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Abstract Adult polyglucosan body disease (APBD) is a neu-
rological disorder characterized by adult-onset neurogenic
bladder, spasticity, weakness, and sensory loss. The disease
is caused by aberrant glycogen branching enzyme (GBE)
(GBE1Y329S) yielding less branched, globular, and soluble
glycogen, which tends to aggregate. We explore here whether,
despite being a soluble enzyme, GBEI activity is regulated by
protein-membrane interactions. Because soluble proteins
can contact a wide variety of cell membranes, we investigated
the interactions of purified WT and GBE1Y329S proteins with
different types of model membranes (liposomes). Interest-
ingly, both triheptanoin and some triacylglycerol mimetics
(TGMs) we have designed (TGMO0 and TGM5) markedly en-
hance GBE1Y329S activity, possibly enough for reversing
APBD symptoms. We show that the GBE1Y329S mutation
exposes a hydrophobic amino acid stretch, which can either
stabilize and enhance or alternatively, reduce the enzyme ac-
tivity via alteration of protein-membrane interactions. Addi-
tionally, we found that WT, but not Y329S, GBEI1 activity is
modulated by Ca™ and phosphatidylserine, probably associ-
ated with GBEl-mediated regulation of energy consumption
and storage.Bll The thermal stabilization and increase in
GBE1Y329S activity induced by TGMb and its omega-3 oil
structure suggest that this molecule has a considerable thera-
peutic potential for treating APBD.—Alvarez, R., J. Casas, D.
J. Lopez, M. Ibarguren, A. Suari-Rivera, S. Terés, F. Guar-
diola-Serrano, A. Lossos, X. Busquets, O. Kakhlon, and P. V.
Escriba. Triacylglycerol mimetics regulate membrane inter-
actions of glycogen branching enzyme: implications for ther-
apy. J. Lipid Res. 2017. 58: 1598-1612.
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The glycogen branching enzyme (GBE)1 (EC 2.4.1.18)
catalyzes two reactions. In amylase-type hydrolysis, GBE1
cleaves an a-1,4-linked segment of six or more glucose units,
every 8-14 glucose residues from the nonreducing end of a
glucan chain. In the transglucosylation reaction, it transfers
the cleaved oligosaccharide, via an a-1,6-glucosidic linkage,
to the C6 hydroxyl group of a glucose acceptor unit within
the same chain (intramolecular) or onto a different neigh-
boring chain [intermolecular (1)]. The resulting glycogen
is a highly branched molecule whose spherical and soluble
structure favors its cytoplasmic stability and metabolism
(2). A mutant GBE1 enzyme may affect the structure of
glycogen, reducing its cytoplasmic solubility and hindering
its bio-availability due to the formation of aggregates called
polyglucosans. Different mutations partially or completely
inactivate GBE1, and the severity of the pathophysiological
symptoms can vary as a function of the mutation (3-6).

Adult polyglucosan body disease (APBD) is a rare neuro-
degenerative disease that most often affects adults from the
Ashkenazi Jewish community afflicted by the substitution
of tyrosine-329 by a serine residue, which impairs GBE1 activ-
ity. Inactivation of GBE1I and the activation of glycogen syn-
thase (GYS) leads to the generation of polyglucosan bodies
(amylopectin-like polysaccharides with fewer branch points),
which are harmful to neurons and glial cells. These aggre-
gates may cause different phenotypic alterations, such as
neurogenic bladder, partial motor dysfunction in the
extremities, sensorial dysfunction in the lower part of the
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body, and possibly cognitive impairment. The advanced
state of the disease is characterized by difficulty in walking,
impaired balance, and progressive weakness, sometimes ac-
companied by early death (4, 5). Triheptanoin (TH; a tria-
cylglycerol with three heptanoic acid moieties) is currently
under investigation as a possible treatment for APBD [Clin-
icalTrials.gov identifier NCT00947960 (7, 8)]. However,
little is known about the molecular events underlying the
effects of TH and its possible clinical efficacy is still unclear.
Thus, this drug remains far from achieving marketing ap-
proval from the major regulatory agencies (e.g., European
Medicines Agency, Food and Drug Administration, etc.).
Most processes in the cell occur in, at, or around mem-
branes (9). The high density and the variety of cell mem-
branes in the cytoplasm, with different compositions and
physicochemical properties [i.e.: the plasma membrane;
the mitochondrial, nuclear, lysosomal, endosomal, peroxi-
somal, Golgi, and vesicular trafficking membranes; the en-
doplasmic reticulum (ER); and other types of vesicular and
organellar membranes in different cell types] favors the
interactions of soluble proteins with different lipid bilayers.
Because the p.Y329S GBEI mutation causes partial misfold-
ing that may expose internal hydrophobic regions of the
enzyme to the aqueous milieu, the activity of this enzyme
may be modulated by GBEIl-membrane interactions. Such
interactions would be influenced by changes in membrane
lipid composition (1). Indeed, the therapeutic effects of
the lipid TH suggest that membrane lipids may play a rel-
evant role in the etiology, pathophysiology, and therapy of
APBD. As such, the present study was designed to investi-
gate the interactions of WT and p.Y329S-mutated GBE1
with model membranes, so as to study the molecular bases
underlying APBD. In addition, we set out to design and in-
vestigate molecules that could regulate this interaction, en-
hancing GBEI activity, in the hope of defining possible
therapeutic tools for the treatment of this condition.

