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Abstract

Homocystinuria (HCU) due to cystathionine beta-synthase (CBS) deficiency is
the most common inborn error of sulfur amino acid metabolism. Recent work
suggests that missense pathogenic mutations—regardless of their topology—
cause instability of the C-terminal regulatory domain, which likely translates
into CBS misfolding, impaired assembly, and loss of function. However, it is
unknown how instability of the regulatory domain translates into cellular CBS
turnover and which degradation pathways are involved in CBS proteostasis.
Here, we developed a human HEK293-based cellular model lacking intrinsic
CBS and stably overexpressing wild-type (WT) CBS or its 10 most common
missense HCU mutants. We found that HCU mutants, except the 1278T vari-
ant, expressed similarly or better than CBS WT, with some of them showing
impaired oligomerization, activity and response to allosteric activator
S-adenosylmethionine. Cellular stability of all HCU mutants, except P49L and
A114V, was significantly lower than the stability of CBS WT, suggesting their
increased degradation. Ubiquitination analysis of CBS WT and two representa-
tive CBS mutants (T191M and 1278T) showed that proteasomal degradation is
the major pathway for CBS disposal, with a minor involvement of lysosomal-
autophagic and endoplasmic reticulum-associated degradation (ERAD) path-
ways for HCU mutants. Proteasomal inhibition significantly increased the
half-life and activity of T191M and 1278T CBS mutants. Lysosomal and ERAD
inhibition had only a minor impact on CBS turnover, but ERAD inhibition res-
cued the activity of T191M and I278T CBS mutants similarly as proteasomal
inhibition. In conclusion, the present study provides new insights into proteos-
tasis of CBS in HCU.
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1 | INTRODUCTION

Human cystathionine-beta synthase (CBS) polypeptide
has a unique multi-domain architecture consisting of the
N-terminal heme-binding domain, a central catalytic core
housing the pyridoxal-5'-phosphate (PLP) cofactor, and
the C-terminal S-adenosylmethionine (SAM)-binding reg-
ulatory domain (Zuhra et al.,, 2020). CBS is a pivotal
enzyme in sulfur amino acid metabolism that governs
the flow of organic sulfur by regulating the flux of homo-
cysteine between remethylation and transsulfuration
pathways. CBS irreversibly diverts homocysteine from
the methionine cycle to cysteine synthesis by catalyzing
its condensation with serine. Substrate promiscuity
allows CBS for alternative reactivity metabolizing cyste-
ine alone or with homocysteine, generating hydrogen sul-
fide (H,S) (Majtan et al., 2018; Singh et al., 2009), thus
making CBS one of a few enzymatic sources of this gaso-
transmitter with multiple roles in mammalian patho-
physiology (Cirino et al., 2023). Upregulation of CBS in
cancer (Sen et al., 2016; Szabo et al., 2013) or overexpres-
sion of CBS in Down Syndrome (Panagaki et al., 2019,
2022) result in H,S overproduction, which regulates cel-
lular bioenergetics, cell proliferation, and cell viability in
the above conditions. On other hand, deficiency of
CBS—primarily due to inactivating missense mutations
in the CBS gene—leads to the accumulation of homocys-
teine, a biochemical hallmark of classical homocystinuria
(HCU) (Morris et al., 2017). HCU is an inborn error of
metabolism clinically manifesting by connective tissue
defects, cognitive impairment and increased risk of
thromboembolism and stroke (Mudd et al., 1985).

Our previous studies on recombinantly expressed and
purified pathogenic CBS variants suggested that the
majority of the pathogenic missense mutations do not
target key catalytic residues or do not impair binding of
cofactors (heme, PLP, and SAM), but affect the confor-
mation, oligomerization, and overall stability of this
enzyme (Hnizda et al., 2012; Majtan et al.,, 2010; Pey
et al., 2013). Very low stability of some CBS variants—
including the most prevalent in population CBS 1278T—
essentially precluded its purification and characterization
when overexpressed in Escherichia coli. Interestingly,
calorimetric characterization of seven pathogenic CBS
variants suggested that the presence of missense muta-
tions anywhere within CBS polypeptide result in an
impaired kinetic stability of the C-terminal regulatory
domain, that is, a faster rate of unfolding destabilizing
entire protein compared to the wild-type CBS (WT) (Pey
et al., 2013). In addition to being responsible for binding
SAM and regulating CBS activity, this domain plays a
central role in quaternary assembly and oligomerization
of CBS (McCorvie et al, 2024; Pey et al, 2016).

Furthermore, cultured skin fibroblasts from HCU
patients showed the absence of native CBS tetramers:
CBS was predominantly sequestered into high molecular
weight aggregates devoid of heme (Janosik et al., 2001).
These observations, when taken together, suggest that
HCU should be viewed as a protein conformational disor-
der with protein misfolding and instability as the main
mechanism resulting in CBS deficiency.

The protein homeostasis (proteostasis) network as a
quality-control machinery integrates cellular factors
responsible for protein synthesis, folding, and conforma-
tional maintenance of the newly synthesized proteins as
well as their controlled degradation (Jayaraj et al., 2020).
While molecular chaperones—including a wide array of
heat shock proteins—assist protein folding and adoption
of native conformation (Balchin et al., 2020), the main
orchestrators of the recycling of proteins that are no lon-
ger needed or removal of dysfunctional and misfolded
proteins are the ubiquitin-proteasome system (UPS) and
the autophagy-lysosomal pathway (ALP). Both degrada-
tion systems depend on ubiquitination, a process in
which one or more ubiquitin polypeptides are covalently
attached onto lysine residues of target proteins (Suresh
et al., 2016). Ubiquitination is a highly regulated process
catalyzed by a sequential action of three different classes
of enzymes: ubiquitin-activating (E1), ubiquitin-
conjugating (E2), and ubiquitin-ligating enzymes (E3).
UPS and ALP crosstalk through endoplasmic reticulum-
associated degradation (ERAD), which prevents the accu-
mulation of misfolded proteins within the ER (Araki &
Nagata, 2011). Our recent study showed that the expres-
sion of pathogenic CBS variants results in a dysregulation
of small heat shock proteins, induces ER stress and
reduces the steady-state levels and the activity of the
studied CBS variants. Importantly, genetic or pharmaco-
logical manipulations of HSP70 improves the folding of
the CBS variants and partially rescues their activity
(Collard & Majtan, 2023). More impressive CBS func-
tional rescue has been achieved by use of proteasome
inhibitors in several transgenic models of HCU expres-
sing different pathogenic missense CBS variants includ-
ing 1278T or R266K (Gupta et al., 2013, 2017). These data
suggest that UPS is the main degradation pathway for
CBS, but the potential involvement of other systems has
not been evaluated. Importantly, even though protea-
some inhibitors rescued CBS steady-state levels in the
liver of transgenic HCU mice, the functional correction
was often more variable in terms of the recovery of CBS
activity or plasma homocysteine levels (Gupta
et al., 2023). In addition to proteotoxic stress resulting
from CBS misfolding, subsequent buildup of homocyste-
ine could contribute to dysregulated CBS proteostasis.
Elevated concentrations of homocysteine are known to
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diminish autophagy, to induce mitochondrial dysfunc-
tion, to aggravate ER stress and lead to apoptosis of neu-
ronal cells; these effects were all ameliorated by chemical
chaperone 4-phenylbutyric acid (Kaur et al., 2023).

