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Engineering new metabolic pathways in isolated
cells for the degradation of guanidinoacetic
acid and simultaneous production of creatine
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Here we report, for the first time, the engineering of human red
blood cells (RBCs) with an entire metabolic pathway as a poten-
tial strategy to treat patients with guanidinoacetate methyl-
transferase (GAMT) deficiency, capable of reducing the high
toxic levels of guanidinoacetate acid (GAA) and restoring
proper creatine levels in blood and tissues. We first produced
a recombinant form of native human GAMT without any
tags to encapsulate into RBCs. Due to the poor solubility and
stability features of the recombinant enzyme, both bioinfor-
matics studies and extensive optimization work were per-
formed to select a mutant GAMT enzyme, where only four
critical residues were replaced, as a lead candidate. However,
GAMT-loaded RBCs were ineffective in GAA consumption
and creatine production because of the limiting intra-erythro-
cytic S-adenosyl methionine (SAM) content unable to support
GAMT activity. Therefore, a recombinant form of human
methionine adenosyl transferase (MAT) was developed. RBCs
co-entrapped with both GAMT and MAT enzymes performed,
in vitro, as a competent cellular bioreactor to remove GAA and
produce creatine, fueled by physiological concentrations of
methionine and the ATP generated by glycolysis. Our results
highlight that metabolic engineering of RBCs is possible and
represents proof of concept for the design of novel therapeutic
approaches.
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INTRODUCTION
Guanidinoacetate methyltransferase (GAMT; EC:2.1.1.2) deficiency
(OMIM: 612736)was recognized as thefirst autosomal recessive inborn
error of creatine metabolism in 1994 and is the most severe condition
among the cerebral creatine deficiency syndromes (CCDSs).1,2

GAMT deficiency is a rare disease, with an incidence of 1:550,000–
1:2,640,000 newborns3 and a prevalence of <1/1,000,000 (www.orpha.
net).This enzymecatalyzes the last stepof creatine synthesis, facilitating
the transfer of a single methyl group from S-adenosyl methionine
(SAM) to guanidinoacetate acid (GAA), forming creatine and S-adeno-
sylhomocysteine (adoHcys). Creatine, a molecule of vital importance
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for the energy of the organism, is synthesized in the liver of all mam-
mals, released into the blood, and captured by the tissues that require
it.1 At the biochemical level, the disease is characterized by extremely
low levels of creatine in the tissues and bodily fluids (urine, plasma,
and cerebrospinal fluid) and by the accumulation of its precursor
GAA, a highly toxic molecule for the organism, especially for the
brain.2,4 GAMT defect phenotype is characterized by developmental
delay/arrest, leading to severe intellectual disability with relevant lan-
guage impairment,2,5 developmental epileptic encephalopathy,4,6 and
movement disorders in about half of subjects.3,7 A lifetime treatment
aimed at restoring brain creatine and preventing GAA accumulation
has been suggestedand includes creatine supplementation, limited argi-
nine intake with the diet, and ornithine and/or sodium benzoate sup-
plementation. The treatment has proved to be effective in preventing
the emergence of the GAMT-deficient phenotype in pre-symptomatic
patients, while in late treated subjects improved the pharmacological
control of the seizures.8,9 To be successful, the therapy must be strictly
followed, which can often lead to poor compliance of patients and their
caregivers. Within this context, there is, therefore, an urgent need for
novel therapeutic approaches that could enable an efficient treatment
of subjects suffering from a deficit of creatine. An attractive and suitable
option consists of removing the high levels of circulating GAA from
blood and restoring normal levels of creatine in the brain throughout
the administration of synthetic GAMT, the defective enzyme, in a
cellular context capable of providing SAM as methyl donor. The
simplest cell abundantly present in circulation is the erythrocyte (red
blood cell [RBC]). Other authors and we have already reported that
RBCs have unique properties that permit the encapsulation of recom-
binant enzymes without affecting their in vivo circulation and all
main biochemical, immunological, and morphological properties.10
22 ª 2022 The Author(s).
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Indeed, selected RBC constructs are in clinical development, as recently
reported by Rossi et al.10 Based on these premises, we have engineered
human RBCs by the reconstruction of a convenient metabolic pathway
that takes advantage of the cell membrane permeability to uptake
plasma GAA to be converted into creatine that is later released into
the circulatory system. In fact, creatine can be transported out of the
cell by a creatine low-affinity transport, representing an exchange diffu-
sion,11 and, in any case, high creatine levels inside RBCs do not damage
the RBCs themselves.12 This approach requires the design and produc-
tion of both enzymes, namely GAMT and methionine adenosyl trans-
ferase (MAT; EC:2.5.1.6), as described in this paper. In a similar way,
mice erythrocytes have been engineered to be used as bioreactors to
decrease ammonium concentration in blood.13 However, to the best
of our knowledge, for the first time, an entire metabolic pathway has
been engineered into human RBCs. The whole metabolic pathway
from GAA to creatine is operative in RBCs loaded with recombinant
human GAMT and MAT, at different ratios, while physiological levels
ofmethionine inhumanplasma can sustain the formation of creatine. It
is envisaged that these metabolically engineered cells can be used as a
medicament, in particular for the treatment of subjects suffering from
a disease or condition caused and/or characterized by a deficit of crea-
tine, like GAMT deficiency,14 and methionine-dependent tumors.15

RESULTS
Cloning strategies to optimize recombinant human GAMT

expression

Different expression strategies were explored to obtain a recombinant
human GAMT, with the final aim to produce an enzyme suitable for
therapeutic purposes. The GAMT coding sequence was initially
cloned in a pET45b expression plasmid directly fused to the His-tag
coding sequence and transformed in BL21(DE3) Escherichia coli
strain. All attempts to optimize expression resulted in most of the
protein being insoluble. Removal of the tag resulted in poor expres-
sion and the addition of a pelB signal sequence instead generated
an insoluble product. Only the N-terminal tag-based strategies al-
lowed the expression of the recombinant enzyme (further details in
the supplemental information and Figure S1). Thus, starting from
these results, a construct was designed and developed aimed to ex-
press an N-terminal tagged GAMT precursor and introduce a cleav-
age site to specifically remove the added tag. GAMT was cloned in the
pET45b-UB plasmid, where the recombinant product, His-UB-
GAMT, can be cleaved with a deubiquitylating enzyme, ubiquitin-
specific protease 2 (USP2), resulting in the removal of the His-ubiq-
uitin partner and releasing the natural GAMT protein (Figure 1A).
This construct, named pET45b/His-UB-GAMT, allowed the expres-
sion of the protein at high levels, although mostly retained in the
insoluble fraction (Figure 1B). The no-tag recombinant enzyme was
obtained from the supernatant fraction byNi Sepharose-affinity chro-
matography, performed before and after USP2 digestion (Figure 1C).

Kinetic activity and stability of native GAMT

The recombinant human GAMT no-tag showed a good affinity for its
substrate GAA with KM value of 0.057 ± 0.009 mM and a specific ac-
tivity (S.A.) of 0.08 ± 0.02 mmol/min/mg. However, the enzyme did
Molecu
not show acceptable stability, especially when stored at 4�C. Figure 1E
shows S.A. values of native GAMT, stored for different times (3 days
and 1, 2, 3, 5, and 7 weeks) at different temperatures (4�C,�20�C, and
�80�C). A rapid decrease of enzymatic activity was detected already
after 3 days at 4�C (0.05 ± 0.009 mmol/min/mg versus 0.08 ±

0.02 mmol/min/mg at time 0) until to a complete disappearance after
2 weeks of storage. Aliquots stored at �20�C and �80�C have un-
changed S.A. values, highlighting the effectiveness of the conservation
process. These data are confirmed by the SDS-PAGE (Figure 1D), in
which an evident thinning of the band corresponding to the intact
enzyme can be observed at 4�C storage only.