MATERIALS AND METHODS

Materials

The pFastBac 1 plasmid and SYPRO-Orange were purchased
from Invitrogen (Barcelona, Spain), FicoRI and Nof were obtained
from Fermentas (Madrid, Spain), while shrimp alkaline phospha-
tase was obtained from USB Corporation (Staufen, Germany).
Agarose D-1 was obtained from Conda Laboratories (Barcelona,
Spain) and Grace’s medium was from GIBCO (Madrid, Spain).
Penicillin and streptomycin were purchased from PAA (Pasching,
Austria) and B-mercaptoethanol from Acros Organics (Madrid,
Spain). Purified commercial GBE1 protein and the anti-GBE1 an-
tibody were supplied by OriGene Technologies, Inc. (Rockville,
MD). Due to the altered membrane binding and the potential
loss of activity of this commercial GBE1 (supplemental Fig. S1),
we produced our own WT and GBE1Y329S enzymes (see below).
The oc-D-[HC(U)]glucose-l-phosphate dipotassium salt was pur-
chased from PerkinElmer (Waltham, MA) and a-D-glucose-1-
phosphate was purchased from Alfa Aesar (Karlsruhe, Germany).
IRDye 800CW-linked donkey anti-mouse IgG was provided by
Li-Cor Biosciences (Madrid, Spain), while egg phosphatidylcholine
(PC), liver phosphatidylethanolamine (PE), egg SM, brain phos-
phatidylserine (PS), brain phosphatidylinositol-4,5-bisphosphate
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[PI(4,5)P,], and cholesterol (Cho) were all obtained from Avanti
Polar Lipids (Alabaster, AL). DTT, HEPES, phosphorylase-a, Tris-
HCI, proteinase inhibitors, and all other reagents were purchased
from Sigma-Aldrich (Madrid, Spain).

TH and the triacylglycerol mimetics (TGMs) were produced
by BEGA Pharmaceuticals (Palma de Mallorca, Spain). The
TGMs used here are triacylglycerols with three identical hydrox-
ylated fatty acid molecules, such that: TGMO is the hydroxylated
analog of TH and it contains three 2-hydroxy-heptanoic acid
moieties; TGM1 has three 2-hydroxy-oleic acid moieties; TGM2
has 2-hydroxy-linoleic acid moieties; TGM3A has 2-hydroxy-o-
linolenic acid moieties; TGM3G has 2-hydroxy-y-linolenic acid
moieties; TGM4 has 2-hydroxy-arachidonic acid; TGM5 has
2-hydroxy-eicosapentaenoic acid moieties; and finally, TGM6
has 2-hydroxy-docosahexaenoic acid moieties. The number in
the TGM abbreviation corresponds to the number of double
bonds in the fatty acid molecule.

GBEl cloning and site-directed mutagenesis

The ¢cDNA encoding the recombinant human GBE1 protein
(GenBank accession number BC012098) was kindly provided in
the pOTB7 expression vector (1.8 kb) by Dr. Hasan O. Akman
(Columbia University, NY). This cDNA was subcloned into the
pFastBac-1 vector, adding a C-terminal 6xHis-tag by PCR amplifi-
cation with the Pfu DNA polymerase (Thermo Scientific, Schwerte,
Germany) and using primers with the appropriate sequence
(Fig. 1, Table 1). After an initial incubation at 94°C for 5 min, the
PCR mixture was subjected to 35 cycles (denaturation at 94°C for
45 s, annealing at 65°C for 45 s, and elongation at 72°C for 2 min),
followed by a final 10 min elongation step at 72°C. Human
GBE1Y329S (Fig. 1) was generated from the recombinant pFast-
Bac-1 plasmid by PCR amplification using primers that contained
the selected mutation (Table 1). As such, overlap-extension PCR
was carried out in two consecutive reactions using a high-fidelity
DNA polymerase (Exact Polymerase; 5 Prime Co., Hilden, Ger-
many). In the first reaction, an initial 2 min incubation at 94°C
was followed by 32 thermal cycles (denaturation at 94°C for 45 s,
annealing at 68°C for 45 s, and elongation at 72°C for 2 min) and
a final 10 min elongation step at 72°C. In this first PCR, two inde-
pendent reactions were set up, using the “GBE1 forward” and “in-
ternal reverse” primers in one of the reactions, and in the second
reaction the “internal forward” and “GBE1 reverse” primers. The
products of both of these reactions were combined for a second
amplification process under the same conditions without the ad-
dition of further reagents. The amplicon resulting from this last
reaction contained the modifications shown in Fig. 1. Subsequent
reactions of enzymatic digestion and ligation, as well as bacterial
transformation and purification of the resultant recombinant
constructs were done as described elsewhere (10).

GBEl protein purification

Recombinant GBE1 proteins (WT and Y329S) were produced
in Sf9 cells cultured in suspension in Grace’s medium supple-
mented with 10% FCS (v/v), penicillin (100 units/ml), and strep-
tomycin (100 wg/ml). The proteins were purified as described
elsewhere with slight modifications (11). Briefly, the GBEI pro-
teins (Fig. 1) were overexpressed and purified from the cytosolic
fraction of infected Sf9 cells after harvesting the cells by centrifu-
gation and resuspending them in 6 ml of ice-cold 20 mM HEPES
buffer (pH 8.0) containing B-mercaptoethanol (10 mM), NaCl
(100 mM), and proteinase inhibitors (lysis buffer). A final wash of
the nickel-nitrilotriacetic acid (Ni-NTA) affinity column was done
with 12 ml of HEPES buffer (20 mM, pH 8.0), containing MgCl,
(0.5 mM), B-mercaptoethanol (10 mM), NaCl (100 mM), leu-
peptin (0.5 pg/ml), and imidazole (15 mM) at 30°C. Finally, the
GBE1 proteins were eluted with HEPES buffer (20 mM, pH 8.0)
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Fig. 1.

Human GBEI and GBE1Y329S amino acid sequences. The one-letter code amino acid sequence for

the WT GBEI1 used in the present study. A C-terminal 6xHis tag was added for purification and immunodetec-
tion purposes. In red, the Y-to-S alteration found in APBD patients is shown.

containing B-mercaptoethanol (10 mM), NaCl (100 mM), and
MgCl, (1 mM, elution buffer) and supplemented with imidazole
in a step gradient (20, 40, 80, 120, 240, and 300 mM). The puri-
fied protein was desalted, filtered, concentrated with Amicon
Ultra-15 (30 kDa) and stored at —80°C. The WT protein pro-
duced had good activity, whereas the activity of GBE1Y329S was
always less than that of the WT form. In all cases, the activity of
GBE1 increased in the presence of PC membranes.