In this study, we employed a new cell-based model of
HCU in order to gain more insight into the relationship
between CBS folding and the various degradation path-
ways involved in proteostasis of CBS. Furthermore, we
have determined whether pharmacological inhibition of
the various degradation pathways may beneficially affect
CBS stability of activity.

2 | MATERIALS AND METHODS

2.1 | Cell culture
Unless specified otherwise, a subclone of the human
embryonic kidney 293 cell line HEK293A (Invitrogen)
showing more adherent and flat morphology compared
to the parent line was used for all the experiments
described in this report. The cells were maintained by
culturing in Dulbecco’s Modified Eagle Medium (DMEM,;
Gibco) supplemented with 10% fetal bovine serum (FBS;
Invitrogen) and 1% penicillin-streptomycin (Gibco) in a
humidified incubator with 5% CO, atmosphere at 37°C.
The HEK293 cells lacking CBS (CBS KO) were gener-
ated by CRISPR-Cas9 approach. Specifically, the gRNA
targeting CBS gene (GACGGAGCAGACAACCTACG)
was designed by using the Sanjana lab design guide tool
(http://guides.sanjanalab.org/), synthesized by Micro-
synth and introduced into lentiCRISPR v2 plasmid (cat#
52961; Addgene). The plasmid was transformed into
E. coli Stable (NEB) and a random ampicillin-resistant
colony was further propagated in LB medium supple-
mented with 100 pg/mL ampicillin. After purification
using PureLink HiPure midiprep kit (Invitrogen), the
integrity of the plasmid was verified by digestion with
Bglll and Ndel restriction endonucleases (NEB) and con-
firmed by DNA sequencing (Microsynth). The lentiviral
particles for HEK293 transduction were produced and
used as previously described (Ascencao et al., 2021).
Briefly, viral particles were produced in HEK293T cells
(ATCC) using the third-generation lentiviral system.
Medium containing lentiviral particles was collected 24 h
after transfection, filtered via a 0.45 pm filtration unit,
aliquoted and stored at —80°C. The HEK293A cells were
transduced with lentiviral particles in the presence of
6 pg/mL protamine sulfate. Puromycin (1 pg/mL) was
added to the culture 72 h after transduction to select for
CBS KO cells. Single cell clones were subsequently gener-
ated by plating the cells at low density into a 96-well
plate. Ten single cell clones were then randomly picked,
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propagated, and confirmed for the lack of CBS protein by
Western blot analysis.

Stable cell lines expressing CBS WT as control or
pathogenic HCU variants were prepared by lentiviral
transduction of HEK293 CBS KO cells. Specifically,
codon optimized human CBS WT carrying myc-tag and
6xHis-tag at its N- and C-termini, respectively, was syn-
thesized by Genscript and subcloned using pLentiCMV-
Blast-empty (w263-1) plasmid (cat# 17486, Addgene)
directionally into unique Sall and Xbal restriction endo-
nuclease sites. Pathogenic missense HCU mutation P49L,
A114V, R125Q, T191M, R266K, 1278T, G307S, R366C,
D444N, or S466L were introduced by site directed muta-
genesis by Genscript using CBS WT plasmid as a tem-
plate. All constructs were verified by DNA sequencing
(Genscript). Supplied plasmids were used for the genera-
tion of lentiviral particles as described above. The
HEK293A CBS KO cells were then transduced with
the obtained lentiviral particles in the presence of 6 pg/
mL protamine sulfate. Blasticidin S (45 pg/mL) was
added to the culture 72 h after transduction to select for
cells carrying CBS construct.

For ubiquitination studies, HEK293A CBS KO cells
overexpressing CBS WT or the selected HCU mutants
(T191M or 1278T) were cultured in a six-well plate until
reaching 70%-80% confluency. Subsequently, the cells
were transiently transfected using JetOptimus reagent
(Polyplus) according to the manufacturer's recommenda-
tion with plasmid for constitutive co-expression of hem-
agglutinin (HA)-tagged ubiquitin WT, KO, K6, K11, K29,
K48, or K63 variants (cat# 17608, 17603, 22900, 22901,
22903, 17605, and 17606, respectively; Addgene) (Lim
et al., 2005; Livingston et al., 2009). After overnight incu-
bation, the cells were placed on ice, washed with cold
phosphate-buffered saline (1x PBS) twice, lysed using
ice-cold modified RIPA buffer (25 mM Tris-HCI pH 7.6,
150 mM NaCl, 1% Triton X-100, and 0.1% sodium dodecyl
sulfate (SDS)) supplemented with Halt protease and
phosphatase inhibitor cocktail and Pierce universal
nuclease for cell lysis (both from ThermoScientific). Cell
lysates were transferred into Eppendorf tubes, briefly
sonicated using bath sonicator and clarified by centrifu-
gation at 21,000 x g for 20 min at 4°C. Protein concentra-
tion of the lysates was determined by the BCA kit
(ThermoScientific).

2.2 | Cell proliferation assay

The proliferation of new cell lines was characterized
using two different assays. Amount of genomic DNA in
cells seeded at ~80% confluency was quantified after 24 h
incubation in 5% CO, atmosphere at 37°C by using the
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colorimetric Cell proliferation BrdU ELISA kit (EMD
Millipore) according to manufacturer's protocol. Data
from three biological and three technical replicates were
pooled together, normalized to a control (HEK293 A CBS
KO cells stably expressing CBS WT variant) and
expressed as percentage + SEM.

To determine doubling time of the newly generated
HCU cell models and respective WT controls, we moni-
tored the growth of the cells over a 120 h period using
Cytation 5 imager equipped with robotic arm and
BioSpa8 humidified CO, plate incubator (Agilent). Cells
seeded into a 96-well plate (7000 cells/well) were allowed
to fully attach overnight and then transferred into
BioSpa8 incubator. Cell proliferation was recorded every
6 h using 10x magnification objective in two different
areas within each well in two channels: brightfield for
visualization and high-contrast brightfield with —200 pm
focal offset compared to brightfield for automated cell
counting. Image pre-processing and cellular analysis
were done using Gen5 software (Agilent). Data from two
different well areas of three biological and three technical
replicates were pooled together and cell confluency
+ SEM was calculated.

2.3 | Cell viability assay

The viability of new cell lines was determined using MTT
assay as described previously (Ascencao et al., 2021;
Casili et al., 2022). Briefly, cells were seeded at 80% con-
fluency into a 96-well plate and following day incubated
with 0.5mg/mL MTT for 1h. To visualize the
mitochondria-dependent  enzymatic conversion of
the water-soluble yellow MTT into an insoluble purple
formazan, the culture medium was removed and 100 pL
of DMSO was added to each well followed by shaking of
the plate to solubilized formazan. Absorbance at 590 nm
was measured using a SpectraMax iD3 plate reader
(Molecular Devices). Data from three biological and three
technical replicates were pooled together, normalized to
a control (HEK293 A CBS KO cells stably expressing CBS
WT variant) and expressed as percentage + SEM.