Native GAMT engineering to increase protein stability and

solubility

The pET45b/His-UB-GAMT construct underwent solubility and
stability optimization before project scaling-up. Of note, no refold-
ing of the protein from inclusion bodies was attempted because
the GAMT no-tag purified from the soluble fraction already showed
degradation (Figure 1D) and formation of visible precipitates over
time. Based on personal experimental evidence consistent with the
results reported by Komoto et al.16 for rGAMT from rat liver,
Leu37 and Gly38 residues show propensity to protease cleavage (Fig-
ure 1D). To increase the stability of recombinant GAMT (rGAMT),
different site-directed mutagenesis targeting Leu37 and Gly38 resi-
dues were performed to generate three mutagenized expression con-
structs, carrying analogs of amino acid residues: hydrophobic amino
acid substitution Leu37Ile (L37I), amino acid substitution of the
small residue Gly38Ala (G38A), and the combination L37I-G38A
(Figure 2A). All the mutants proved to be stable under different con-
ditions (the stability of the double mutant L37I-G38A GAMT in
both the precursor [His-UB-GAMT] and no-tag [GAMT] form is
shown in Figures 2B and 2C); however, the no-tag single mutant
L37I exhibited a lower specific activity respect to the wild-type
enzyme (0.03 versus 0.08 nmol/min/mg), while, for the mutant car-
rying the two amino acid changes (L37I-G38A), no activity was de-
tected (Figure 2D). BLAST alignments run to identify highly
conserved amino acids at the mutagenized positions showed that
the mutagenized residues (L37 and G38) are highly conserved in
all the GAMT proteins sequenced, with the exception of Leu37Met
(L37M) in the Coturnix japonica (predicted sequence), Pundamilia
nyererei (predicted sequence), and Branchiostoma floridae (pre-
dicted sequence). Therefore, L37M substitution was tested instead
of L37I for its ability to preserve GAMT stability. Furthermore,
the predicted effect of L37M substitution on protein flexibility is
shown to be lower compared with L37I or L37I-G38A substitutions
(Figure S2). The purified wild-type recombinant GAMT protein is
also prone to precipitation, as mentioned previously. Although
GAMT functions as a monomer, hydrophobic and hydrophilic in-
teractions among monomers promote the formation of a homote-
tramer, as also seen in the crystallographic structure (Figure 3A).
By reasoning that the precipitation of rGAMT may also stem from
the formation of this ternary structure, in silico studies focused on
targeting the main intermolecular interactions among four GAMT
monomers were performed. These led to the identification of two
lar Therapy: Methods & Clinical Development Vol. 25 June 2022 27
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Figure 1. Expression strategy of native GAMT

(A) Expression strategy to obtain no-tag GAMT from the pET45b/His-UB-GAMT construct. (B) SDS-PAGE of a representative time course induction experiment, where

supernatant (S) and pellet (P) fractions are compared. NI is the not-induced sample. (C) NI-affinity chromatography performed before and after USP2 digestion. (D) Stability

assay: His-UB-GAMT and no-tag GAMT were stored at different temperatures, for the times indicated. (E) GAMT specific activity (S.A.) at different storage conditions,

expressed as micromoles/minute/milligrams. Data are means ± SD of 3 independent experiments. ON, overnight. Low-molecular-weight (LMW) protein standards are

indicated by arrowheads.
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residues situated in the N terminus (Ala26 and Leu37) and one in the
C terminus of GAMT (Val215), predicted to mediate hydrophobic
interactions between two GAMT monomers (Figures 3A and S3).
To further address the solubility issue, we also conducted bio-
informatic analyses of hotspots of protein aggregation, resulting in
the identification of an additional residue (Ile187) with a high aggre-
gation potential (Figure 3B). The four selected residues were re-
placed considering the conformational free energy change (DDG)
caused by the single amino acid changes (calculated by Eris platform
dynamic models), their influence on the intermolecular energy
interactions (calculated by FoldX), and the positive contribution
on solubility (calculated by Aggrescan3D). On the basis of these con-
tributions, the best candidates were A26N, L37M, I187Q, and
V215Q (Figure 3C). The predicted DDG of protein folding after
the planned multi-site mutagenesis is �1.93 kcal/mol. Upon muta-
genesis, three candidate clones were selected for further studies:
28
CL32: A26N-L37M-I187Q-V215Q

CL51: L37M-I187Q-V215Q
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CL76: A26N-L37I-I187Q-V215Q

Hereon, the termGAMTwill refer tomutagenized forms, which are de-
picted in the scheme of Figure 4A. Although most of the recombinant
His-UB-GAMT protein continued to aggregate in the inclusion bodies,
the small-scale induction of the mutagenized constructs, performed as
described in materials and methods, showed an improvement in terms
of solubility for the three clones (CL32, CL51, and CL76), with an
increased amount ofHis-UB-GAMT in the soluble fraction (Figure 4B).
At the protein level, all GAMT mutants showed no degradation when
maintained up to 42 h at 37�C, both in the His-UB-tagged form and af-
ter USP2-mediated His-UB removal (Figure 4C). The enzymatic activ-
ities of CL32, CL51, and CL76 evaluated at the end of purification (time
0) were 0.15, 0.16, and 0.09 U/mg protein, respectively. The enzyme
assay of GAMT showed that CL32 and CL51 maintained about 60%
and 56% of activity after three days at 37�C, respectively, whereas
CL76 exhibited about 33% activity under the same conditions. On the
basis of these results, CL32 was selected as lead candidate for the subse-
quent studies, from the laboratory-scale expression to the scaling-up
production by synthetic media.
22



Figure 2. GAMT mutagenesis and protein stability

(A) His-UB-GAMT expression cassette: the designed

amino acid substitutions within GAMT coding sequence

are highlighted. (B and C) Stability assay: His-UB-GAMT

and no-tag GAMT carrying the double amino acid sub-

stitutions (L37I-G38A) were stored at different tempera-

tures, for the times indicated, and then analyzed by SDS-

PAGE. Low-molecular-weight (LMW) protein standards are

indicated by arrowheads. RT, room temperature. (D) Spe-

cific activity of the three mutagenized GAMT, both in the

precursor and tag-less form (mean ± SD) .
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Expression optimization of GAMT CL32 in BL21(DE3)

As first attempts, expression studies were performed at laboratory scale
in Luria and Bertani (LB) medium using the standard conditions
described in materials and methods, i.e.: 37�C incubation during
both the growth and induction phase, started by 1 mM isopropyl ß-
D-1-thiogalactopyranoside (IPTG) addition. The yield of His-UB-
GAMT after the first Ni-affinity chromatography was around
33 mg/L of induced culture, from which about 20 mg of native
GAMT were recovered after USP2 digestion (�60% recovery yield).
The specific activity of the enzyme produced at laboratory-scale level,
at the end of the purification step (time 0), was lower than the previous
production (0.09 versus 0.15 mmol/min/mg), owing to a lower degree
of purity of the product. In addition, stability studies showed that the
enzyme activity decreased by about 30% after 24 h at 37�C (0.07 mmol/
min/mg) and then remained mostly stable until three days, with values
of 0.07 mmol/min/mg (48 h) and 0.06 mmol/min/mg (72 h), respec-
tively. Subsequently, to move toward a product for clinical use,
different scaling-up productions (using 5.5 L culture volumes) were
performed in synthetic media, using a head plate layout 7-L bioreactor
(Applikon Italia). The scaling-up phase in the synthetic medium al-
lowed obtaining a good yield of protein after the two Ni-affinity chro-
matography (�7.0 mg of native GAMT per liter of induced culture),
with specific activity values overlapping those obtained with LB me-
dium in laboratory-scale experiments. A representative large-scale
expression/purification experiment for GAMT CL32 is shown in Fig-
ures 5A and 5B. The purifiedGAMT, stored at�80�C, remained stable
for up to 4 months; then, its activity decreased by 35% at 8 months, re-
maining at this level for up to 18 months; subsequently, there was a
decrease of 65% and 74% after 24 and 36 months, respectively.