Preparation of model membranes

Model membranes (liposomes) were prepared from 10 mM
stock solutions of natural lipids (PC, PE, PS, Cho, and SM) and
synthetic triacylglycerols by mixing the appropriate volumes of
each in glass vials. The solvent (chloroform:methanol, 2:1, v/v)
was then removed under argon and the lipid film was subjected
to vacuum for 2 h to remove traces of solvent. Subsequently, the
lipid films were resuspended by vigorous vortexing in binding
buffer [20 mM HEPES buffer, 100 mM KCl, and 0.1 mM EDTA
(pH 7.4)] to a final concentration of 3 mM (lipid phosphorus).
These multilamellar vesicles were submitted to 10 freeze/thaw
cycles (—196°C/42°C) and, subsequently, the different lipid
emulsions were passed 11 times through a 400 nm pore polycar-
bonate membrane to generate large unilamellar vesicles (LUVs)
using a mini-extruder (Avanti Polar Lipids). The final concen-
tration of the liposomes was determined as described elsewhere
(10). LUVs were prepared in the presence of calcium follow-
ing an identical protocol except that 2 mM CaCly, was added to
the binding buffer. For activity assays, unilamellar vesicles of PC
and PC:TGM (4:1) were prepared in activity buffer (20 mM MES
buffer, pH 6.3) containing 54 mM glucose-1-phosphate and
2.2 mM AMP.

TABLE 1.

GBEl binding to model membranes

Liposomes (1 mM) were incubated for 1 h at 25°C in the pres-
ence of 100 ng of purified GBE1 in a total volume of 300 pl binding
buffer. Membrane-bound GBE1 was then differentiated from un-
bound GBE1 by centrifugation at 90,000 gfor 1 h at 25°C. Finally,
the membrane pellets were resuspended in 36 pl of 80 mM Tris-
HCI buffer (pH 6.8) containing 4% SDS, and combined with 4 pl
of 10x electrophoresis loading buffer [120 mM Tris-HCI (pH 6.8),
1.43 M B-mercaptoethanol, 2% SDS, and 50% glycerol]. In binding
assays with calcium, 2 mM CaCl, was added to the binding buffer.

GBEI protein binding quantification

Binding of WT and mutant GBE1 proteins to model mem-
branes was quantified as described elsewhere (11). Briefly, pro-
teins present in the membrane pellets were fractionated on 9%
polyacrylamide gels and then transferred to nitrocellulose mem-
branes. The membranes were then incubated for 1 h at room tem-
perature with gentle rocking in blocking solution containing PBS
and 5% (w/v) nonfat dry milk. After blocking, the membranes
were probed overnight at 4°C with anti-GBE1 (diluted 1:750 in
fresh blocking solution containing 0.1% Tween 20), washed with
PBS, and then incubated at room temperature for 1 h with IRDye
800CW-linked donkey anti-mouse IgG (diluted 1:4,000 in block-
ing solution containing 0.1% Tween 20 and 0.01% SDS). Anti-
body binding was detected by near infrared fluorescence using an
Odyssey near infrared radiation detection system (LI-COR Biosci-
ences). GBEI protein was quantified using standard curves [i.e., a
plot of the GBEI protein loaded against the integrated optical
density (IOD) of the immunoreactive bands], consisting of four
points of different protein content prepared from a commercial

PCR primers used for WT and GBE1Y329S amplification

GBE1 forward
GBEIl reverse
Internal forward GBE1Y329S
Internal reverse GBE1Y329S

5-ATCGAATTCATGGCGGCTCCGATGACTCCCGCGGCT-3"
5"-CTGGCGGCCGCTCAATGATGATGATGATGATGATTCGGCAGATCCACATTCTGAAGGATGAG-3"
5-GTTTGCCTCCTCCAGCTGGGAAGTTTTAAGATTCCTTCTGTCAAACATAA-3

5 TTATGTTTGACAGAAGGAATCTTAAAACTTCCCAGCTGGAGGAGGCAAAC-3

“EcoRI restriction enzyme site underlined.
"Noll restriction enzyme site underlined.
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GBE1 protein batch (OriGene). This commercial GBE1 protein
was used only for quantification purposes. A linear relationship
between the amount of protein loaded onto the gel and the IOD
was found over the entire range of protein used. The amount of
GBEI protein in the experimental samples was obtained by inter-
polation of the IOD value from these samples in the standard
curve. Thus, the amount of GBE1 protein bound to LUVs was ex-
pressed as the proportion of protein in the pellet fraction with
respect to the total quantity of GBEI initially used in the binding
experiment (100 ng).

GBEl activity

Model membrane suspensions (34 pl containing 6 mM total
lipid) and 4 pl of GBE1 (10 ng) were incubated for 1 h at 25°C
with shaking at 300 rpm. Enzyme activity was then analyzed at
37°C by determining the glucose-1-phosphate incorporation into
glycogen in the absence of the exogenous glycogen primer, as
described elsewhere (12). Briefly, 139 ul of activity buffer, 2 pl of
["Clglucose-1-P (0.02 mCi/ml), and 25 pl of boiled rat muscle
10% homogenate were added to each sample, and a 50 pl aliquot
of the reaction mixture was analyzed as the baseline (time point0).
Subsequently, 5 pl of rabbit muscle phosphorylase-a (22 g/ ul)
were added to the reaction medium and 50 pl aliquots were taken
after 30 and 60 min. In assays with calcium, 2 mM CaCl, were
added to the activity buffer. All these samples were then spotted
onto filter paper, dried for 3 min, and washed twice with 66%
ethanol and once with acetone for 5 min. Finally, the filter papers
were dried and 4 ml of scintillation liquid were added to the filter
paper in each bottle. The radioactivity was measured by a scintilla-
tion counter, measuring the total radioactivity in nonboiled sam-
ples and the nonspecific incorporation in preboiled samples.
Specific activity was determined as the difference between the to-
tal and nonspecific radioactivity.