24 | Protein electrophoresis and
Western blot analysis

Cell lysates to be analyzed by Western blotting were either
mixed with 2x Novex Tris-glycine Native sample buffer
(Invitrogen) for native electrophoresis or with 4x Bolt
LDS sample buffer containing sample reducing agent
(Invitrogen) for reducing denatured electrophoresis. Dena-
turation was performed at 95°C for 10 min. Native

proteins were resolved in NativePAGE 4%-16% Bis-Tris
gels in 1x NativePAGE running buffer at 4°C, while
reduced, denatured proteins were separated in NuPAGE
4%-12% Bis-Tris gels in 1x NuPAGE MES SDS running
buffer (all from Invitrogen). Subsequently, proteins were
transferred onto the PVDF membrane using an iBlot 2 gel
transfer device (Invitrogen). Membranes were blocked in
5% non-fat milk in 1xTBTS (Tris buffered saline supple-
mented with 0.1% Tween 20) for 1 h at room temperature
(RT), followed by incubation with the primary antibody
while gently agitating either for 1 h at RT or overnight at
4°C. Primary antibodies were diluted in 5% BSA-TBST or
5% milk-TBST solution as follows: anti-CBS (1:2000;
Abnova cat#H00000875-M01), anti-beta-actin (1:5000;
Sigma cat#A1978), anti-ubiquitin (1:1000; CST cat#3936),
or anti-HA-tag (1:1000; CST cat#3724). After washing with
TBST for 5 min three times, blots were incubated with
anti-rabbit or anti-mouse IgG HRP-conjugated antibody
(1:5000; CST cat#7074 or 7076) in 5% milk-TBST for 1 h at
RT. After washing with TBST for 5 min twice and TBS for
5 min twice, the proteins were visualized with Radiance
Plus chemiluminescence substrate using the Imaging Sys-
tem 300 (both from Azure Biosystems). Captured images
were analyzed using the ImageJ software (NIH, Bethesda,
MD, USA).

2.5 | Determination of CBS half-life
Cellular turnover of CBS was evaluated by employing a
novel non-radioactive method based on incorporation of
L-azidohomoalanine (AHA), a biorthogonal analog
of methionine, as described previously (Morey
et al.,, 2016, 2021). The HEK293A CBS KO cells stably
expressing WT or mutant CBS were grown to ~80% con-
fluency in a six-well plate. The cells were then washed
with methionine-deficient DMEM (Gibco) containing
10% dialyzed FBS (Gibco), 2 mM GlutaMax (Gibco),
1 mM pyruvate (Cytiva) and 200 pM cystine hydrochlo-
ride (Sigma) followed by live-labeling for 4 h (pulse) in a
methionine-deficient DMEM supplemented with 75 pM
AHA (Sigma). The AHA pulse was terminated by remov-
ing the labeling medium and washing with a complete
standard medium, then incubated in the same medium
for up to 24 h at 37°C. Immediately after the pulse (0 h)
and at designated timepoints during the chase period
(2, 6, 9, and 24 h), the cell lysates were prepared as
described above except the modified RIPA buffer was
additionally supplemented with freshly prepared
10 mM N-ethylmaleimide (NEM; Sigma) and 10 mM
iodoacetamide (IAA; Sigma).

To assess the impact of inhibition of UPS, ALP, or
ERAD on CBS turnover, the cells were treated with
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20 nM bortezomib (BRB; Sigma) (Chen et al., 2021;
Gelman et al., 2013), 100 nM bafilomycin (BAF; Sigma)
(Park et al., 2017; Purnell & Fox, 2013; Yamamoto
et al., 1998) and 10 pM eeyarestatin I (ESI; Sigma)
(McKibbin et al., 2012; Park et al., 2017), respectively,
during both the pulse and the chase periods.

To determine the half-life of CBS, cell lysates (100 pg)
diluted to 0.2 mg/mL in a modified RIPA were incubated
with a house-made rabbit polyclonal anti-CBS antibody
(1:250) (Kraus & Rosenberg, 1983) on a rocking platform
at 4°C overnight followed by pulldown of the CBS-IgG
complexes by 25 pL of washed Pierce protein A/G mag-
netic beads (ThermoScientific) on a rocking platform at
RT for 1 h. Immunoprecipitated (IPed) CBS was washed
4x using TBST and subsequently reacted with 10 pM
IRDye800-DBCO (LI-COR) in 1x PBS for 1h at RT to
allow click-chemistry conjugation of AHA with the fluo-
rescent dye. After removal of unreacted dye, labeled CBS
was released from the beads and denatured in 2x LDS
sample buffer supplemented with 1x reducing agent
(both from Invitrogen) at 95°C for 10 min. Equal volumes
of eluted CBS IPs were separated on SDS-PAGE as
described above. However, before Western blot analysis
to assess total amounts of CBS in the IPs, the amounts of
AHA-labeled CBS were visualized and quantified by fluo-
rescent in-gel detection using Odyssey DLx imaging sys-
tem (LI-COR).

For the calculation of the half-life of CBS, we
assumed that the amount of fluorescent
AHA/IRDye800-labeled CBS decays exponentially follow-
ing first-order kinetics. Therefore, fluorescent intensities
of AHA/IRDye800-labeled CBS corrected by the levels of
total IPed CBS were plotted over time and rate constants
as well as half-lives were determined using one-phase
decay function in Prism software (GraphPad).

2.6 | Anti-HA immunoprecipitation

For ubiquitination studies, proteins including CBS modi-
fied with HA-tagged ubiquitin variants as described
above were captured on 25 pL of monoclonal anti-HA
magnetic beads (Sigma) from 100 pg of total protein
diluted to 0.2 mg/mL in a modified RIPA buffer at 4°C
overnight. The IP samples were washed and eluted essen-
tially as described above for CBS IPs.

2.7 | CBS activity assay

CBS activity was assessed in both cell lysates and live
cells. In-gel CBS activity staining was performed as
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described previously (Willhardt & Wiederanders, 1975).
Briefly, cell lysates (10 pg/lane) were resolved in 4%-12%
native PAGE as described above. The gel was then
washed twice in water and then submerged into the
staining solution (100 mM Tris-HCI pH 8.0, 20 mM cys-
teine, 50 mM beta-mercaptoethanol, 100 pM PLP, and
200 pM lead acetate) both in the absence and presence of
200 pM SAM. The gels were gently shaking at 37°C until
the active CBS bands became apparent. The reaction was
terminated after the same amount of time for both condi-
tions by replacing the staining solution for 7% acetic acid,
the gels were scanned and the CBS activity quantified by
densitometry using ImageJ.