Basal characterization of the GAA/creatine metabolic pathway

in RBCs

ToengineerRBCs as bioreactors for the degradation ofGAAand simul-
taneous production of creatine, preliminary biochemical characteriza-
tions were performed. The ability of GAA uptake by RBCs is shown in
Figure 6. A time- and concentration-dependent influx of GAA into
Molecular Therapy: Method
RBCs has been observed: by increasing GAA con-
centration in the incubation medium in the range
0–100 mM, higher amounts of GAA were recov-
ered into the cells (Figure 6A). Notably, at GAA
concentrations reproducing GAA plasma content
in GAMT-deficient patients (�50 mM as higher value); 38.42 ±

6.4 nmol GAA/mL packed RBCs were found inside cells after 1 h of in-
cubation at 37�C.GAA influx velocity into RBCs is perfectly linear with
increasing GAA concentrations, at least up to 50 mM GAA, where an
influx of 0.772 ± 0.1 nmol/min/mL RBCs at 100% hematocrit (Ht)
was observed (Figure 6B). To carry on the study on the metabolic
modeling of GAMT-loaded RBCs (see below), the cellular content of
SAMwas evaluated. Itwas 11.7nmol/mLofpackedRBCs, in agreement
withWise et al.17 (11.86 nmol/mL packed RBCs). Likewise, erythrocyte
MAT catalytic activity has been evaluated bymeasuring the incorpora-
tion of radioactivity from L-[methyl-3H] methionine into the product
S-adenosyl-[methyl-3H]-methionine. In the RBC lysate fraction, the
MAT specific activity was 0.27 pmol/mg total proteins, in agreement
with Cheng et al.18 (0.23 pmol/mg total protein). Human RBCs were
then loaded with purified recombinant GAMT (340 mg added in the
dialysis step), obtaining cells with 0.01 IU/mL cells at 100% Ht, corre-
sponding to 0.138 mg of GAMT per milliliter of cells at 100% Ht. By
increasing the amount of protein added during the hypotonic lysis
and dialysis step (e.g., 660 mg) and by replacing the dialysis buffer after
45 min with a fresh one (reaching RBCs 97 mOsm), cells loaded with
0.043 IU/mL RBCs at 100% Ht, corresponding to 0.53 mg/mL RBCs,
were obtained. The ability of these engineered RBCs to metabolize
GAA and produce creatine has been evaluated by MS/MS analysis.
The results obtained show that RBCs loaded with recombinant human
GAMT were ineffective in the metabolism of extracellular GAA (data
not shown).We, therefore, reasoned that the intracellular SAMcontent
could be rapidly depleted by the GAMT-catalyzed reaction and not
readily replenished by the endogenous MAT. To test whether endoge-
nous MAT kinetics limits the entire pathway and to overcome this
metabolic bottleneck, we decided to produce the recombinant MAT
enzyme to be encapsulated in the erythrocytes together with the
GAMT enzyme.

Cloning and expression optimization of human MAT2A

Three human isoforms of MAT are present in human tissues.19 Of
these, MAT2A is ubiquitously expressed. MAT2A forms a functional
s & Clinical Development Vol. 25 June 2022 29
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Figure 3. GAMT engineering to increase protein stability and solubility

(A) In silico analysis of GAMT intermolecular interactions, based on the crystallographic structure. Changed amino acids are in blue. (B) Bioinformatic solubility studies with

YASARA (http://www.yasara.org/biotools.htm), TANGO (http://tango.crg.es), and Aggrescan3D (http://biocomp.chem.uw.edu.pl/A3D2/) tools. (C) Summary of the

candidate residues for mutagenesis and calculation of the expected free energy change (DDG).
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homotetramer in its active form flanked on either side by a regulatory
protein, referred to as MAT2B. MAT2B regulates the activity of
MAT2A by increasing the susceptibility of MAT2A to product inhi-
bition by SAM but does not provide significant rate enhancement. To
avoid MAT inhibition by SAM, we have cloned and produced only
the catalytic subunits MAT2A. Human MAT2A CDS (NCBI RefSeq
DQ083239.1) was successfully cloned into the pET45b-UB, an
expression vector engineered to produce the recombinant enzyme
directly fused to the C terminus of the ubiquitin partner, to provide
an easy purification of the authentic protein, without any tag20 (Fig-
ure 7A). The no-tag enzyme was obtained by USP2 digestion of the
recombinant His-UB-MAT precursor purified from the soluble frac-
tion by Ni-affinity chromatography. Although most of the recombi-
nant product was partitioned in the insoluble fraction (Figure 7B),
the amount of protein in the soluble part was sufficient for our pur-
poses. Optimization of MAT expression to improve product yield
was performed directly in synthetic medium, both in laboratory-scale
experiments and large-scale productions. Figures 7B and 7C shows a
typical scaling-up induction and purification experiment. To opti-
mize enzyme specific activity, in the scaling-up process, a diethyl-
aminoethyl (DEAE) chromatography was carried out instead of
the Ni-immobilized metal-ion-affinity chromatography (IMAC) to
30 Molecular Therapy: Methods & Clinical Development Vol. 25 June 20
obtain the no-tag enzyme devoid of the His-tagged byproducts. The
specific activity of recombinant MAT was 0.2 ± 0.028 U/mg (mean
of three independent experiments).

Human RBC engineering by co-entrapment of GAMT and MAT

Human RBCs were subjected to the loading procedure with both
GAMT and MAT individually and together, with defined ratios,
as described in materials and methods. The amount of the entrap-
ped proteins at the end of the procedure is shown in Figure 8A. In
particular, even starting from the same milligrams of protein and
units (GAMT and MAT have the same specific activity), a better
entrapment of GAMT was obtained, probably due to the lower
MW of GAMT (29 kDa) compared with MAT (52 kDa) and,
furthermore, the fact that MAT exists as a tetramer in its native
form. The ability of these engineered RBCs to metabolize L-methi-
onine (L-Met) and 13C2-GAA and produce 13C2-creatine has been
evaluated by MS/MS analysis of RBC suspensions taken at different
incubation times at 37�C. RBCs loaded only with recombinant
human GAMT or MAT were ineffective in the metabolism of extra-
cellular GAA, while RBCs loaded with both enzymes were able to
produce 13C2-creatine starting from GAA and methionine (Figures
8B–8D). GAMT and MAT entrapped at different concentrations
22
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Figure 4. Mutagenesis to increase GAMT solubility and stability

(A) Schematic representation of the different His-UB-GAMT expression cassettes. At the top is the wild-type GAMT expression cassette, where the amino acid residues

designed for mutagenesis are highlighted. Below are the three selected mutant clones (CL32, CL51, and CL76), with the carried amino acid substitutions. (B) SDS-PAGE of a

representative time course induction experiment, for each mutagenized construct, where supernatant and pellet fractions are compared; NI is the not-induced sample. (C)