Differential scanning fluorimetry

Melting temperatures (T,,s) for WT and GBE1Y329S proteins
were determined in strip-tubes using a StepOnePlus RT-PCR ther-
mal cycler (Life Technologies Corporation). Each sample (20 l)
consisted of purified GBE1 protein (0.5 uM) in 20 mM HEPES
(pH 8.0), 100 mM NaCl, 1 mM MgCl,, 0.5 mM EDTA, 1 mM DTT,
and 5x SYPRO-Orange (1:1,000 dilution from the original stock).
The effects of PC membranes (LUVs) were analyzed in the pres-
ence or absence of 20 mol% of the different triacylglycerols, TH,
TGMO, or TGM5. A concentration of 12.5 uM of total lipid was
used in these assays with model membranes. Fluorescence intensi-
ties were measured from 25°C to 95°C with a ramp rate of 1°C/min.
The T, was determined by plotting intensity as a function of tem-
perature and fitting the curve to the Boltzman equation (13, 14).
Relative fluorescence (RF) was calculated considering the relative
increases of fluorescence at each temperature in the following
way: RFi=1 — [(Fmax — i)/ (Fmax — Fmin) ], where Fiis the fluo-
rescence detected at the temperature considered i, Fimax is the
maximum fluorescence intensity detected, and Fmin is the mini-
mum fluorescence intensity in the temperature range of increasing
emission intensities. The raw data were analyzed using the DSF
Analysis 3.0 software (ftp://ftp.sgc.ox.ac.uk/pub/biophysics).

Differential scanning calorimetry

The thermal behavior of the model membranes was studied by
differential scanning calorimetry (DSC) on a TA Instruments
(New Castle, DE) 2920 calorimeter. Briefly, 15 mg l-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) were mixed
with 1 mol% of each of the different natural and synthetic triacyl-
glycerides indicated previously, each of which was dissolved in
chloroform:methanol (2:1, by volume). The lipid mixtures were

dried under an argon flux and solvent traces were removed under
vacuum for at least 3 h at room temperature before hydration.
Multilamellar lipid vesicles were formed by resuspending the lipid
film in 10 mM HEPES, 100 mM KCl, and 1 mM EDTA (pH 7.4),
following eight freeze/thaw cycles (—196°C/40°C). The mixture
was loaded in aluminum hermetic pans and it was subjected to
five consecutive scans between —10°C and 80°C at a scan rate of
1°C or 2°C/min. The transition enthalpy and transition tempera-
ture values shown here corresponded to the means of all the scans
measured and they were obtained using the software provided by
the manufacturer (TA Universal Analysis).

Effects of TGMs on APBD patient’s peripheral blood
mononuclear cells

The effect of TH and of TGMs 0, 1, and 5 on GBE1 activity was
tested in peripheral blood mononuclear cells (PBMCs) collected
from a healthy donor and APBD patients homozygous for the
p-Y329S mutation, and isolated by centrifugation on Ficoll density
gradient, as described previously (4). Briefly, whole blood was di-
luted 1:1 with PBS, added to the top of a Ficoll gradient (Axis-
Shield, Oslo, Norway) and centrifuged at 800 gfor 20 min at room
temperature. The interphase between the plasma and Ficoll-
erythrocyte fractions containing the PBMCs was collected, washed
three times with PBS, and the cells were suspended at 2 x 10°
cells/ml in PBS supplemented with 2% FBS. TH and the TGMs
(300 wM) were then added to the PBMCs, shaken overnight at
37°C, harvested, and assayed for GBE1 activity, as described previ-
ously (12). This protocol was approved by the Hadassah-Hebrew
University Medical Center Institutional Review Board according
to The Code of Ethics of the World Medical Association (Declara-
tion of Helsinki).

Protein structure analysis

Hydrophobicity profiles were generated using the Kyte-Doolittle
method [available at the website http://web.expasy.org/protscale
(15) ], using an amino acid window size of 19 and a relative weight
for window edges of 100%. Exposure of amino acids on the sur-
face was calculated considering the molar fraction (percent) of
3,220 accessible residues (16), with a window size of 19 and a rela-
tive weight for window edges of 100%.

The 3D structure of GBE1 was generated using the coordinates
from the Molecular Modeling Database (identifier #131789) and
the Protein Data Bank [identifier #4BZY; (1)]. Certain amino ac-
ids were highlighted using the website application.

Data analysis

Origin software was used for the data and statistical analysis.
Unless otherwise indicated, the results are expressed as the mean +
SEM from the number of experiments indicated (n). To deter-
mine statistical significance, an ANOVA or an unpaired two-sam-
ple ttest was used when appropriate. Differences were considered
statistically significant at P< 0.05.

RESULTS

The p.Y329S mutation dramatically alters GBE1’s
membrane interactions

Recombinant human WT GBE1 protein and its mutant
counterpart (GBE1Y329S) were purified by affinity chro-
matography (Fig. 2) and their interactions with the most
representative membrane lipids were analyzed. There is
considerable evidence that the p.Y329S mutation intro-
duces important structural changes in GBE1 (1) and,

Triacylglycerol mimetics regulate GBE1 membrane interaction 1601
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Fig. 2. WT and GBE1Y329S protein purification. Proteins were
purified by affinity chromatography on Ni-NTA columns, fraction-
ated by SDS-PAGE, and stained with Coomassie blue (see the Mate-
rials and Methods for more details). GBE1Y329S was eluted at
higher imidazole concentrations than WTI GBEI, which anticipates
relevant structural alterations. M, Mr standards.

indeed, this mutant protein had a different Ni-NTA affin-
ity elution profile (Fig. 2). In addition, more mutant
GBE1Y329S bound to LUVs (Fig. 3), suggesting that the
internal hydrophobic region flanking Y329S could be
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Fig. 3. WT GBEI and GBE1Y329S binding to model membranes.
Model membranes of PC, PC:PE (2:3 molar ratio), PC:PS (3:2),
PC:PE:PS (3:4:3), PC:PE:Cho:SM (1:1:1:1), and PC:PE:PS:Cho:SM
(2.3:2:2.6:2.3:0.8) were used. The bars indicate the proportion
(mean = SEM) of WT and GBE1Y329S protein bound to the model
membranes resembling different membrane types or membrane
microdomains. Representative immunoblots of each binding ex-
periment are shown in the same order as in the graph. The data
represent the mean + SEM of from three to four independent ex-
periments. *P < 0.05; **P< 0.01.
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exposed at the protein’s surface and become involved
in membrane lipid interactions, along with other do-
mains. In fact, the p.Y329S mutation drastically altered
the binding of GBEI to PC, PC:PE, PC:PS, PC:PE:Cho:SM,
and PC:PE:PS:Cho:SM membranes (Fig. 3, supplemental
Fig. S1).