CBS activity in the lysates was also determined
employing the H,S-specific fluorescent probe 7-azido-
4-methylcoumarin (AzMC; Sigma) as described previ-
ously (Thorson et al., 2013). The reaction (200 pL total
volume) containing 50 mM Tris-HCI pH 8.6, 5 uM PLP,
10 pM AzMC, 10 pg of cell lysate was initiated after
10 min equilibration at 37°C with a mixture of sub-
strates yielding final concentrations of 2 mM cysteine
and 500 pM homocysteine. The assay in the absence or
presence of 200 pM SAM was followed for 90 min at
37°C measuring fluorescent intensities in 5 min inter-
vals (excitation 365 nm, emission 450 nm). To account
for a possible interference from other H,S-producing
enzyme, most notably the second enzyme of transsul-
furation pathway cystathionine gamma-lyase (CGL),
selected samples were assayed in the absence or pres-
ence of 3 mM propargylglycine (PAG), a specific inhibi-
tor of CGL (Asimakopoulou et al., 2013). All
measurements were performed in triplicates using Spec-
tramax M5 microplate reader (Molecular Devices) and
analyzed by Prism software.

Lastly, CBS activity was also determined in live cells
as described previously (Petrosino et al., 2022). Specifi-
cally, HEK293A CBS KO cells stably expressing WT or
mutant CBS (T191M and I278T) were seeded into a six-
well plate (500,000 cells/well targeting 50% confluency
after overnight incubation). Next morning, 20 nM BRB,
100 nM BAF, 10 uM ESI or vehicle for the untreated con-
trols was added in the media to the cells. After 24 h incu-
bation, the medium was replaced by freshly prepared,
sterile-filtered 100 pM AzMC in Hank's balanced salt
solution (HBSS; Gibco) and the cells were incubated for
additional 1 h at 37°C. Brightfield and fluorescent AzZMC
signal were captured and analyzed using the Cytation
5 multimodal reader operated by Gen5 software (both
from Agilent). Single image area was 694 x 694 pm and
at least two areas per biological and technical replicate
(i.e., different well) were captured using 20x objective
and analyzed.
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2.8 | Statistical analysis

Unless otherwise noted, all experiments were performed
in three independent replicates and the experimental data
are presented as means with standard errors of the mean
(SEMs). Statistical significance was determined by using
one-way ANOVA with Dunnett's test or two-way ANOVA
with Tukey's post hoc test in Graphpad Prism software.
Cellular turnover of CBS WT and HCU variants was statis-
tically evaluated by extra sum of squares F test. Differences
with the p value less than 0.05 were considered significant
and marked by asterisk (*) or hashtag (#).

3 | RESULTS

3.1 | Establishment and validation of a
novel cell-based model of HCU

To gain better understanding about proteostasis of
mutant CBS, we generated a novel cellular model

of HCU using human HEK293 cells of kidney origin.
Native expression of CBS was abolished by CRISPR-Cas9
and stable cell lines expressing CBS WT as control or
pathogenic HCU variants were prepared by lentiviral
transduction of HEK293 CBS KO cells as described in
Section 2. We modeled 10 of the most common missense
pathogenic CBS alleles covering the entire sequence of
the protein, namely P49L, A114V, R125Q, T191M,
R266K, 1278T, G307S, R336C, D444N, and S466L
(Figures 1 and 2). Stable expression of pathogenic CBS
variants in HEK293A cells lacking intrinsic CBS did not
have any significant impact on cell proliferation and dou-
bling time (Figure 1a), cell proliferation as determined by
the BrdU assay (Figure 1b), and cell viability as deter-
mined by the MTT assay (Figure 1c) compared to a con-
trol cell line expressing CBS WT variant. In the next step,
we prepared cell lysates and quantified CBS activity using
AzMC fluorometric assay (Figure 1d). We observed
~3-fold increases of the enzymatic activity in response to
200 pM SAM with the CBS WT, P49L, A114V, R266K
and a lesser degree of activation with the R125Q and
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FIGURE 1

P49L A114V R125Q T191M R266K 1278T G307S R336C D444N S466L

New cellular model of HCU. (a) Growth curves of HEK293A CBS KO cells stably expressing the designated CBS variant.

Doubling times determined from the growth curves are summarized in the table on the right. (b) Cell proliferation rate as determined by the
BrdU assay. (c) Cell viability assay as determined by the MTT assay. (d) CBS activity assay (10 pg/assay) of clarified cell lysates in the
absence and presence of 200 pM SAM. Significant differences (p < 0.05) compared to CBS WT are noted by asterisk (*) or hashtag (#) in case

of CBS activity in the presence of SAM.
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Expression of CBS variants in developed cell models of HCU. (a) Clarified lysates of HEK293A CBS KO cells stably

expressing the designated CBS variant (500 ng/lane) were separated on either SDS-PAGE or native PAGE, transferred on PVDF membrane
and probed for CBS or Actin. Engineered dimeric CBSA516-525 was used as a marker for dimeric CBS species (Ereno-Orbea et al., 2013,
2014; Pey et al., 2016). (b) Quantification of CBS expression from SDS-PAGE CBS Western blot in panel a normalized using actin. (c) In-gel
CBS activity staining (10 pg/lane; c) of clarified cell lysates in the absence and presence of 200 pM SAM. (d) Quantification of active CBS
oligomers from the activity staining gels shown in panel c. Significant differences (p < 0.05) compared to CBS WT are noted by asterisk (*)

or hashtag (#) in case of CBS activity in the presence of SAM.

D444N CBS variants. In contrast, CBS T191M and G307S
cell lysates showed essentially no activity (i.e., equal to
background signal from equal protein amount of cell
lysates from non-transformed HEK293A CBS KO cell).
The CBS I1278T showed the anticipated response to SAM,
and CBS S466L exhibited a constitutively activated, SAM-
unresponsive character (Figure 1d).

As AzMC probe senses H,S, other cellular enzymatic
sources of H,S could potentially interfere with our CBS
activity assay, namely and most importantly the second
enzyme of transsulfuration pathway CGL well expressed
in kidney (Kabil et al., 2011). Specifically, H,S levels in
cell lysate of HEK293 CBS KO were 19.2- and 141.5-fold
lower than that in positive control expressing CBS WT

when used the same protein amount in the assay
(Figure Sla,b). The 20- and 30-fold higher protein input
in the assay would increase level of interreference by
two- and three-fold, respectively (Figure Sic). The contri-
bution of CGL was assessed by performing the assay on
cell lysates from cell overexpressing CBS WT, CBS
T191M, and CBS I278T variants in the absence and pres-
ence of 3 mM PAG. Figure S1d-f shows there was clearly
detectable interference of CGL at a constant level across
three different cell models. However, this stable contribu-
tion was offset by normalization and relative expression
of CBS activity and thus had no impact on comparison of
CBS activities among different cell models presented in
Figure 1. Taken together, Figure S1 shows that potential
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interference from other sources of H,S on our assay as
performed was negligible.

SDS-PAGE analysis of the cell lysates followed by
Western blot indicated that steady-state levels of all mod-
eled CBS variants are similar to that of WT except the
1278T variant where the protein was quantified based on
SDS-PAGE being approximately 40% of CBS WT steady-
state levels (Figure 2a,b). Native PAGE analysis showed
that most of the HCU variants form tetramers similar to
WT; however, there were several noteworthy differences
as well: the T191M, 1278T, R336C and to some extent
P49L, A114V, G307S, and S466L CBS variants yielded
faster-migrating species possibly indicating differential
conformation of the tetramers or partial degradation
(Figure 2a). Furthermore, all samples showed higher
molecular weight “tailing”—occasionally with clearly vis-
ible discreet species—suggesting the formation of soluble
higher-order oligomers.