Stability assay: His-UB-GAMT and no-tag GAMT carrying the amino acid substitutions indicated in (A) were stored at 37�C for 42 h. Low-molecular-weight (LMW) protein

standards are indicated by arrowheads.
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were capable of metabolizing from 23% to 29% of the starting 13C2-
GAA amount, after 5 h incubation at 37�C (Figure 8B). The results
obtained demonstrate that RBCs loaded with GAMT and MAT in a
wide range of ratios could be used to metabolize GAA. From these
data, it could be concluded that the entire metabolic pathway from
GAA to creatine is operative in RBCs loaded with recombinant
human GAMT and MAT enzymes and that methionine physi-
ologically present in human plasma can sustain the formation of
creatine (Figures 8C and 8D). The ATP needed to support MAT ac-
tivity is provided by RBC glycolysis, which relies on glucose, which
is also physiologically present in human plasma. Regarding L-Met
consumption, all RBC suspensions were able to metabolize it
after 21 h of incubation, also due to the MAT enzyme naturally
present in RBCs (not shown); however, this ability was particularly
evident in the first incubation times (0–4 h) in which it was possible
to appreciate the effective contribution of the entrapped MAT. This
metabolic behavior is corroborated by a metabolic modeling simu-
lation of GAMT-loaded RBCs, developed to define the limiting steps
in the biotransformation of GAA. A Bio-PEPA (https://homepages.
inf.ed.ac.uk/jeh/Bio-PEPA/biopepa.html)21 model of creatine syn-
thesis pathway, based both on experimental and literature data,22

has been created and simulations performed on it. By assuming
a constant supply of L-Met and ATP and a net influx of
GAA, the model represented the behavior of a unit (10 mL) of
Molecu
100% Ht RBCs loaded with 1 mg of GAMT and variable amounts
of MAT, over 10 h from injection in a patient with a plasmatic
concentration of GAA of 50 mM. Figure S4A shows that SAM
is constantly depleted; therefore, MAT kinetics limits the entire
pathway. The overall kinetics allows the RBCs to seize GAA
from plasma so quickly, in fact, that it is reduced by two-thirds
after 10 h and a great amount of creatine is produced. In Figure S4B,
the amount of creatine produced in simulations with a fixed
amount of GAMT and various amounts of recombinant MAT,
with respect to the control simulation with endogenous human
MAT, is shown. Both the control simulation and the one with
0.05 mg of MAT produced negligible amounts of creatine while
the higher MAT concentrations allowed a quick creatine synthesis
supported by initial (first 20 min) depletion of intracellular SAM,
followed by a slower synthesis limited by MAT kinetics until deple-
tion of intracellular GAA (occurring at 3 h in the simulation using
5 mg of MAT), after which GAA uptake becomes the limiting fac-
tor. As shown in the graph of Figure S4B, the activity of GAMT
indeed appears to be proportional to the activity of MAT encapsu-
lated over a wide range of quantities (0.1–1 mg of MAT protein
loaded), but in the presence of the two highest amounts of MAT
(2.5 and 5.0 mg), it is observed instead a kinetics of MAT that ex-
ceeds that of GAMT, causing an accumulation of SAM, until satu-
ration is reached.
lar Therapy: Methods & Clinical Development Vol. 25 June 2022 31
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Figure 5. Scaling-up induction and purification of GAMT CL32

(A) Time course induction of the mutagenized construct CL32 (in 5.5 L LB, using the

bioreactor). Supernatant and pellet fractions are resolved by SDS-PAGE; NI is the

not-induced sample. (B) Purification of His-UB-GAMT CL32 by immobilized metal-

ion-affinity chromatography (IMAC), with the Akta Purifier. Low-molecular-weight

(LMW) protein standards are indicated by arrowheads.
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DISCUSSION
Metabolic engineering was originally developed for the directed modi-
fication of metabolic pathways for the microbial synthesis of various
products.23 The same approach was later used for the production of
protein therapeutics in mammalian cells.24 Metabolic engineering of
human cells is less famous than microbial engineering but could be a
convenient approach to restore the limited abilities of selected cells
in pathological conditions or to improve rate-limiting pathways in
the same. Human erythrocytes possess useful features that permit
the modulation of their metabolic properties by direct entrapment of
recombinant enzymes. In fact, circulating erythrocytes do not contain
a nucleus and an active transcriptional and translational machinery so
that conventional and new methods that take advantage of the use of
gene delivery systems or CRISPR/Cas-based technologies are unus-
able.25 In contrast, human erythrocytes, under controlled conditions,
can be directly overloaded with recombinant proteins maintaining
all the properties of native erythrocytes, including in vivo survival.26
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Interestingly, this approach is already in clinics, and conclusive clinical
trials (phase 3) are underway.10 The key conditions for the potential
therapeutic use of human erythrocytes loaded with recombinant en-
zymes are essentially three. The first requirement is the availability
of an enzyme that can be encapsulated into the erythrocytes and is sta-
ble; second, the enzyme substrate usually present in the plasma should
be available into the cell (i.e., the substrate should be able to cross the
erythrocyte membrane by simple diffusion and/or transport-mediated
processes). Furthermore, the enzyme product should not affect the
enzyme-engineered erythrocytes in terms of cellular stability. Ideally,
the enzyme product should diffuse out of the cell and be released
into the circulation to prevent water retention in an undesirable os-
motic process. Moreover, the enzyme replacement therapy via infusion
of autologous erythrocytes has no potential risk of transmissible dis-
ease andHLA sensitization because patients will receive autologous en-
gineered RBCs exclusively. The main limit of this approach is that the
treatment should be repeated once a month. On the other hand, the
in vivo gene therapy approaches developed in the last 30 years demon-
strated that genetic modifications would provide effective treatments
formany inherited human diseases, offering durable and possibly cura-
tive clinical benefit with a single treatment, achieved through various
gene delivery vectors, mostly viral-based vectors.27 However, the three
key vector strategies, based on adenoviruses (Ads), adeno-associated
viruses (AAVs), and lentiviruses, as well as being at the forefront of
preclinical and clinical successes, still present many challenges that
limit these approaches from attaining their full potential.28 Regarding
Ad vectors, in addition to the advantage of offering large cargo capac-
ities for transient targeted gene delivery, immunogenicity and cellular
toxicity continue to be major obstacles for Ad-based gene therapy,
which needs a proper control for these approaches to be successful.
The immunogenicity toward the vector remains the largest challenge
also for AAV-based gene therapies; however, the growing number of
clinical trials using recombinant AAVs (rAAVs) is a positive sign
that these vectors represent a very promising gene delivery strategy.29

Lentiviral vectors, the other main viral platform of gene delivery, offer
the advantage of long-term transgene expression, being integrating
vectors. Moreover, extensive optimization efforts have been performed
to mitigate the risk of insertional mutagenesis.30 In this respect, the
infusion of erythrocytes loaded with the recombinant therapeutic pro-
tein(s) is safer, enabling stringent controls during the in vitro manip-
ulation of autologous cells prior to infusion into patient.10 Another
important issue faced in designing efficient and safe viral vectors is
the achievement of tissue or cell-type specificity to produce the thera-
peutic protein/enzyme where needed. Capsid reshape has been ex-
ploited to impact on and fine-tune tissue-cell tropism,31 and designing
tissue-specific promoters32 is the main approach for improving on
target tissue-expression. Of note, all viral vector platforms are currently
being developed toward monogenic diseases, while the simultaneous
delivery of two genes (such as GAMT and MAT, as herein reported)
has not yet been established. Therefore, the proposed strategy, based
on RBC engineering with both therapeutic enzymes necessary to cor-
rect themetabolic defect shows unprecedented advantages with respect
to the classical gene deliverymodality. Here we validate this strategy by
considering a real case by implementing a strategy that could
22



