lyzing neutral substrates, such as MUG, than negatively charged ones
[18,23,24]. Given the different substrate specificities of the a- and
p-subunits for MUG and MUGS, the natural Hex isoenzymes and HexM
display unique activity profiles.

The catalytic efficiencies of HexM and HexA produced by the
FiberCell system were examined by measuring their ability to hydrolyze
MUGS and MUG. The kinetic data associated with the hydrolysis of these
two substrates follow Michaels-Menten kinetics and the results of this
analysis are shown in Figure 3. It can be clearly seen that both HexA and
HexM enzymes exhibit similar affinities (K, ~ 1.25 mM) towards the
negatively charged MUGS substrate; while at the same time, the MUGS
turnover number (k¢,¢) for HexM is approximately twice that of HexA.
This result is to be expected given that HexM has two a-subunit active
sites that are both capable of hydrolyzing the MUGS substrate as
opposed to HexA, which only has one. Figure 3 also shows that relative
to HexA enzyme, HexM binds the MUG substrate marginally less tightly
and has a reduced turnover number. The observed variance in catalytic
parameters is not unexpected, previous work in fact postulates that there
are differences in the a-subunit active site when it is present in the
heterodimeric versus the homodimeric form [18]. Instead of comparing
individual ke, and Ky, values, it may be more informative to compare
enzyme specificity constants (kcat/Kp) of the two enzymes: 1) Unlike
HexA, HexM has equal specificity towards neutral and negatively
charged substrates; 2) HexM has twice the specificity of HexA relative to
negatively charged substrates; 3) HexM has half the specificity of HexA
relative to neutral substrates. This demonstrates that we have success-
fully combined critical features of the a- and p-subunits of HexA into a
single subunit that mimics the properties of both, in order to create the
homodimeric enzyme HexM.

BBA Advances 2 (2022) 100032

3.3. Cellular uptake of HexM is enhanced when it is highly
phosphorylated by an engineered GIlcNAc-1-phosphotransferase (S1S3
PTase)

We previously engineered a highly active and promiscuous version of
human GlcNAc-1-PT (S1S3 PTase) that increases M6P levels on co-
expressed recombinant lysosomal proteins to improve their cellular
uptake via M6P receptors [16]. To determine if the S1S3 PTase could
hyperphosphorylate HexM to enhance its cellular uptake via M6P re-
ceptors, we transiently expressed the S1S3 PTase in the
HEKHexABKO-HexM cell line and purified HexM from the cells as
described above. Compared to HexM isolated from cells that were not
co-expressing the S1S3 PTase, phosphorylation of the enzyme was
markedly enhanced in the presence the S1S3 PTase when detected using
the phosphate-specific binding dye, Phospho-Tag (ABP Biosciences)
(Figure 4a) and hyperphosphorylation of HexM did not affect enzyme
activity (Figure S1).

To determine if the enhanced phosphorylation of HexM increased
cellular uptake of the enzyme, TSD fibroblast cells WG1881 that
completely lack endogenous HexA activity were fed HexM that had been
expressed in the absence of the transferase, or HexM that had been
hyperphosphorylated by co-expression with the S1S3 PTase. Further, the
TSD cells were also fed with the above enzymes in the presence of free
M6P or mannose to determine if these free sugars would compete with
the enzymes for their respective receptors, thereby providing insight
into the specificity of receptor-mediated uptake. After an overnight in-
cubation the cells were washed and uptake was measured by detecting
HexM activity in cell lysates using MUGS as substrate (Figure 4b). Ly-
sates from cells that had been fed PhosHexM were found to have 3-fold
more MUGS activity compared to lysates from cells that had been fed
HexM expressed in the absence of the transferase (p<0.05, paired t-test).
Further, supplementation of the media with free M6P caused the
greatest reduction in HexM uptake (p<0.05, paired t-test), with rela-
tively little to no reduction in uptake caused by free mannose. The
competition posed by free M6P suggests the uptake of PhosHexM is

(a) 1000 (b) 400
2 2
£ £
§ g 300 i
S = 200
E 3 .
= S
: £ 100+
2 2
, 0 T T 1
4 0 1 2 3 4
[MUG] mM [MUGS] mM
-~ HexM - HexA - HexM = HexA
MUGS MUG
Hex isoform HexM HexA HexM HexA
Kn? 1.24 +£0.15 1.25+£0.17 2.10+0.31 1.37+0.17
Keat? 479 £26 262+ 16 934 +72 1260 + 67
Keat/Km€ 386000 = 50000 210000 + 30000 445000 + 70000 920000 + 120000

@ Experiment was performed in triplicate, + values represent SD. Units for these values
are mM. ? Units are s™', & values represent SD. ¢ Units for these values are M's!, +

values represent SD.