TGMs regulate GBE1Y329S-membrane interactions

TH is currently undergoing clinical trials to investigate
its efficacy to treat APBD and other conditions (Clinical-
Trials.govidentifiers #NCT00947960 and #NCT01993186).
For this reason, we designed and synthesized a number of
TH analogs (TGMs) in order to obtain potentially im-
proved therapeutic tools. We then investigated the effects
of TH and the aforementioned TGMs on the membrane
interactions and activity of GBEI (WT and Y329S). TH
and its closest analog, TGMO, were seen to induce a signifi-
cant concentration-dependent reduction in the binding of
GBE1Y329S to PC membranes (Fig. 4A), whereas they
failed to affect the binding of WT GBEI to PC membranes
(Fig. 4A). When the effect of the other TGMs on GBE1-
membrane interactions was studied, they again condi-
tioned the binding of GBE1Y329S to PC membranes, but
not the interaction of WT GBEI. Hence, it would appear
that hydrophobic amino acids that may interact with cell
membranes become exposed in the mutant enzyme (Figs.
4B, 10; supplemental Fig. S1). In this context, the highly
unsaturated TGMs, TGM4, TGMb5, and TGM6 (with four,
five, and six double bonds per acyl chain, respectively) in-
duced a marked decrease in the binding of GBE1Y329S to
PC membranes (Fig. 4B).

TH, TGMO0, and TGMb5 enhance GBE1 activity

Purified WT GBE1 is more active than GBE1Y329S
(Fig. 5A), and the presence of PC had a positive effect on
the activity of WT GBE1, which was defined as 100%. In
the absence of membranes, the activity of WT GBE1 was
significantly weaker (approximately 35%). The increase
in GBE1Y329S activity induced by TH in PC membranes
was in agreement with its potential therapeutic effect
(Fig. 5B). Moreover, TGMO, o hydroxylated TH analog,
and TGMb both enhanced GBEIY329S activity more
than TH, suggesting that they could be used to treat
APBD, and the in vitro and ex vivo activity of these com-
pounds was evident (Figs. 5A, B; 8). Thus, TGM5 (22% of
the WT activity) and TGMO (28%) induced a marked in-
crease (approximately 2-fold) in activity of GBE1Y329S in
the presence of PC alone (13%; Fig. 5B).

An interesting relationship between GBEI binding to
lipid membranes and GBEI activity was observed, and
the strongest enzyme activity appeared to be induced
within a discrete range of GBE1Y329S binding to mem-
branes, with more or less binding reducing the enzyme’s
activity. (Fig. 5C, E). Outside of this range, more or less
GBE1Y329S binding to membranes was associated with
weaker catalytic activity. Hence, membrane lipids appear
to regulate the activity of GBE1 and consequently, they
will regulate glycogen metabolism and storage, as dis-
cussed below.
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TGMS>5, but not TH or TGMO0, induced GBE1Y329S
thermal stabilization

The T, [the equilibrium point where folded and un-
folded protein concentrations are identical according to a
reversible two-stage unfolding model (13) ] of GBE1 (48.9°C)
was markedly higher than that of GBE1Y329S (41.68°C)
(Fig. 6, supplemental Fig. S3), indicating that the mutant
protein had lower thermal stability, possibly due to folding
alterations. The presence of PC membranes increased the
thermal stability of both GBE1 and GBE1Y329S relative to
the purified enzyme (Fig. 6). Moreover, PC membranes con-
taining TGMb (Fig. 6, supplemental Fig. S2, supplemental

Triacylglycerol mimetics regulate GBE1 membrane interaction

Table S1), as well as TGM5, added directly to GBE1Y329S
without PC membranes (Fig. 7), markedly induced higher
T,, values in GBE1Y329S, as determined by differential
scanning fluorimetry (DSF). This thermal stabilization of
GBE1Y329S was not higher in the presence of TH or TGMO,
as compared with PC alone (Fig. 6H, supplemental Fig. S2,
supplemental Table S1). Similarly, TGMs induced only
modest changes in the thermal stability of WT GBE1 with
respect to PC alone (Fig. 6D, supplemental Fig. S2, supple-
mental Table S1).

TH, TGMO0, and TGM5 increased GBE1Y329S activity in
APBD PBMCs

In agreement with the above in vitro data, TH, TGMO, and
TGMb5 also increased GBE1Y329S activity in cells (PBMCs)
from APBD patients ex vivo (Fig. 8). Therefore, to deter-
mine the potential clinical value of these compounds,
we compared the effect of TH, TGMO, and TGM5 in cells
(all three activators of GBE1Y329S in vitro) with that of
the negative control, TGM1. Overnight incubation of
APBD PBMCs with TGMO and TGMb) significantly en-
hanced GBE1Y329S activity (Fig. 8), whereas incubation
with TH did not significantly affect the enzyme’s activity
and TGM1 abolished GBE1Y329S activity. This data further
supports the critical influence of membrane structure on
this enzyme.

TGMs regulate membrane lipid structure

The effects of the different TGMs on membrane lipid
structure were investigated by DSC (Table 2, Fig. 8), analyz-
ing the gel-to-fluid (T,,), and the lamellar-to-hexagonal Hy
(Ty) transition temperatures and enthalpies of POPE in
the presence or absence of the various TGMs studied here
(1 mol%). In this context, TGMO induced a modest (ap-
proximately 1°C) reduction in the T, values, while the rest
of the TGMs failed to produce a significant change (Table
2). Hence, these molecules had little effect on membrane
fluidity. Similarly, TGMO induced a modest reduction in
Ty (approximately 1°C), whereas TGMb5 and the other lon-
ger unsaturated TGMs induced larger reductions in the
transition to the nonlamellar phase (Hy). As such, TGMs
appear to reduce membrane surface packing, which may
allow other hydrophobic protein moieties (lipid or peptide
moieties) to penetrate the lipid bilayer.