Figure 6. GAA uptake by human RBCs

(A) RBCs were incubated for 1 h at 37�C in the presence of different 13C2-GAA

amounts (0, 10, 25, 50, and 100 mM). At different incubation times, 13C2-GAA

concentration inside RBCs was evaluated by ESI-MS/MS. (B) Velocity of 13C2-GAA

uptake inside RBCs. Values are mean ± SD of 3 separate experiments.
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eventually represent an innovative therapeutic approach to treat the
GAMT deficiency, a rare neurometabolic disease with a severe clinical
outcome. The pathogenesis of brain damage in this condition results
from the cumulative effect of creatine depletion and GAA accumula-
tion, this last being particularly toxic for the central nervous system.6,7

At first, we developed a strategy to replace the deficient enzyme by pro-
ducing a recombinant form of the native human GAMT to be encap-
sulated into autologous RBCs. Because the recombinant enzyme we
initially produced showed low solubility and limited stability, we
started a complex process of enzyme engineering to optimize these fea-
tures. The selected mutant clone (CL32) represented the best choice
among all the mutant forms produced; indeed, mutagenesis of four
critical amino acids in the wild-type enzyme was able to increase
both the solubility and the stability of the recombinant protein over
time. Moreover, the mutant GAMT showed a good affinity for its sub-
strate GAA and a good specific activity and was successfully encapsu-
lated into RBCs. However, experimental data and a metabolic
modeling of GAMT-loaded RBCs revealed that the intra-erythrocytic
SAM was not able to support GAMT activity, leading to the need to
Molecu
encapsulate into RBCs also a recombinant form of human MAT to
compensate for this deficiency. Human MAT consists of a functional
homotetramer (MAT2A) flanked on either side by a regulatory pro-
tein, referred to as MAT2B. The entire complex is too large to be effi-
ciently encapsulated into human RBCs; thus, we produced only the
catalytic subunits MAT2A. Indeed, the co-entrapment of both en-
zymes resulted in GAMT-MAT-loaded human RBCs able to perform
in vitro as bioreactors, capable of metabolizing GAA and producing
creatine. It is noteworthy that only the presence of both enzymes en-
trapped into RBCs results in a fully functional cellular bioreactor, while
RBCs loaded with GAMT or MAT alone were not effective in the pro-
duction of creatine from GAA. We noted that all other RBC metabolic
properties should be maintained to have a functional cellular biore-
actor. In fact, the presence of glucose in the medium fuels the
glycolytic pathway, while extracellular methionine at physiological
concentrations supports the intracellular production of SAM. More-
over, previous preclinical and clinical studies10,33 on protein-loaded
RBCs confirm that engineered erythrocytes maintain a vitality, such
as to be a viable therapeutic product, despite some differences existing
between untreated native and loaded RBCs, which justify their slightly
reduced survival in circulation but do not compromise their therapeu-
tic efficacy.34–36 The key physiologic mechanisms controlling the
in vivo behavior of RBCs engineered as drug delivery system, as well
as the design parameters developed to overcome themain critical steps,
have been recently reviewed.37 Therefore, we can envisage that periodic
infusions of RBCs with the co-entrapped proteins could eventually
represent an effective therapeutic strategy for the treatment of
GAMT deficiency in patients in need. To this end, we have now
planned preclinical studies to evaluate the in vivo efficacy of murine
GAMT-MAT-loaded RBCs in a mouse model of GAMT deficiency.

Engineered RBCs could likely be used in the treatment of patients with
highGAAplasma concentrations, as inGAMTdeficiency, but they can
also provide an additional biological source of creatine, from said en-
gineered RBCs. Furthermore, our results also highlight the ability of
GAMT-MAT-loaded RBCs to efficiently metabolize L-Met, suggesting
a further perspective of the proposed model in those pathologies that
could benefit from L-Met depletion in the circulation, as in some kinds
of tumors, as demonstrated by others and by us.7,38 Finally, the data
provided in this paper support our previous statements: (1) for the
construction of cellular bioreactors using autologous RBCs, it is essen-
tial that the initial substrate (in our case GAA) can enter into the en-
gineered RBCs to fuel the bioreactor; (2) that the RBC is endowed with
stable and easily encapsulable recombinant enzymes (eventually gener-
ated by suitable protein engineering approaches); and (3) that the
product of the implemented metabolic pathway can diffuse out of
the cell. Additional advantages are the possibility of removing toxic
metabolites from biological fluids by converting them into useful or
harmless products, GAA to creatine in the present case, or phenylala-
nine to trans-cinnamic acid in phenylketonuria (PKU) treated by
phenylalanine ammonia lyase (PAL).39 We are convinced that these
data represent the basis for the development of a possible therapeutic
agent and that the collected data provide a rationale for the design of
other useful cellular bioreactors.
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Figure 7. Expression strategy, scaling-up induction,

and purification of MAT

(A) Expression strategy to obtain MAT no-tag from the

pET45b/His-UB-MAT2A construct. (B) Time course in-

duction of the pET45b/His-UB-MAT2A construct (in 5.5 L

synthetic medium, using the bioreactor). Supernatant and

pellet fractions are resolved by SDS-PAGE; NI is the not-

induced sample. (C) Purification of His-UB-MAT by immo-

bilized metal-ion-affinity chromatography (IMAC). The final

MAT product obtained by DEAE chromatography, with the

Akta Purifier, is loaded in lane 7. Low-molecular-weight

(LMW) protein standards are indicated by arrowheads.

Molecular Therapy: Methods & Clinical Development
MATERIALS AND METHODS
Materials

The Change-ITMultiple Mutation Site-Directed Mutagenesis Kit was
obtained from Affymetrix (USB Corporation, Cleveland, OH, USA).
Mutagenic primers as well as sequencing primers were synthesized by
Sigma-Aldrich (Steinheim, Germany). The QIAprep Spin Miniprep
Kit and the Plasmid midi-kit used for purification of plasmid DNA
were from QIAGEN (Valencia, CA, USA). Tryptone, Yeast extract,
Agar, Vegetable Peptone of microbiology grade as well as ampicillin
and all the chemical components of synthetic medium were from
Sigma-Aldrich. IPTG was obtained from VWR International (Rad-
nor, Pennsylvania, USA). The Ni Sepharose High-Performance resin
used for IMAC was purchased from GE Healthcare Life Sciences
(Amersham, UK). Centricon centrifugal filter devices, with Ultracel
10K membrane–10,000 nominal molecular weight limit (NMWL),
used for recombinant enzyme concentration, were fromMerck Milli-
pore (Burlington, Massachusetts, USA). The low-molecular-weight
(LMW) Calibration Kit for SDS Electrophoresis was from GEHealth-
care. Sodium phosphate dibasic anhydrous (Na2HPO4), sodium
dihydrogen phosphate (NaH2PO4), SDS, phosphoric acid (H3PO4),
acetonitrile (high-performance liquid tomography [HPLC] grade),
Tris-HCl, dithiothreitol (DTT), EDTA, SAM, GAA, creatine,
perchloric acid (PCA), sodium acetate, trichloroacetic acid (TCA),
and octanesulfonic acid sodium salt were obtained from Sigma-Al-
drich. Hydrophilic polypropylene membrane filters (13 mm,
0.2 mm) were obtained fromMerck Life Science (Milan, Italy). [Meth-
yl-3H] methionine and scintillation fluid Emulsifier Scintillator Plus
were obtained from PerkinElmer (Boston, MA, USA). The ion-ex-
change columns, Discovery DSC-SCX solid-phase extraction (SPE)
34 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2022
tubes, were purchased from Supelco Analytical
(Sigma-Aldrich). All other chemicals used were
obtained from Carlo Erba (Milan, Italy) and
were of analytical grade.