Native conformations of CBS variants as resolved in a
polyacrylamide gel were also probed for catalytic activity
in the absence and presence of CBS allosteric activator
SAM (Figure 2c,d). For most of the CBS variants investi-
gated, the most prominent tetrameric band/species
detected on the Western blot (Figure 2a) correlated well
with the in-gel activity staining and, as expected, addition
of 200 uM SAM increased the catalytic activity of the
enzyme. However, T191M and G307S CBS variants
showed almost no staining in both the absence and pres-
ence of SAM suggesting no or very little residual CBS
activity. Furthermore, D444N and S466L CBS variants
showed impaired response to SAM with CBS S466L being
clearly activated already under basal conditions
(Figure 2d). In general, results from the in-gel assessment
of CBS activity correlated well with the results using stan-
dard in-solution assay showed in Figure 1d. In summary,
we successfully generated a new cellular model of HCU
by modeling 10 most common missense pathogenic
mutations, which were subsequently used to characterize
CBS proteostasis in HCU.

3.2 | Characterization of the cellular
turnover of CBS variants

Our previous data on purified pathogenic CBS
variants suggested that the kinetic stability of the
C-terminal regulatory domain of the variants was signifi-
cantly decreased regardless of the topology of the muta-
tion (Pey et al., 2013). To follow up on this observation,
we used our newly generated cellular models of HCU
and determined the half-life of pathogenic CBS variants
in their natural environment (cytoplasmic milieu) using
a non-radioactive biorthogonal pulse-labeling technique.

Figure 3a illustrates the employed protocol, which is an
adaptation of a classical **S-labeled methionine pulse-
chase experiment. Instead of a labeled methionine, the
protocol exploits incorporation of L-azidohomoalanine
(AHA), a biorthogonal analog of methionine, into newly
synthesized proteins and metal-free “click” chemistry,
where azide group of AHA specifically reacts with
cyclooctyne by 1,3-dipolar cycloaddition forming stable
1,2,3-triazole conjugates. Cyclooctyne conjugated with a
fluorescent dye (e.g., IRDye800-DBCO) thus specifically
labels all newly synthesized proteins during AHA pulse.
Protein of interest (CBS) after enrichment using immu-
noprecipitation is quantified over time to yield cellular
half-life. It is important to note that AHA is non-toxic
and its incorporation into proteins results in a highly spe-
cific labeling that does not affect ubiquitination or pro-
tein degradation (Dieterich et al., 2006). Figure 3b shows
representative fluorescent gels and Western blots for WT,
T191M, and I278T CBS variants used to quantify the
amount of pulse-labeled CBS compared to a total CBS
amount in the immunoprecipitated material normalized
to CBS and actin expression in the total lysate over the
24 h chase period. The data were plotted and fitted using
first-order rate kinetics, yielding rate constants of CBS
stability and CBS cellular half-lives (Figure 3c). The half-
life of CBS WT in our model was determined as 16.6 h.
All pathogenic variants showed significantly lower half-
life (i.e., diminished intracellular stability) except the
N-terminal P49L and A114V CBS variants, which showed
comparable half-lives as CBS WT. The least stable was
CBS 1278T variant with its half-life being 2.8-fold lower
(5.9 h) compared to CBS WT followed by the T191M vari-
ant (2.2-fold, i.e., 7.7 h). The data indicates that cellular
stability of pathogenic CBS variants is generally
decreased compared to WT regardless of the topology of
the missense mutation with the N-terminal mutants not
being affected.

3.3 | Pathways involved in CBS
degradation

Polyubiquitination of proteins serves as a general signal
for their degradation, which depends on the type of poly-
ubiquitination and is specific for a given protein (Suresh
et al., 2016). Figure 4a illustrates that proteins targeted
for proteasomal degradation are typically modified by
covalent attachment of ubiquitin onto lysine residue and
its extension forming K48-linked polyubiquitin chains.
Similarly, formation of polyubiquitin chains via K6, K11,
K29, and K63 usually targets the tagged protein for
autophagy, ERAD, lysosomal degradation, and endocyto-
sis/lysosomal  degradation,  respectively  (Suresh
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et al., 2016). Several prior studies indicated that patho-
genic CBS wvariants are degraded via ubiquitin-
proteasome system (UPS) as proteasome inhibitors res-
cued steady-state levels and often also activity of several
pathogenic CBS variants (Gupta et al., 2013, 2019, 2023;
Singh et al., 2010); however, systemic evaluation of cellu-
lar degradation pathways involved in CBS proteostasis is
missing. Therefore, in the current study we systematically
assessed the protein degradation pathways involved in
CBS proteostasis by employing HA-tagged ubiquitin vari-
ants capable of forming polyubiquitin extensions only via
the certain lysine residue(s). In addition to ubiquitin WT
capable of forming polyubiquitin extensions via any of
seven available lysine residues and KO unable to do any
such extensions, we employed variants with mutated all
lysine residues to arginines leaving just a single one avail-
able for polyubiquitination, that is, the K6, K11, K29,
K48, or K63 residue (Figure 4a).

For further characterization, we selected CBS T191M
and I278T variants as the most common pathogenic alleles
with substantially affected cellular turnover (Figure 3),
representing clinically severe pyridoxine-unresponsive and
mild responsive forms of HCU, respectively. Figure 4b
shows the delineation of the degradation pathways for
CBS WT serving as a control establishing the proteostasis
of properly folded CBS, while Figure 4c,d depicts the
respective analysis for pathogenic CBS T191M and 1278T
variants. Accumulation of ubiquitinated CBS above the
levels observed for ubiquitin WT indicates the lack of CBS
degradation directed by polyubiquitination of the specific
lysine residue and could result in exclusion of the specific
degradation pathway. Conversely, diminished banding
and/or overall signal after transient indicated increased
CBS degradation signaled by polyubiquitination via the
certain lysine residue, this suggesting potential pathway
involved in CBS proteostasis. Following pulldown of all
HA-ubiquitin-tagged proteins by immunoprecipitation
and detection of CBS by Western blot, we typically
observed a major band around 80 kDa likely correspond-
ing to a monoubiquitinated CBS and additional higher
bands corresponding to polyubiquitinated CBS polypep-
tides. Ubiquitinated CBS was substantially and signifi-
cantly diminished for all three CBS variants co-expressing
the K48-ubiquitin mutant compared to those co-expressing
WT-ubiquitin (Figure 4b-d). This result indicates that UPS

is the major pathway responsible for CBS proteostasis in
health (CBS WT) and HCU (CBS T191M and 1278T). How-
ever, co-expression of K11-ubiquitin showed similar recov-
ery of CBS T191M variant as WT-ubiquitin, suggesting
that the ERAD pathway could be involved in proteostasis
of this pathogenic CBS variant (Figure 4c). On the other
hand, co-expression of K63-ubiquitin showed significantly
decreased the recovery of CBS 1278T variant compared to
WT-ubiquitin, suggesting that the lysosomal pathway
could play a role in in proteostasis of CBS 1278T variant
(Figure 4d).