Ca™ and PS differentially regulate WT and GBE1Y329S

PS did not have a significant effect on GBE1 binding to
PC membranes (Figs. 3,9), but Ca” and PS together drasti-
cally changed this behavior. The binding of WI GBEI to
PC:PS was significantly enhanced in the presence of cal-
cium ions (Fig. 9A). However, other important anionic lip-
ids, like PI(4,5)Py, did not affect the binding of WT GBEI
to PC membranes in the presence of Ca®". This enhanced
GBEI-Ca*-PS interaction was associated with weaker enzy-
matic activity (Fig. 9B, D), and PI(4,5)P, also decreased
GBELI activity, albeit to a lower extent than PS (Fig. 9B, D).
Thus, important second messengers, like Ca%, and the
membrane lipid, PS, seem to jointly play a key regulatory
role in glycogen metabolism.
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GBE1Y329S did not behave like the WT enzyme and, in
the absence of Ca2+, the binding of the mutated protein to
PC, PC:PS, and PC:PI(4,5)P, membranes was enhanced
relative to the WT GBE1 (Fig. 9A, C). In contrast to GBEI,
GBE1Y329S binding to PC:PS and PC:PIP, membranes was
not significantly different in the presence of Ca”* (Fig. 9C).
Finally, Ca” and PS or PI(4,5)P, induced some reduction
in GBE1Y329S activity (Fig. 9B, D).

DISCUSSION

Cell membranes play critical roles in the modulation of
both soluble and membrane-associated enzymes (11, 17—
23). Indeed, it is estimated that over 90% of the activities in
a cell occur at or around membranes, in part owing to their
huge surface area within cells (24). In this context, part of
the cell’s glycogen is degraded in membrane-bound lyso-
somes by acid a-1,4-glucosidase and, moreover, glycogen is
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transported to lysosomes via autophagosomes that fuse with
their membranes (24). Important glycogen-related enzymes
seem to be associated with membranes, such as laforin or
GM [glycogen targeting subunit M (25, 26)], the former
being a purported regulator of autophagy (27) thought to
play an important role in controlling selective glycogen re-
cycling during autophagy (28). Moreover, a physical asso-
ciation between newly formed polyglucosans and the ER
has been suggested in Lafora disease (29).

As cell membranes are expected to partake in glycogen
metabolism and as the synthetic lipid, TH, is already in
clinical trials for treating the glycogen storage disorder,
APBD, we opted to investigate the interactions of the en-
zyme mutated in APBD, GBE1, with lipid bilayers, and the
effect of membrane lipids on the activity of WT and mutant
GBEI1. Model lipid bilayers that resemble different mem-
brane types and distinct lipid microdomains in cell mem-
branes were used to determine the effect of cell membranes
on GBEI activity, studying the in vitro interactions of
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purified WT and mutant GBE1Y329S. In addition, we as-
sessed the effect of TH and other triacylglycerols on GBEI-
membrane interactions and on the WT and GBE1Y329S
enzyme activity. We observed that GBE1Y329S binding to
model membranes was enhanced relative to the WT GBEI,
possibly due to a conformational change that affected the
mutant protein’s hydrophobicity to some extent, but mainly
externalized a hydrophobic amino acid stretch in the vicin-
ity of S329 (Fig. 10, Table 3).

Binding of both our GBE1Y329S and the commercial
GBEI to membranes was enhanced relative to our WT
GBEL, suggesting misfolding of the former proteins (sup-
plemental Fig. S1). GBE1Y329S misfolding was further sug-
gested by the distinct elution profiles of the GBE1Y329S
mutant and the WT GBEL (Fig. 2), by the lower thermal
stability (T,,) of the mutant protein (Fig. 6), by the higher
DSF fluorescence level associated with the mutated form
(Fig. 6), and by the surface probability close to residue 329
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in both the WT and mutant GBE1 (Fig. 10). In general, the
binding of GBE1Y329S to membranes had a great impact
on its activity. Either little or high protein binding resulted
in less enzyme activity, with a peak of GBE1Y329S activity
when binding was in the range of 200-250% of that of WT
GBEI to PC (Fig. 5). Hence, lipids may provide protection
and can stabilize GBE1Y329S, yet excessive membrane bind-
ing may hinder the active site or impose structural changes
that could dampen its activity. In this context, the high
density of membranes inside cells suggests that GBE1Y329S
activity in vivo could be positively or negatively influenced
by the membrane lipid composition, which in turn may be
modulated by diet or pharmacotherapy (30-33). Thus, al-
though the activity of GBE1Y329S was weaker than that
of the WT, both enzymes were more active in the presence
of PC membranes. There is a relationship between the
p-Y329S mutation, protein hydrophobicity and surface
probability (Fig. 10), and the impact of these alterations on



L o o
1 1 1

GBE1 Activity
(nmol/min/mg prot.)

[N ]

APBD

TH TGM0O TGM1 TGMS

TGMS

POPE

v

Al

POPE + 1 mol% TGMO0

heat flow (mcall/sec)

POPE + 1 mol% TGM5

0 20 40 60 80
temperature (°C)

Fig. 8. Structure and effects of TH, and of TGMO, TGM 1, and TGM 5 on GBE1Y329S activity in APBD patient’s PBMCs. Upper panel:
APBD PBMCs were incubated overnight in the presence or absence (APBD) of 300 uM of the triacylglycerides indicated. After harvesting
the PBMCs, GBE1Y329S activity was determined as described [mean + SEM; *P < 0.05 (12)]. Lower panel: Structure of TGMO and TGM5.
Right panel: DSC experiments showing the effect of TGMO and TGM5 on the lipid structure of POPE membranes. The first peak corre-
sponds to the solid-to-liquid phase transition and the second peak accounts for the lamellar-to-hexagonal (Hj;) phase transition.

the activity and membrane binding of GBE1Y329S extends
the structure-function studies recently published (1). To
our knowledge, this is the first time that the activity of the
purified enzyme and the effect of membrane interactions
have been shown.