Preparation of pET45b/His-UB-GAMT and

pET45b/His-UB-MAT2A expression

constructs

Total RNA was extracted from the cervical
cancer cell line HeLa by RNeasy Plus Mini Kit
(QIAGEN) and quantified by NanoDrop Tech-
nologies (Wilmington, DE, USA). RNA (1 mg)
has been retrotranscribed using SuperScript First-Strand Synthesis
System (Invitrogen, Carlsbad, CA, USA), oligo-dT (0.5 mg/reaction)
and random hexamers (0.15 mg/reaction) in a final volume of
20 mL. For recombinant GAMT expression, specific degenerate
primers (reported in Table S1) were designed to obtain the PCR prod-
uct of interest for the human GAMT CDS (NCBI RefSeq
NM_000156.5), using the highly processive and proofreading Plat-
inum Pfx DNA Polymerase (Invitrogen), according to the
manufacturing instructions. The amplified GAMT CDS was initially
cloned in the expression vector pET45b downstream of the His-tag
coding sequence, using the PmlI and HindIII restriction sites. Next,
the GAMT coding sequence was amplified by Pfx with a new forward
primer (carrying a NcoI cutting site, shown in Table S1) and the same
reverse primer used above and cloned in the pET45b-UB, an expres-
sion vector engineered to contain the ubiquitin coding sequence
downstream of the His-tag. The final construct was referred to as
pET45b/His-UB-GAMT. This strategy allows the production of
GAMT protein, deleted of the initial L-Met (DMet1), as occurs in
the mature form of the human enzyme, directly fused at the C termi-
nus of the (His)6-UB. The PCR product, purified by the QIAquick
PCR Purification Kit (QIAGEN) and quantified by NanoDrop, was
digested with NcoI, blunted using Mung Bean Nuclease and then
cut with HindIII before ligation with the pET45b-UB vector, linear-
ized with Bam HI, and subjected to Klenow fill-in reaction, before
digestion with HindIII and alkaline phosphatase treatment. The ligase
reaction was used to transform the NovaBlue E. coli strain, following a
standard protocol, and the transformation reaction plated on LB agar
plates containing 100 mg/mL ampicillin. Positive colonies were
screened by PCR using the vector-specific primers T7 promoter



Figure 8. GAA metabolism in GAMT- and/or MAT-loaded RBCs

(A) Amounts of entrapped enzymes added in different ratios. (B) GAA consumption, (C) creatine production, and (D) L-Met consumption by loaded RBCs. GAA, creatine, and

L-Met values after incubation of GAMT- and/or MAT-loaded RBC suspensions in PBS solution at 40% Ht in the presence of 200 mM 13C2-GAA and 200 mM L-Met for 5 h at

37�C. At the planned time points, biochemical monitoring of 13C2-GAA,
13C2-creatine, and L-Met by MS/MS analysis of RBC suspensions were performed. In the insets, the

different loading conditions are specified. The data points are representative of two different experiments that agree within 5%.
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and T7 terminator. Plasmid DNA was purified from different positive
clones with the QIAprep Spin Miniprep Kit (QIAGEN) and
confirmed by sequencing. A positive clone was selected to be trans-
formed into the BL21(DE3) expression host (as detailed below) to
obtain the recombinant GAMT precursor, referred to as His-UB-
GAMT. To generate the pET45b/His-UB-MAT2A construct, the
MAT coding sequence of the human MAT2A gene (DQ083239.1)
was amplified starting from cDNA obtained from HeLa cells (as
above), using the Pfx DNA polymerase and specific degenerate
primers designed to provide the restriction sites for SacII and NotI
at the 50 and 30 ends, respectively. Primer sequences are reported in
Table S1. The MAT2A PCR product, SacII/NotI digested, was then
inserted into the pET45b-UB expression vector, downstream of the
(His)6-ubiquitin coding sequence. Plasmid DNA of PCR-screened-
Molecu
positive clones was purified with the QIAprep Spin Miniprep Kit (-
QIAGEN ) and confirmed by sequencing, using the primers reported
in Table S1. A positive clone was chosen to obtain the expression
strain.

Establishment of GAMT and MAT2A expressing BL21(DE3) E.

coli strains and preparation of bacterial glycerol stocks for long-

term storage of plasmids

BL21(DE3) competent cells (50 mL) were transformed with 1 mL of a
2 ng/mL dilution of sequence-confirmed GAMT and MAT2A expres-
sion vectors, following a standard protocol. A few clones of
BL21(DE3), bearing the pET45b/His-UB-based GAMT and
MAT2A expression constructs, were tested for recombinant protein
expression. A single colony was picked from a freshly streaked
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ampicillin containing plate. The bacterial culture was incubated at
37�C with shaking at 250 rpm, until optical density at 600 nm
(OD600) reached approximately 0.7–0.8 (4–6 h required). Then,
900 mL aliquots of the bacterial culture were added to glycerol (at a
final concentration of 40%), previously dispensed in the cryovials.
One hundred and fifty glycerol stock tubes of E. coli cells, both No-
vaBlue and BL21(DE3), transformed with the different expression
constructs, were set up, immediately frozen at �80�C, and referred
to as the research cell bank (RCB).

Site-directed mutagenesis of pET45b/His-UB-GAMT construct

Mutagenesis was carried out by using the Change-IT Multiple Muta-
tion Site-Directed Mutagenesis Kit (Affymetrix), following the man-
ufacturer’s instructions, with slight modifications. All the reactions
were performed using the wild-type pET45b/His-UB-GAMT expres-
sion construct as template and the mutagenic primers designed, ac-
cording to the guidelines provided in the kit protocol, to introduce
the targeted amino acid substitutions. Primer sequences are reported
in Table S1. Briefly, a typical reaction was assembled, adding 1�
Change-IT buffer, 0.25 mM GAMT mutagenic primer(s), 0.25 mM
AMP forward primer (which anneals to the opposite plasmid strand
relative to the mutagenic primer), 7.5 ng of plasmid DNA template,
and 0.4 mL of Change-IT enzyme, in a final volume of 10 mL. The re-
action was performed in the PCR 2700 Thermal Cycler. A 5 mL
aliquot of the completed mutagenesis reaction has been removed to
a fresh tube, added with 0.5 mL DpnI and incubated at 37�C for 2
h, before transformation in E. coli NovaBlue competent cells. A few
clones were amplified for plasmid DNA purification performed by
QIAprep Spin Miniprep Kit, according to the manufacturer’s instruc-
tions. The mutated sequences were verified by automated DNA
sequencing of the expression constructs in both directions, using an
ABI PRISM 310 DNA sequencer (Applied Biosytems,Waltham,Mas-
sachusetts, USA) and the primers reported in Table S1.

Induction of rhGAMT and rhMAT at laboratory-scale level

The standard small-scale induction protocol is described below (any
variation of induction parameters is reported in results). The starting
culture was an isolated colony, picked from a freshly streaked plate
and grown overnight (ON) at 37�C in 10 mL LB + ampicillin
(100 mg/mL final concentration) on a benchtop orbital shaker. A sam-
ple of the ON culture was withdrawn and diluted 1:10 before reading
OD600 in a spectrophotometer. The ON inoculum was then diluted
into 100 mL LB + ampicillin in order to reach OD600 of about 0.1
and put in a 0.5-L flask. The culture was then incubated at 37�C
with aeration and shaking at 250 rpm. Bacterial growth was moni-
tored, at regular intervals, until culture density reached an OD600 of
about 0.5–0.6. A 10 mL aliquot of culture was then transferred to a
labeled 50 mL tube and let to grow apart at 37�C (not-induced control
[NI)]. IPTG at 1 mM final concentration was added into the flask to
induce protein production (induced sample [I]). At 1 h-intervals, up
to 4 h, 10mL of induced bacterial culture were withdrawn, transferred
into a 15 mL tube, and put on ice. Cells were collected by centrifuga-
tion at 2,750 g for 20 min at 4�C, the supernatant was removed, and
the pellet frozen at �20�C for later processing.
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Preparation of bacterial extracts and SDS-PAGE analysis