Fig. 3. Michaelis-Menten plots of the hydrolysis kinetics of (a) MUG or (b) MUGS by HexM (circles) or recombinant HexA (squares). The normalized reaction rate
(NRR) is obtained by dividing the product formation rate by the total enzyme concentration. The assay conditions are defined in the text. Data points represent the
average of three technical replicates. The standard deviations are indicated by error bars, for points where the error bars are not shown, the standard deviations fall
within the data point dimensions in the graph and the curves represent the best correlation obtained between the Michaelis-Menten equation and the kinetic data.
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hyperphosphorylated HexM (PhosHexM) (lane 2) with inset showing gel stained with Phospho-Tag, a fluorescent stain that selectively binds phosphate groups and
clearly significant enhancement of HexM phosphorylation in the presence of the transferase. Unmodified HexM and PhosHexM were produced by
HEKHexABKO-HexM cells, with the latter enzyme produced by cells that had also been transiently transfected with the S1S3 PTase expression plasmid [16]. (b)
Generation of PhosHexM by the S1S3 PTase increases cellular of HexM uptake into TSD fibroblast cells. HexM activity is expressed as the ratio of the standardized

MUGS activity versus total protein concentration of each cell lysate sample.

mediated by M6P receptors, as it is for HexM that has not been modified
by co-expression with the transferase (Figure 4b).

3.4. MS data of HexM verified one similar glycosylation site as HexA

Mass spectrometry (MS) analysis of HexM found high mannosylated
N-linked glycan structures on Asnl57 on the p-subunit homodimer,
corresponding to a known glycosylated residue on the a-subunit of
human HexA. Attempts to analyze the other known sites on the a-sub-
unit (N115 and N296) by MS were unsuccessful. The proteolytic enzyme
GluC was chosen over trypsin as the latter produces peptides too large
for MS analysis. For HexA and HexM, Glu-C leads to the three following
peptides containing glycosylation sites: SVE!!>NYTLTINDDQCLLLSE
(MW 2169), GTFFI'>’NKTE (MW 1055) and
FDTPGHTLSWGPGIPGLLTPCYSGSEPSGTFGPVNPSL?*>NNTYE (MW
4463) for HexM and HexA. The first and third peptides were not
observed at all by MS at their non-glycosylated MW values, which could
indicate glycosylation. However as shown in Figure 5, the addition of a
Man7 glycan structure adds 1541 in mass to the peptide GTFFINKTE,
which would mean m/z 3711 and 6005 for the Man-7 versions of the
first and third peptides, respectively, for which there was no clear
observation. Overall, the use of Glu-C was conclusive only for the
glycosylation and phosphorylation of GTFFINKTE. Table 1 gives the
compositions of the high mannose glycans, which were the same in
HexM and HexA (also see Figure 5).

4. Discussion

For ERT to be successful, the therapeutic enzyme must be stable and
its production scalable to gram-level quantities. Given the high level
HexM production we were able to achieve using even a small FiberCell
bioreactor compared to basic culture flasks, we posit that a larger
mammalian cell suspension bioreactor system could readily produce
gram-scale quantities of the enzyme for ERT trials at reasonable cost.
Indeed, we were able to generate over half a gram of active HexM using a
small FiberCell bioreactor cartridge (C2011) that we let operate over
several months. Since HexM is expressed from a single open reading
frame and forms a highly stable homodimer that is not prone to subunit
exchange that is typical of HexA [25], HexM was remarkably easy to
purify at scale.

The piggyBac transposon-based expression system [15] enabled
remarkable levels of HexM expression when combined with the Fibercell
system and this prompted us to use the system to generate an expression
system for human HexA. Though the purification scheme was more
complex due the generation of three possible isoforms during expression
(HexA, HexB and HexS), milligram yields of pure and active HexA are
possible using the system. This expression system will now enable new
small molecule screening and structure-based design efforts to advance
pharmacological chaperone discovery that could be used as stand-alone
treatments for later-onset forms of GM2 gangliosidoses or possibly
combined with HexM-based ERT [22].

Though we had previously found that HexM is endocytosed to the
lysosomes of Tay-Sachs disease fibroblast cells in a M6P-dependent
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Table 1

MALDI-MS analysis of phosphorylation of high mannose N-
linked glycosylation sites of recombinant HexA and recombi-
nant HexM. “ The presence of phosphorylation, denoted by the
letter P, was found at very low signal intensities for both
protein samples. PhosHexM showed a higher level of phos-
phorylation, see Figure 5 in discussion. H = hexose (mannose),
N = N-acetylglucosamine.