3.4 | Rescue of CBS stability and activity
by pharmacological modulation of
proteostasis

After identification of UPS as the major CBS degrada-
tion pathway and ERAD or lysosomal degradation as
minor pathways involved in proteostasis of pathogenic
CBS variants, we pharmacologically modulated these
pathways, in order to restore the half-life and/or activ-
ity of the CBS variants. Figure 5a-c shows representa-
tive fluorescent gels and Western blots for WT, T191M,
and 1278T CBS variants used to quantify the amount of
CBS for determination of half-life when cells were trea-
ted for up to 24 h with a proteasome inhibitor (20 nM
bortezomib; BRB), an ALP inhibitor (100 nM bafilomy-
cin; BAF) or an ERAD inhibitor (10 pM eeyarestatin I;
ESI). Quantified and normalized data were subse-
quently plotted and fitted using first-order rate kinetics
fit yielding rate constants and half-lives of CBS variants
after treatment (Figure 5d-f). Consistent with prior lit-
erature (Gupta et al, 2013, 2019, 2023; Singh
et al., 2010), UPS was found to play a significant role in
CBS proteostasis (Figure 4): treatment with bortezomib
significantly increased half-life of CBS WT by 7.7-fold
as well as pathogenic CBS variants CBS T191M by
6.8-fold and CBS I278T by 3.0-fold (Figure 5d). Treat-
ment with bafilomycin had no effect on CBS T191M
variant, but it significantly increased the half-life of
CBS WT and CBS 1278T by 1.4-fold and 1.6-fold,
respectively (Figure 5e). Treatment with eeyarestatin I
had similar impact as bafilomycin: this inhibitor
exerted no effect in case of CBS T191M, but increased

FIGURE 3

Cellular turnover of CBS. (a) Schematic representation of the employed pulse-chase experiment. (b) Representative images

of fluorescent gels and Western blots for both CBS immunoprecipitates and total protein fractions (500 ng/lane) of CBS WT, T191M, and

1278T variants at the designated timepoints (0, 2, 6, 9, and 24 h after the AHA labeling) used for quantification and normalization of the

pulse-labeled CBS compared to the total CBS amounts. (c) Plots of first-order rate kinetics fit of the data from AHA pulse-chase experiments

and table summarizing obtained CBS stability rate constants and CBS half-lives. Significant differences (p < 0.05) compared to CBS WT are

noted by asterisk (*).



MIJATOVIC ET AL.

THE

PROTEIN

Wl LEY 11 of 18

(a)

B

Ub ub
ub
ub
Polyubiquitination
—l
Mono-Ub-CBS

SOCIETY

Poly-Ub-CBS
J
[ xs | ki | k29 | kas | xe3 ' DUBs
'
‘ Sy .
g :
i ii ! g ® ' @
- e H v
Kinases modificati Proteasomal
Proteasomal ERAD modification degradation Autophagy
degradation Lysosomal degradation
? T ? T T CBS
Eeyarestatin I Bortezomib Bafilomycin (Target for refolding)
b c d
(b) wT © T191M @ 1278T
WI KO K8 KI1 K29 K48 K63 WT KO K6 Ki1 K29 K48 K63 WT KO K6 Kit K29 K48 Ké3
=112 has
— -ta
Ub-CBS s | R0
- " o - —
- - = - S ; - - [ - e — 80
cos — |0 R N - - o meeeese - - — 0
. s - -
— 140
—115
— 80
.
X - =70 | fotal
Lo | . Protein
HA-tag— b -
- — 30
— 25
- — -
- - -— - — 15
—10
Actin —| - G_—S D = = D NS SED =S D - - e e = _
i - e oD —_— e - 2
1000 = 400 - * ~
—_ = *
S 4 E . el T
- - S S
5 800 % 300 - i :
= - ; Py
§ 600 = 3 g
5 : S 200 4 5
s s s
= 400 - = =
S N S . S
Ed 2100 z
S 200 5 El
> 2 E =
& y & * g
0 0 T -

WT KO K6 K11 K29 K48 K63

T T T T T T
WT KO K6 K11 K29 K48 K63

WT KO K6 K11 K29 K48 K63

FIGURE 4 Pathways involved in degradation of CBS. (a) Schematic representation of protein function and stability regulated by the
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residue often determines the degradation pathway of the protein. (b—d) Assessment of polyubiquitination-regulated degradation pathways
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of Western blots for both HA-tag immunoprecipitates and total protein fractions (500 ng/lane) probed with antibodies as indicated.
Quantification of ubiquitinated CBS in the immunoprecipitates shows significant differences compared to the respective CBS variant co-
expressed with HA-tagged ubiquitin WT as a control (*p < 0.05).

the half-life of CBS WT by 1.4-fold and the half-life of
CBS I278T by 1.6-fold (Figure 5f). These data suggest
that UPS is the major degradation pathway for all CBS
ALP and ERAD have

variants, while

smaller

contributions, which are selective for CBS WT and
1278T variant, but not for the T191M variant.

Next, we sought to determine if the increase in half-
life of CBS variants correlates with a rescue of their
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Pharmacological rescue of CBS stability. (a)-(c) Representative images of fluorescent gels and Western blots for both CBS

immunoprecipitates and total protein fractions (500 ng/lane) of CBS WT, T191M, and I1278T variants at the designated timepoints (0, 2, 6, 9,
and 24 h after the AHA labeling) in the vehicle (DMSO)-treated cells used as controls and cells treated with 20 nM bortezomib (BRB; a),
100 nM bafilomycin (BAF; b) or 10 pM eeyarestatin I (ESI; c). The gels and blots were used for quantification and normalization of the
pulse-labeled CBS compared to the total CBS amounts. (d-f) Plots of first-order rate kinetics fit of the data from AHA pulse-chase
experiments of CBS WT, T191M, and 1278T variants and table summarizing obtained CBS stability rate constants and CBS half-lives in the
in the vehicle (DMSO)-treated cells used as controls and cells treated with 20 nM bortezomib (d), 100 nM bafilomycin (e), or 10 pM
eeyarestatin I (f). Significant differences (p < 0.05) compared to respective vehicle-treated CBS variant are noted by asterisk (¥).

enzymatic activity. To that end, we employed live cell
imaging visualizing and quantifying CBS activity using
H,S-specific fluorescent probe AzMC (Figure 6). We
observed a trend for increased H,S biogenesis in CBS
WT-expressing cells after 24 h treatment with 20 nM
bortezomib (174%) and 10 pM eeyarestatin I (147%), but
no effect of 100 nM bafilomycin (88%) compared to
vehicle-treated control (Figure 6a). The cells expressing
CBS T191M responded similarly to the treatments as
those of CBS WT: significant increase of activity after
bortezomib and eeyarestatin I treatments (259% and
244% compared to vehicle-treated CBS T191M, respec-
tively; p <0.05) with no significant impact of

bafilomycin (134%; Figure 6b). All three interventions
significantly rescued CBS activity of cells expressing
CBS 1278T variant with bortezomib, bafilomycin, and
eeyarestatin I increasing H,S-signal by 574%, 200%, and
374% compared to vehicle-treated CBS I1278T, respec-
tively (p < 0.05; Figure 6c). These findings correlate
well with the observed effect of the treatments on cellu-
lar turnover of the studied CBS variants (Figure 5). It
should be noted that the proteasome inhibitor
bortezomib- and ERAD inhibitor eeyarestatin I-treated
cells exhibited signs of cell damage and apoptosis indi-
cating potential cytotoxic effect at the effective concen-
trations. This is consistent with prior findings in various