Cell lysis was obtained by resuspension of the cell pellets (from both
NI and I samples) in 0.05 volume of ice-cold lysis buffer (for GAMT:
20 mM Na/K phosphate buffer, pH 7.5; 15 mM b-mercaptoethanol;
15% [v/v] glycerol; and 500 mM NaCl; for MAT: 40 mM Tris-HCl;
2.2 mM KCl, 20% [v/v] glycerol; and 0.04% [v/v] Tween 20,
110 mM NaCl), followed by three cycles (30 s each) of sonication at
75 W, while keeping the sample on ice. Samples were centrifuged
10 min at 9,600 g at 4�C: the supernatant (S), corresponding to the
soluble cytoplasmic fraction, was transferred into a new microcentri-
fuge tube, while the residual pellet was resuspended in lysis buffer and
sonicated, as above; this further sample has been referred to as the pel-
let (P) sample. The protein concentration in both S and P samples was
determined by the Bradford assay,40 to normalize the samples for
loading. For SDS-PAGE analysis, an aliquot corresponding to 20 mg
of proteins was combined with an equal volume of 2� sample buffer
(2% SDS, 100 mM Tris-HCl [pH 6.8], 20% glycerol, and 0.0025% w/v
bromophenol blue) and boiled 1 min before resolving by 12% (w/v)
polyacrylamide gel electrophoresis, in parallel with the LMW stan-
dard (GE Healthcare) as a size reference.

Immobilized metal-ion-affinity chromatography for His-UB-

GAMT and His-UB-MAT purification

The recombinant His-tagged proteins in the supernatant fraction
(His-UB-GAMT and His-UB-MAT) were purified by the IMAC, ex-
ploiting the interaction between chelated transition metal ions (Ni2+)
and side-chains of histidines (His) on proteins, essentially according
to the manufacturer’s instructions. Briefly, the column was equili-
brated with the binding buffer, which corresponds to the lysis buffer,
in which the sample is resuspended. After sample loading, washings
were initially performed with the same binding buffer and then
with binding buffer containing 40 mM imidazole. Elution of the
His-tagged recombinant protein was obtained by binding buffer con-
taining 350 mM imidazole.

USP2 digestion of His-UB-GAMT and His-UB-MAT and no-tag

enzyme purification

Both His-UB-GAMT and His-UB-MAT, obtained upon Ni Sephar-
ose-affinity chromatography, were digested with the recombinant
His-tagged deubiquitinating enzyme USP2 (rHis-USP2) to remove
the His-UB partner fused at the N terminus.20 For optimal digestion,
His-UB-GAMT or His-UB-MAT and rHis-USP2 were combined, al-
lowing a mass ratio in the range of 200:1–100:1, and incubated at least
3 h at 37�C, in the elution buffer, suitably diluted by loading buffer in
order to keep the imidazole concentration %50 mM. GAMT no-tag
was purified from all the His-tag byproducts generated during diges-
tion, undigested His-UB-GAMT and His-USP2, by NI-affinity chro-
matography. MAT no-tag was instead purified from all the His-tag
byproducts by ion-exchange-DEAE chromatography. Briefly, the col-
umn was equilibrated with the MAT binding buffer, detailed above.
After sample loading, washings were initially performed with the
same binding buffer and then with binding buffer containing
50 mM NaCl. Elution of the no-tag protein was obtained by binding
buffer containing 300 mM NaCl. The NaCl concentration was then
22
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brought back to 110 mM. The final recovery yield for both GAMT
and MAT was calculated upon the protein concentration assay with
the Bradford method,40 while the purity of the enzyme was assessed
by SDS-PAGE. The purified proteins were stored at �80�C until use.

Determination of recombinant GAMT activity

The evaluation of enzyme activity was performed by a method based
on the quantification of creatine, according to Alessandrì et al.,41 with
some modifications. Briefly, in a final volume of 250 mL, the reaction
mixture contains 50 mM Tris-HCl (pH 7.5), 2 mM DTT, 0.25 mM
SAM, 1 mM GAA, and GAMT (the assay has been standardized on
a quantity of 10 mg). The incubation was carried out at 37�C for
15 min, and ,at different incubation times (0, 5, 10, and 15 min),
the reaction was stopped by the addition of 250 mL of 1 N PCA.
The reaction mixture was then centrifuged at 18,500 g for 15 min
at 4�C, and 50 mL of the clear supernatant was injected into the
HPLC after filtration with 0.2 mm filter into special vials. Blanks, con-
taining the reaction mixture without enzyme, were analyzed as well.
The analysis was performed by reverse-phase chromatography at
30�C using the following gradient elution system: 2 min at 100%
buffer A, up to 100% buffer B over 18 min, and hold for 2 min; the
gradient was returned to 100% buffer A over 3 min and the initial
conditions restored in 5 min. The flow rate was 1 mL/min and the
detection wavelength was 210 nm. The mobile phase consisted of
buffer A: Na2HPO4 (7.1g), SDS (2g), and distilled water (750 mL);
and buffer B: Na2HPO4 (7.1g), SDS (2g), distilled water (500 mL),
and acetonitrile (250 mL). Both buffers reached a final pH 3 by
H3PO4. Before use, the buffers were filtered by Polypro filters. The in-
crease of creatine levels has been observed after different analysis
times (0–15 min). Values are expressed as micromoles of creatine/
minute/milligrams of protein.

Determination of recombinant MAT activity

The evaluation of enzyme activity was performed by a method
based on the quantification of S-(50-adenosyl)-L-methionine chlo-
ride dihydrochloride (SAM), according to Shiozaki et al.,42 with
some modifications. Briefly, in a final volume of 250 mL, the reac-
tion mixture contained 100 mM Tris-HCl (pH 7.5), 50 mM MgCl2,
100 mM KCl, 8 mM GSH, 20 mM ATP, 20 mM L-Met, and MAT
(the assay has been standardized on amounts of 10 and 20 mg). The
incubation was carried out at 37�C for 10 min: at different incuba-
tion times (0, 1, 2.5, 5, and 10 min) the reaction was stopped by the
addition of 250 mL of 2 N PCA. After filtration with 0.2 mm filter,
50 mL of reaction mixture were injected into the HPLC. Blanks,
containing the reaction mixture without enzyme, were analyzed
as well. The analysis was performed as reported by Wang
et al.,43 with some modifications: the method was a reverse-phase
chromatography, and the detection was monitored at 254 nm, at
25�C, using a gradient elution system at a flow rate of 1 mL/min
and a wavelength of 254 nm. The elution conditions were as fol-
lows: 8 min at 80% buffer A and 20% buffer B, up to 60% buffer
A and 40% buffer B over 0.5 min, and hold for 12.5 min. The
gradient was returned to 80% buffer A and 20% buffer B over
0.5 min and the initial conditions restored in 10 min. The mobile
Molecu
phase consisted of buffer A (8 mM C8H17O3SNa and 50 mM
NaH2PO4) and buffer B (CH3OH 100%). Buffer A reached a final
pH 3 by H3PO4 and it was filtered with Polypro filters before use.
Before and after sample analysis, the column was equilibrated and
standard solution of 0.05 mM of SAM in 1 N HClO4 was analyzed.
SAM peak was identified according to its retention time and co-
chromatography with SAM standard. The increase of SAM levels
after different analysis times (0–10 min) has been observed. Quan-
tification was based on integration of peak areas, compared with
the standard calibration curves of SAM.