TABLE 2. Effect of TGMs (1 mol%) on the POPE transition
enthalpies and temperatures

T, (°C) AH (kcal/mol) Ty (°C) AH (kcal/mol)
POPE 23.6 £ 0.2 4.42 +0.03 69.1 £ 0.5 0.42 +0.03
TH 23.1+0.2 5.90 = 0.22 62.5+0.7 0.50 + 0.06
TGMO 22.7+0.2 5.88 +0.97 68.3 +0.6 0.51 +0.04
TGM1 23.8+0.3 5.78 +0.08 66.0 0.9 0.55 +0.06
TGM2 23.0+0.2 5.78 +0.07 62.0 +1.1 0.67 +0.24
TGM3A 23.6 +0.2 5.09 +0.07 63.5 +0.2 0.56 +0.02
TGM3G 23.3+0.1 4.30 £ 0.05 63.8 +0.1 0.30 +0.03
TGM4 23.2 +0.2 3.55 + (.22 64.6 + 0.8 0.37 +0.09
TGMb 23.7+0.1 3.20 £ 0.03 65.6 + 0.2 0.20 +0.10

Triacylglycerol mimetics regulate GBE1 membrane interaction

According to this scenario, TH may potentially have
therapeutic activity for treating APBD (7), which further
supports a possible role for membranes in the regulation of
GBE1Y329S and in APBD therapy (31). TH has been pro-
posed to ameliorate APBD by providing an alternative keto-
genic source of energy (7). However, polyglucosan bodies
clog axons (34) and cause neuronal death by apoptosis
(28), indicating that an energetic deficit is not a primary
pathogenic driver in APBD, where the exclusion of glyco-
gen from neurons causes it to become a marginal energy
source anyway (35). Therefore, using a triacylglycerol as an
alternative source of energy to glucose/glucan would not
be expected to counteract neurotoxicity. As such, explain-
ing the therapeutic effects of TH in terms of GBE1Y329S
stabilization rather than as a means of surmounting the en-
ergetic deficit is a novel notion worthy of being pursued.
This hypothesis led us to design a series of triacylglycerols
that we called TGMs and that are structurally similar to TH
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in terms of the glycerol backbone and three fatty acids.
These molecules are good candidates for treating APBD
and other conditions through membrane lipid therapy,
particularly because they modulate the composition and
structure of cell membranes, and because they are more
stable than nonhydroxylated triacylglycerols (36). This thera-
peutic approach involves the regulation of the mem-
brane lipid structure, as has formerly been considered to
treat other CNS conditions like Alzheimer’s disease or glio-
mas (37, 38).

Although TH could compensate the cell energy deficit in
APBD patients, the molecular and cellular mechanisms of
action of such an effect are not fully understood (7). The
present study shows that TH influences the interactions of
GBE1 with lipids, and that these interactions enhance GBE1
activity in vitro. However, for future therapeutic consider-
ations, TH is cleaved by a lipoprotein lipase and the result-
ing heptanoate is used as fuel in the liver, muscle, and nerve
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tissue (7). This metabolism could reduce the bioavailability
of TH and its therapeutic effects in patients. In order to
overcome this problem, we designed a more stable hydrox-
ylated TH analog (TGMO0), a modification that offers some
protection from triacylglycerol metabolism by lipases (36).
TGMO significantly increased GBE1Y329S activity in PBMC
cells from APBD patients homozygous for that mutation
and TGM5 also enhanced GBE1Y329S activity in vitro and
ex vivo (Fig. 8). Moreover, there was a good correlation be-
tween GBE1Y329S activity in vitro (liposomes) and in APBD
patient’s cells (PBMCs) in the presence or absence of differ-
ent triacylglycerols (control PC with or without TH, TGMO,
TGM1, or TGM5; Fig. 5). Furthermore, the differential ef-
fects of the various TGMs on WT and GBE1Y329S binding
to membranes indicate that this interaction is based on
membrane lipid structure and protein-membrane interac-
tions. As indicated above, the effect of the various TGMs
used was associated with regulatory effects on the enzyme’s
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activity. Enhancing GBE1Y329S activity by regulating the
structure of the membrane could have a therapeutic effect,
as the branching activity might overcome the minimum
ramification threshold to maintain glycogen stability. In
fact, patients who are heterozygous for GBE1Y329S do not
manifest the APBD phenotype, which suggests that, while
incomplete, the increase in GBE1Y329S activity shown here
for TGMO and TGM5 may have sufficient therapeutic
potential.

Thermal stability is a means to investigate protein
structure and ligand-protein interactions (13). The higher
T,, determined by DSF for GBE1 (48.9°C) with respect to
GBE1Y329S (41.68°C) indicates a lower thermal stability
for the latter, consistent with the altered folding indicated
previously (1). The presence of PC membranes increases
the thermal stability of both WT and GBE1Y329S, and no-

Triacylglycerol mimetics regulate GBE1 membrane interaction

tably, TGMb induces the largest increase in T, for both WT
and GBE1Y329S (more so for the latter; Fig. 6). This in-
crease in thermal stability produced by PC, and specifically
by TGMb, in part explains the stronger activity observed for
the WT and GBE1Y329S enzymes in the presence of these
lipids. Thermal stabilization enhances the activity of many
proteins, some of them related to GBEI [e.g., a-amylase
(39)]. The molecular events behind such effects could be
related to protein-membrane interactions that may favor
protein docking. In addition, direct TGM protein binding
could possibly stabilize the misfolded area around the
S329 residue in GBEL, as our DSF data suggest (Fig. 7).
These results suggest that the thermal stability of purified
GBE1Y329S in the presence of PC vesicles could be used as
a criterion for APBD drug discovery (13). It is noteworthy
that both TGMO0 and TGMb enhanced GBE1Y329S activity,
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TABLE 3. Hydrophobicity and surface probability around

Y/S329 (in bold)