THE
MIJATOVIC ET AL. PROTE'N 13 of 18
@ SOCIETY Wl LEY
(a)
WT
Vehicle (DMSO) 20 nM BRB 100 nM BAF 10 yM ESI 250
2 w
»n
+l
% =
S 23
= S0
o =g}
g g0 —
17 "3
05
OO0
o5
Z 0 100 -- - oo. -
50
[T =
~ ©g
g 5
= R
3 s
2
T T
Vehicle 20nM 100nM 10 yM
(DMSO) BRB BAF ESI
WT
(b)
T191M
Vehicle (DMSO) 20 nM BRB 100 nM BAF 10 uM ESI 200+
. +' -+ T
o 2 E 150
b= 2
£ ‘5 g
23 SO 1
of g g WT
(®) ‘g‘ L[E SECEEEETERE =" EEETEETEETEE Co et be--
2 T
- O
835 ]
o
o s 50
) 4
s k)
< g |
2
T
0- T T T
Vehicle 20nM 100nM 10 uyM
(DMSO)  BRB BAF ESI
T191M
(c)
1278T
Vehicle (DMSO) 20 nM BRB 100 nM BA 1 pM ESI 150 %
s
w
- »n
° >+
£ Sk
= £ .. S
2 So T
7} [ 3
oQ T
b
28
]
9 ——
- ]
[8] >
H s
< *
2 s
T 1 1
Vehicle 20nM 100nM 10 uyM
(DMSO) BRB  BAF ESI
1278T
FIGURE 6 Legend on next page.



140f18 PROTEIN
Wi LEY—@ SOCIETY

MIJATOVIC ET AL.

cell types (Coquelle et al., 2006; Wang et al., 2009) and it
is not a surprising effect considering that these com-
pounds induce a generalized inhibition of key protein
degradation pathways.

4 | DISCUSSION

In this study, we established a new cellular model of
HCU based on human HEK?293 cells and utilized it to
study proteostasis of CBS in health and disease. In the
past, we and others have used cellular models heterolo-
gously expressing human CBS variants in bacterial cells
(Kozich et al., 2010; Majtan et al., 2010), yeast (Kruger
et al., 2003; Kruger & Cox, 1994; Majtan et al., 2008),
mammalian Chinese hamster cells (Collard &
Majtan, 2023; Maclean et al., 2002) in addition to skin
fibroblasts derived from HCU patients (Janosik
et al., 2001; Lipson et al., 1980; Maclean et al., 2002;
Skovby et al., 1982). The bacterial models were useful for
high-yield production of CBS variants for detailed bio-
chemical and biophysical characterizations, but they are
unsuitable for clarification of molecular mechanisms
responsible for CBS proteostasis. The yeast model of
HCU uncovered the folding environment of CBS in
eukaryotic cell (Singh & Kruger, 2009), but the molecular
chaperones and other effectors of protein folding and
degradation machinery often differ in their presence,
properties and/or functions from those in humans. Chi-
nese hamster cells are devoid of CBS activity (Francke &
Francke, 1981), thus representing a useful model for
expression of human CBS variants in mammalian cells.
Indeed, Chinese hamster cells heterologously expressing
HCU-causing CBS variants facilitated the discovery of
heme arginate acting as a pharmacological chaperone for
a specific subset of CBS variants (Melenovska et al., 2015)
and further improved our understanding about pharma-
cological rescue of CBS folding and activity as a potential
treatment for HCU (Collard & Majtan, 2023). However,
similar to yeast models, lack of reagents, such as primary
antibodies, designed to detect non-human proteins made
further analysis and interpretations challenging. Cultured
skin fibroblasts from HCU patients have been studied
since discovery of the disease and even used for

diagnostics (genotyping, CBS enzymatic assay) (Lipson
et al., 1980; Skovby et al., 1982). Interestingly, extracts
from skin showed no detectable CBS activity
(Uhlendorf & Mudd, 1968) suggesting that skin-derived
fibroblasts express CBS only when cultured. Culturing
skin fibroblasts is time-consuming, provides limited
amount of sample and genetic backgrounds of each HCU
and control fibroblasts differ affecting both experimenta-
tion and interpretation. Although Chinese hamster cells
and skin fibroblasts were instrumental in establishing
HCU as a conformational/misfolding disease, natural
absence of CBS in both Chinese hamster cells and human
skin fibroblasts may limit the inferences that can be
drawn about the regulation and proteostasis of CBS. The
HEK?293 cells of human embryonic kidney origin used in
the model presented in this study represent an ideal host
as CBS expression is second highest in kidney after the
central metabolic organ liver (Kabil et al., 2011) and have
suitable growth properties (adherent monolayer, reason-
ably fast proliferation, well characterized, suitable for
various molecular interventions). Indeed, HEK293 cells
were previously used for immunohistochemical imaging
studies of overexpressed human CBS variants (Casique
et al., 2013) and CRISPR-Cas9 modeling of HCU (Ismail
et al., 2019). Genetic knockout of intrinsic CBS and stable
expression of any HCU-pathogenic CBS variant provide
flexibility, robustness and utility of the present model not
just for characterization of proteostasis environment of
CBS, but also potential future applications, such as CBS
purification or imaging.

We determined that turnover of CBS WT in our
cellular model is 16.6 h using the non-radioactive
biorthogonal labeling technique previously used to deter-
mine half-life of choline-O-acetyltransferase, an enzyme
catalyzing synthesis of the neurotransmitter acetylcholine
(Morey et al., 2016). Recent high-throughput proteomics
approach determined turnover rates of over 3000 proteins
in mouse tissues, including CBS in liver being around
2.5 days or 60 h (Rolfs et al., 2021). This large discrepancy
is likely caused by a different model or expression levels
and regulation between mouse liver and cultured human
cells stably overexpressing CBS. Importantly, our assay
found significantly decreased half-lives for most of the
studied pathogenic CBS variants compared to CBS WT