GAA uptake by RBCs

The ability of GAA to enter into RBCs has been evaluated. In detail,
RBCs at 7.5% Ht were incubated for 1 h at 37�C in the presence of
different 13C2-GAA amounts (0–100 mM). At different incubation
times (0, 5, 10, 15, 30, and 60 min), 600 mL aliquots were stratified
onto 600 mL 1-bromododecane and centrifuged 3 min at 7,840 g to
obtain a better separation between RBCs and 13C2-GAA. Superna-
tants were discarded and RBCs recovered in a physiological saline
solution containing 10 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]-
ethanesulfonic acid (HEPES, pH 7.4), 154 mM NaCl, and 5 mM
glucose (HEPES solution), to a final 50% Ht. A 50 mL aliquot of
each suspension was collected on grade 903 filter paper (Eastern Busi-
ness Forms, Greenville, USA), and the obtained dried blood spots
(DBSs) were submitted to 13C2-GAA analysis by electrospray ioniza-
tion tandem mass spectrometry (ESI-MS/MS), as described by Car-
ducci et al.44

Evaluation of RBC SAM levels

SAM was extracted as reported by Wise et al.17 Briefly, frozen packed
RBCs were added to an equal volume of ice-cold 0.1 M sodium ace-
tate, pH 6, and vortex-mixed. Proteins were precipitated by the addi-
tion of 40% (w/v) TCA (equal to one-fifth of the original volume of
the RBC solution) followed by 30 min incubation on ice to complete
precipitation. To remove precipitated proteins, the tubes were centri-
fuged at 25,000 g for 10 min at 4�C. The supernatant containing SAM
was added with an equal volume of ice-cold peroxide-free diethyl
ether to extract lipids (ether extraction step). The tubes were vor-
tex-mixed for 20 s and centrifuged to separate the phases. The top
layer was drawn off and discarded. The ether extraction step was
repeated once. The samples were filtered and injected into an
HPLC system. The assay was performed as reported by Wang
et al.43: briefly, the mobile phase consisted of two solvents: solvent
A (8 mM octanesulfonic acid sodium salt and 50 mM NaH2PO4

adjusted to pH 3.0 with H3PO4) and solvent B (100% methanol).
The HPLC column was equilibrated with 80% solvent A and 20% sol-
vent B. The sample was injected and separation was obtained using a
step gradient as follows: 8 min at the equilibration conditions, 30 s to
increase solvent B to 40%, 12.5 min at the new condition, and 30 s to
return to the equilibration conditions and a minimum of 10 min
before the subsequent injection. The flow rate was 1 mL/min, and
detection was monitored at 254 nm. The SAM standard was dissolved
in water at a concentration of 1 mM and then diluted to 0.05 mMwith
0.4 M PCA.
lar Therapy: Methods & Clinical Development Vol. 25 June 2022 37

http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
Determination of RBC MAT activity

For the preparation of lysate, RBCs were washed three times in 10 vol-
umes of 5 mM sodium phosphate and 150 mM NaCl, pH 7.4, and
centrifuged at 1,800 g for 10min at 4�C; the supernatant was aspirated
while the RBC pellet was lysed in 4 volumes of ice-cold deionized wa-
ter and incubated for 20 min on ice. The membrane fraction was pel-
leted by centrifugation at 20,000 g for 1 h. The cytosolic fraction,
recovered from the supernatant, was dialyzed ON against 30 mM
KCl, 40 mMHEPES, pH 7.4, at 4�C, before the MAT catalytic activity
assay. MAT activity was assayed bymeasuring the rate of formation of
3H-SAM from ATP and L-[methyl-3H] methionine, as reported by
Cheng et al.,18 with some modifications. Briefly, the reaction mixture
(total volume of 0.1 mL, pH 7.4) contained 50 mL of cell lysate and
final concentrations of 30 mM MgCl2, 26 mM KCl, 35 mM HEPES,
10 mM ATP, and 20 mM L-[methyl-3H]-methionine (12,600 cpm/
nmol). The samples were incubated at 37�C for 60 min, and the reac-
tion was stopped by the addition of 1.0 mL ice-cold 1.6 mM citric acid
in 50% ethanol. The time 0 of reaction was used as blank. After
adsorption to an ion-exchange resin (column in the NH4

+ form), S-
adenosyl-[methyl-3H]-methionine was eluted with 1.0 mL of 3.0 M
NH4OH into a vial containing 5 mL of scintillation fluid. The
samples were counted in a Packard scintillation counter. The results
of MAT activity were expressed as picomoles of SAM/minute/milli-
grams of protein. Protein concentration was estimated by the Lowry
procedure.45

Loading of GAMT into human RBCs

Whole blood (WB) was obtained from healthy volunteers included in
the Italian blood donor registry (A.V.I.S., Associazione Volontari Ital-
iani Sangue) who signed an informed consent form. Blood was
collected in heparinized tubes and provided by the Santa Maria della
Misericordia Hospital in Urbino. GAMT was loaded into human
RBCs by means of hypotonic lysis and dialysis, isotonic resealing,
and re-annealing, according to Magnani et al.,46 with some modifica-
tions: (1) dialysis procedure was carried out with the addition of
220 mL of protein solution (corresponding to 340 mg GAMT in a
1.56 mg/mL solution) to RBCs suspended in HEPES solution at
70% Ht, in a final volume of 1 mL; (2) suspension was dialyzed for
90 min at 4�C; and (4) resealing and re-annealing steps were carried
out by incubating the pooled dialyzed RBC suspensions in PIGPA so-
lution 25min at 37�C. Final packed loaded RBCs were resuspended in
HEPES solution, pH 7.4, at about 40% Ht and the amount of entrap-
ped GAMT evaluated on RBC lysates, as detailed above.

Co-entrapment of GAMT and MAT into human RBCs

GAMT/MAT co-entrapment into human RBCs was performed as
above, with the modifications stated below. The dialysis procedure
was carried out with different concentrations of proteins added to
RBCs suspended in Hepes solution at 60% Ht, as follows

A. 125 mg (0.025 IU) of GAMT enzyme (50 mL protein solution
[2.5 mg/mL] with S.A. 0.2 IU/mg)

B. 125 mg (0.025 IU) of MAT enzyme (125 mL protein solution
[1 mg/mL] with S.A. 0.2 IU/mg)
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C. 125 mg (0.025 IU) of GAMT enzyme (50 mL protein solution
[2.5 mg/mL] with S.A. 0.2 IU/mg) and 125 mg (0.025 IU) of
MAT enzyme (125 mL protein solution [1 mg/mL] with S.A. 0.2
IU/mg)

D. 125 mg (0.025 IU) of GAMT enzyme (50 mL protein solution
[2.5 mg/mL] with S.A. 0.2 IU/mg) and 250 mg (0.050 IU) of
MAT enzyme (250 mL protein solution [1 mg/mL] with S.A. 0.2
IU/mg)

E. 250 mg (0.050 IU) of GAMT enzyme (100 mL protein solution
[2.5 mg/mL] with S.A. 0.2 IU/mg) and 125 mg (0.025 IU) of
MAT enzyme (125 mL protein solution [1 mg/mL] with S.A. 0.2
IU/mg)

All the conditions (in 1 mL final volume) were dialyzed for 90 min at
4�C, replacing the hypotonic dialysis buffer with fresh one after
45 min. After dialysis, the cells reached about 90 ± 4 mOsm. After
the resealing, re-annealing, and washing phases, final packed loaded
RBCs were resuspended in PBS, pH 7.4, at about 40% Ht in presence
of 200 mM13C2-GAA and 200 mML-Met, and incubation of these sus-
pensions (A–E) were performed for 5 h at 37�C. At the planned time
points (0, 1, 2, 3, 4, and 5 h), a 50 mL aliquot of each suspension was
collected on grade 903 filter paper, and the obtained DBSs were sub-
mitted to biochemical monitoring of 13C2-GAA,

13C2-creatine, and L-
Met by MS/MS.44
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