Kyte-Doolittle Hydrophobicity Surface Probability

Amino Acid ‘WT GBE1 GBE1Y329S WT GBE1 GBE1Y329S
S319 —0.753 —0.753 5.311 5.311
R320 —0.753 —0.726 5.311 5.537
L321 —0.942 —0.916 5.679 5.905
F322 —0.816 —0.789 6.042 6.268
A323 —0.821 —0.795 5.621 5.847
S324 —0.984 —0.958 5.568 5.795
R325 —0.679 —0.653 5.553 5.779
1.326 —0.242 —0.216 5.568 5.795
F327 —0.458 —0.432 5.453 5.679
A328 —0.274 —0.247 5211 5.437
Y/S329 0.095 0.121 5.332 5.558
S330 0.479 0.505 5.179 5.405
S331 0.237 0.263 5.421 5.647
W332 0.100 0.126 5.700 5.926
E333 0.521 0.547 5.442 5.668
V334 0.326 0.353 5.184 5.411
L335 0.516 0.542 5.021 5.247
R336 0.268 0.295 4.842 5.068
F337 0.321 0.347 4.968 5.195
L338 0.042 0.068 4.921 5.147
L339 —0.074 —0.074 4.953 4.953
$340 —0.100 —0.100 4.726 4.726
N341 —0.295 —0.295 4.468 4.468
1342 —0.100 —0.100 4.521 4.521
R343 —0.100 —0.100 4.626 4.626

although only the latter induced marked thermal stabiliza-
tion. Indeed, the structures of TGMO (with 7-carbon fatty
acyl moieties and no double bonds) and TGMb) (with
20-carbon fatty acyl moieties containing five double bonds)
differ considerably. While both incorporate into the lipid
bilayer and induce some related structural effects on mem-
branes, there are differences in the way they regulate the
bilayer. TGMO induces a 1°C reduction in T, and Ty, indi-
cating that it modestly facilitates both the solid-to-liquid
and the lamellar-to-hexagonal (Hj) phase transitions. By
contrast, TGMb) (and other long-chain TGMs) have no
effect on membrane fluidity (not affecting the T ), but
they have an important effect on the bilayer’s nonlamellar
phase propensity (approximately 4°C reduction in Ty;
Table 2). Moreover, all TGMs containing polyunsaturated
fatty acid moieties (TGM2, TGM3, TGM4, TGM5, and
TGMS6) start to form Hy; phases that coexist with lamellar
phases at 55-60°C, as shown for other triacylglycerols (40).
Considering the relatively low amount of TGM used in
these assays (1 mol%), the results presented here are physi-
ologically relevant. A reduction in the bilayer’s lateral sur-
face pressure (consistent with Ty reductions) would allow
hydrophobic areas of a protein to interact with inner hy-
drophobic regions of the membrane, thereby regulating
the activity of GBE1.

Ca” isa key second messenger in the regulation of gly-
cogen metabolism and energy expenditure and, along
with cAMP, Ca® can activate glycogen phosphorylase in
the liver. Increases in cytosolic Ca”™ can be produced in
response to phosphoinositide hydrolysis, activation of
the ER/sarcoplasmic reticulum IP3 receptor and sub-
sequent Ca® release from the ER/sarcoplasmic reticu-
lum store. An increase in cytosolic Ca® would activate
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phosphorylase kinase and, in turn, the liver glycogen
phosphorylase (41). In addition, AMPK is activated by an
increase in the intracellular AMP and Ca® concentra-
tions, subsequently inhibiting biosynthetic pathways,
such as glycogen synthesis (13, 42). Here, for the first
time we describe how Ca®* can regulate GBE1 activity and
its interaction with membranes. The interaction of o-
amylase family members other than GBEI with Ca®" has
been demonstrated elsewhere (39).

Indeed, significantly and markedly enhanced binding
of WT GBEI to PS-rich membranes is only observed in the
presence of Ca®, and this interaction was associated with
markedly weaker GBE1 activity. This response fits the gly-
cogen synthesis/energy storage repressor role of calcium
ions, as GBE is required for glycogen synthesis. By con-
trast, a nonsignificant influence of PS and Ca®" on both
membrane binding and activity was observed for GBE1Y329S,
indicating regulatory differences between the WT and mu-
tant enzyme forms: While WT GBEI is responsive to regu-
latory cues from Ca” and PS, the mutant GBE1Y329S form
is not. It will be interesting to test in the future the re-
sponse of the entire machinery that orchestrates the bal-
ance between glycogen synthesis and degradation, GBE,
GYS, and glycogen debranching enzyme, to Ca® and PS
regulation.

There is an inverse correlation between the GBE1/GYS
activity ratio and polyglucosan production (28). Thus, con-
sidering a similar model that involves GYS, glycogen phos-
phorylase, GBEI, and glycogen debranching enzymes may
help to better understand the origin and development of
polyglucosan bodies. Including laforin phosphatase in the
equation (43, 44) could also be of interest, as it is thought
to participate directly in polyglucosan body formation in
Lafora disease, although the same role is still to be shown
in APBD. If the regulation of multiple key enzymes by Ca®*
is very dynamic, new questions arise, such as the possible
role of Ca® in the regulation of glycogen debranching en-
zymes, the involvement of very low GBE1/GYS activity ra-
tios in the origin of polyglucosan bodies or the possible
interference of GBEI in a phase of glycogen degradation
when GBEI should be inactive. Answering these questions
may provide important cues for the efficient clearance of
polyglucosan bodies in patients with APBD or Lafora dis-
ease. Finally, all these results further highlight the dynamism
and the important regulatory role of cell membranes in the
context of cell signaling and metabolism, and more specifi-
cally, of membrane lipids and the structures they form.

In summary, the results from this work shed light on
previously unknown regulatory effects of lipids and Ca™
on GBE1 and GBE1Y329S. These data will contribute to
our understanding of the molecular aspects of glycogen
branching in cells and of APBD pathophysiology. In this
context, two molecules have been shown to have significant
therapeutic potential: the TH analog, TGMO, that could
undergo further development as a pharmaceutical drug;
and the EPA-derived triacylglycerol, TGM5, which can be
developed as a food supplement and has recently been
marketed in the European Union (EPApother, Bega Phar-
maceuticals) Hi
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