Glycosylation site HexM and HexA

N157 H6N2
H7N2
H7N2P*

H8N2

manner [12], mass spectrometry (MS) analysis (as described [26]) of
Glu-C digests of HexM revealed that at least one of the three N-glycans is
only ~1-2 % (Figure 5b), similar to what is observed in HexA
(Figure 5a). Glycoproteomic experiments, i.e. glycopeptide analyses
were carried out in order to observe both the glycan structures and their
respective glycosylation sites. Three known sites exist in the p-subunit of
HexM: N115, N157, and N295. Their equivalents in the a-subunit of
HexA are N115, N157, and N296. Mass spectrometric analysis of the
Glu-C digest of PhosHexM clearly shows enhancement in phosphoryla-
tion to a level of about 20% (Figure 5c¢) at site N157. These levels are
only qualitative representations, as part of the M6P O-phosphate bonds
may hydrolyze under acidic MALDI conditions.

Phosphorylation of glycan structures on HexM was only detected for
157N in this study. However, attempts to use the less specific enzyme
pepsin to digest HexA and HexM led to the possible observation of
complex glycan structures on '°N and 2°°N in HexA, although these
results could not be repeated and were not reproducible in the case of
HexM. Pepsin did, however, provide a clear picture for high mannose
and phosphorylation of >N, owing to the glycopeptide INKTEIEDF.

Pepsin results will be presented in a separate report, as investigations are
still ongoing.

Given the apparent low level of phosphorylation observed in HexM,
it appeared cellular uptake of HexM could be improved by increasing
mannose phosphorylation, which could significantly reduce the amount
of HexM required to achieve therapeutic efficacy. A common issue fac-
ing large-scale production of recombinant enzyme used for lysosomal
ERT is inadequate in cellulo phosphorylation. Two factors appear to
contribute to this problem: 1) the endogenous levels of glycosylating and
phosphorylating enzymes are incommensurate with the massive artifi-
cial increase in recombinant enzyme production that occurs in the
mammalian cell expression system, and 2) the recombinant protein is
simply a poor substrate for high-mannose phosphorylation [16]. Phos-
phorylation of high mannose sugars on glycans attached to
lysosome-bound proteins is carried out by the Golgi enzyme
GlcNAc-1-PT, which selectively transfers GlcNAc-1-P from UDP-GlcNAc
to mannose sugars on high mannose-type N-linked glycans of lysosomal
enzymes [27]. GlcNAc is subsequently removed by N-acetylglucosami-
ne-1-phosphodiester-N-acetylglucosaminidase (NAGPA) [28], revealing
M6P moieties that target the enzyme to the lysosome via M6P receptor
proteins in the trans-Golgi apparatus [29]. M6P receptors found on the
cell surface can also sequester exogenously provided M6P tagged
enzyme to the lysosome, which enables ERT [11].

To enhance the phosphorylation of lysosomal enzymes, we recently
generated a highly active and promiscuous variant of GlcNac-1-PT (S1S3
PTase) that enhances the phosphorylation of lysosomal proteins [16].
Co-expression of HexM with S1S3 PTase yielded hyperphosphorylated
HexM (PhosHexM) that was taken up by TSD fibroblast cells three times
greater than HexM expressed in the absence of the engineered trans-
ferase. This exciting result demonstrates the utility of using the engi-
neered transferase to enhance the potential of HexM as an ERT therapy
by markedly improving its uptake into deficient cells. Notably, there is a
widespread  distribution of neuronal cells that possess
mannose-6-phosphate receptors present throughout the central nervous
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system (CNS) [30], highlighting the usefulness of the
mannose-6-phosphate pathway in facilitating the delivery of exoge-
nously provided HexM.

Taken together, the scalable production of pure HexM and our ability
to hyperphosphorylate the enzyme by co-expressing it with S1S3 PTase
now positions HexM for further analysis as a therapeutic enzyme.
Hyperphosphorylation of HexM adds considerable potential to its ther-
apeutic position and builds upon the HexM strategy and could enhance
other similar approaches to treating Tay-Sachs and Sandhoff disease
[31]. A number of animal models of Tay-Sachs and Sandhoff disease are
now available to test the feasibility of HexM as a ERT to manage these
diseases [32]. However, penetration of the blood-brain barrier (BBB)
and potential immunogenicity issues remain as significant obstacles for
ERT approaches that attempt to address lysosomal disorders affecting
the CNS, including Tay-Sachs and Sandhoff disease. ICV administration
of drugs is an accepted clinical procedure that bypasses the BBB to
deliver therapeutic enzymes directly into the CNS [33-35] and we are
now exploring this mode of delivery of HexM into mouse models of
Tay-Sachs and Sandhoff disease, as has been done for other mouse
models of lysosomal storage disorders [35]. Nevertheless, ICV admin-
istration is highly invasive and poses risk of infection and other com-
plications [34]. In contrast, exciting advancements in exploiting
receptor-mediated transcytosis pathways to transfer lysosomal en-
zymes across the BBB using peptide or protein-based BBB shuttles pro-
vide promising alternatives to ICV administration [36-39]. Given the
options that are emerging for delivery of therapeutic molecules to the
CNS, we aim to explore these delivery options to provide HexM as a
therapeutic option to manage Tay-Sachs and Sandhoff disease.
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