FIGURE 6

Pharmacological rescue of CBS activity. (a—c) Representative images from live cell imaging visualizing the cells (brightfield)

and CBS activity using H,S-specific fluorescent probe AzMC (fluorescent images). The HEK293 CBS KO cells expressing CBS WT (a), T191M
(b), or 1278T (c) were treated with a vehicle (DMSO) or the designated proteostasis modulator (20 nM bortezomib (BRB), 100 nM
bafilomycin (BAF), or 10 pM eeyarestatin I (ESI)) for 24 h, incubated with 100 pM AzMC in HBSS for 1 h and immediately visualized. Plots
show quantification of AzMC signal (four different areas in the wells of three replicates) of the respective fluorescent images. Red dashed

line denotes relative CBS activity of vehicle-treated CBS WT threshold. Significant differences (p < 0.05) compared to respective vehicle-

treated CBS variant are noted by asterisk (*).
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(Figure 3). This result confirms our previous observation
from calorimetric characterization of the purified CBS
variants that the C-terminal domains of seven studied
HCU-causing CBS variants have significantly decreased
kinetic stability compared to that of WT regardless of
topology of the pathogenic missense mutation (Pey
et al., 2013). The study thus suggested that HCU CBS var-
iants could be less stable, which, in turn, could affect
their steady-state levels and rate of degradation in cells as
shown here. The two herein studied representatives of
severe pyridoxine-unresponsive HCU (CBS T191M) and
typically mild pyridoxine-responsive HCU (CBS 1278T)
were not previously characterized using calorimetric
approach or other biochemical assays due to the inability
to purify these CBS variants to homogeneity in sufficient
quantities. They showed the highest cellular turnover
from the set of CBS variants (Figure 3c) and together
with a kinetically stable, but catalytically incompetent
CBS G307S the lowest catalytic activity (Figures 1d and
2¢,d), which in summary suggest the reasons for being
not amenable for purification and their detailed biochem-
ical and biophysical characterization.

Rapid degradation of dysfunctional, misfolded CBS
has been observed previously in both cellular and animal
models of HCU (Gupta et al., 2013, 2019; Melenovska
et al., 2015; Singh & Kruger, 2009). However, there seems
to be no statistically significant correlation between the
percentage of residual CBS activity of pathogenic CBS
variants compared to WT and the amount of CBS protein
(Skovby et al., 1982). These data suggest that the muta-
tion and its specific impact on CBS protein can uniquely
impair proteostasis of CBS. Indeed, a previous study on
HCU fibroblasts showed that pathogenic CBS variants
are prone to form soluble high-molecular weight aggre-
gates rather than native tetramers compared to CBS WT
(Janosik et al., 2001). Different oligomeric tendencies of
active CBS WT and catalytically impaired misfolded
HCU CBS variants would be expected to affect CBS pro-
teostasis, in particular degradation pathways. Our data
demonstrate that CBS WT is essentially solely degraded
via UPS, while the degradation of pathogenic CBS vari-
ants also involves ERAD or ALP (Figure 4). Utilization of
these two alternative pathways to dispose of pathogenic
CBS variants may potentially be related to the induction
of ER stress due to CBS misfolding and aggregation
(or formation of higher-molecular weight complexes).
Previously we showed that the expression of CBS 1278T
variant significantly upregulates expression of several
cytoplasmic molecular chaperones and substantially
increases the expression of BiP, an ER sensor of unfolded
protein response (Collard & Majtan, 2023; Cyr &
Hebert, 2009) indicating involvement of ER in proteosta-
sis of HCU CBS variants. ALP is the second main

pathway for protein degradation after UPS, typically used
for protein aggregates and organelles (Siva Sankar &
Dengjel, 2020).

Could pharmacological manipulation of CBS proteos-
tasis rescue folding, stability and ultimately activity of
pathogenic mutants? Our data show that inhibition
of proteasomal or ER-associated degradation, but not
lysosomal-mediated degradation, indeed rescues the
activity of CBS T191M and I1278T variants (Figure 6).
Interestingly, the rescue of CBS activity correlates well
with a decreased turnover of the proteins in case of pro-
teasomal inhibition, but not for ERAD suggesting that
increased stability and/or cellular steady-state levels of
CBS are not pre-requisite for activity rescue. Indeed, pro-
teasome inhibitors, such as clinically used bortezomib for
treatment of multiple myeloma and lymphoma, partially
rescued protein expression and activity of several patho-
genic CBS variants modeled in transgenic mice including
1278T and T191M (Gupta et al., 2013, 2023). It is important
to note that these transgenic HCU mice showed a fairly
heterogenous response to acute treatment with
bortezomib—with some mice responding to treatment by
increased protein levels and activity as well as decreased
plasma total homocysteine concentration, while other
mice did not respond at all. Although the root cause of this
heterogeneity is unclear at present, it is worth emphasiz-
ing that there was a close correlation with the levels of
properly folded CBS, that is, the amounts of native CBS
tetramers rather than total CBS amounts (Gupta
et al., 2013). In addition, lower doses of proteasome inhibi-
tors provided over the extended period of time compared
to acute dosing with the pharmacologically effective dose
showed significantly lower efficacy in decreasing plasma
total homocysteine. Therefore, reducing toxicity of protea-
some inhibitors for chronic administration by lowering
their dose seem ineffective as a monotherapy for HCU.
Whether a combination of low-dose proteasome inhibitors
with other general modulators of proteostasis, such as acti-
vators of molecular chaperones, or more specific CBS
pharmacological chaperones including pyridoxine could
result in significant rescue of CBS activity and correction
of metabolic imbalance in HCU, that remains to be tested
in future experiments.

Taken together, our results provide new insights into
CBS proteostasis under physiological and pathological
HCU conditions. As adoption of native-like CBS confor-
mation and its assembly into active oligomers (rather
than total amount of CBS) correlated better with rescue
of CBS activity, future work should focus on correction of
folding of pathogenic CBS variants in search of specific
pharmacological chaperones or combination of pharma-
cological interventions in order to discover novel ways
how to address unmet need of HCU.
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FIGURE S1. H>S-producing activity of new cellular models of HCU. (a) Raw AzMC
fluorescence readout from the CBS activity assay in HEK293A WT (original cell line with
intact intrinsic CBS), HEK293A CBS KO (cell line with genetically knocked out intrinsic CBS
used for generation of new cell models of HCU) and HEK293A CBSKO + CBS WT (control
cell line overexpressing CBS WT on a background of no intrinsic CBS in HEK293A) as
specified in Section 2. For all samples, 10 pg of cell lysate was used for each assay performed
in three biological and three technical replicates. (b) Calculated slopes from raw AzMC
fluorescence readouts shown in panel a. (¢) Impact of protein input on CBS activity assay. Cell
lysates (up to 300 pg per assay) of HEK293A WT and HEK293A CBS KO cells were analyzed
using AzMC activity assay in the absence and presence of 200 uM SAM in three biological
and three technical replicates. Calculated slopes from the raw fluorescence readouts over 90
min assay were compared. (d) Raw AzMC fluorescence readout from the CBS activity assay
in HEK293A CBS KO cells overexpressing CBS WT, CBS T191M or CBS 1278T variant in
the absence or presence of 200 uM SAM. Potential contribution of cystathionine gamma-lyase
was assessed by running the assay in the absence and presence of 3 mM propargylglycine
(PAG), a specific CGL inhibitor. For all samples, 10 pug of cell lysate was used for each assay
performed in three biological and three technical replicates. (¢) Calculated slopes from raw
AzMC fluorescence readouts shown in panel D. (f) Contribution of CGL on AzMC CBS
activity assay expressed as difference (delta) in slope from the assays run in the absence versus
presence of 3 mM PAG as shown in panel e.
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