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De novo L-serine biosynthesis in the mammalian astrocytes proceeds via a
linear, three-step pathway (the phosphorylated pathway) catalysed by 3-
phosphoglycerate dehydrogenase (PHGDH), phosphoserine aminotransfer-
ase (PSAT) and phosphoserine phosphatase (PSP). The first reaction,
catalysed by PHGDH and wusing the glycolytic intermediate 3-
phosphoglycerate, is strongly shifted towards the reagents, and coupling to
the following step by PSAT is required to push the equilibrium towards L-
serine formation; the last step, catalysed by PSP, is virtually irreversible
and inhibited by the final product L-serine. Very little is known about the
regulation of the human phosphorylated pathway and the ability of the
three enzymes to organise in a complex with potential regulatory functions.
Here, the complex formation was investigated in differentiated human
astrocytes, by proximity ligation assay, and in vitro on the human recombi-
nant enzymes. The results indicate that the three enzymes co-localise in
cytoplasmic clusters that more stably engage PSAT and PSP. Although
in vitro analyses based on native PAGE, size exclusion chromatography
and cross-linking experiments do not show the formation of a stable com-
plex, kinetic studies of the reconstituted pathway using physiological
enzyme and substrate concentrations support cluster formation and indi-
cate that PHGDH catalyses the rate-limiting step while PSP reaction is the
driving force for the whole pathway. The enzyme agglomerate assembly of
the phosphorylated pathway (the putative ‘serinosome’) delivers a relevant
level of sophistication to the control of L-serine biosynthesis in human
cells, a process strictly related to the modulation of the brain levels of p-
serine and glycine, the main co-agonists of N-methyl-p-aspartate receptors
and various pathological states.

Abbreviations

3PG, p-3-phosphoglycerate; 3PHP, 3-phosphohydroxypyruvate; 3PS, L-3-phosphoserine (o-phospho-L-serine); BSA, bovine serum albumin;
CNS, central nervous system; DIV, day of in vitro differentiation; DSS, disuccinimidyl suberate; ERAB, 3-hydroxyacyl-CoA dehydrogenase
type II; GDH, glutamate dehydrogenase; GFAP, glial fibrillary acidic protein; HiISAT, Haemophilus influenzae serine acetyltransferase; iPSC,
induced pluripotent stem cells; L-Glu, L-glutamate; L-Ser, L-serine; PHGDH, 3-phosphoglycerate dehydrogenase; PLA, proximity ligation assay;
PP, phosphorylated pathway; PSAT, phosphoserine aminotransferase; PSP, phosphoserine phosphatase; RCA, rolling circle amplification;
SEC, size exclusion chromatography.; o-KG, o-ketoglutarate.
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Human phosphorylated pathway complex

Introduction

L-Serine (L-Ser), referred to as a conditionally nonessen-
tial amino acid, plays a versatile role in intermediary
metabolism in eukaryotic cells, serving in the produc-
tion of phosphoglycerides, glycerides, sphingolipids,
phosphatidylserine and methylenetetrahydrofolate (a
source of one-carbon units for methylation processes
and nucleotide synthesis). L-Ser is also the precursor of
two neuroactive signalling molecules: glycine and b-
serine, which modulate the activity of N-methyl-p-
aspartate receptors. L-Ser metabolism plays a major role
in the development and function of the central nervous
system (CNS) [1,2]. Because of the low permeability of
L-Ser through the blood—brain barrier, its brain concen-
tration is largely due to biosynthesis through
the phosphorylated pathway (PP) in astrocytes [3,4].
This cytosolic pathway starts from 3-phosphoglycerate
(3PG, generated by glycolysis) and involves the
enzymes 3-phosphoglycerate dehydrogenase (PHGDH,
ECI1.1.1.95; producing 3-phosphohydroxypyruvate,
3PHP), phosphoserine aminotransferase (PSAT,
EC2.6.1.52; producing 3-phosphoserine, 3PS) and phos-
phoserine phosphatase (PSP, EC3.1.3.3; catalysing the
last hydrolytic irreversible step). The final product is L-
Ser [5] (see Scheme 1). Since PP is present in most
organisms, from bacteria to mammals, extensive litera-
ture exists on the functional and structural properties of
the enzymes from different sources. For example, both
PSP and PSAT from hyperthermophilic bacteria [6,7],
Mycobacterium tuberculosis [8], plants [9-11] and mam-
mals [12-16] have been characterised to date. In particu-
lar, deep investigations have been reported for PHGDH
from bacterial sources, highlighting differences and sim-
ilarities with the human counterpart [5,17].

Severe, infantile, neurological disorders, including
congenital microcephaly, intractable seizures and several
psychomotor defects have been linked to serine (and
glycine) deficiency [18,19]. For example, Neu-Laxova
syndrome was identified as a rare, severe and lethal L-
Ser deficiency disorder that originates from defects in
the genes encoding the enzymes of the PP [20]. Indeed,
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patients showing a strong decrease in L-Ser and glycine
levels in plasma/cerebrospinal fluid are affected by
severe neurological disorders. The PP is also linked to
cancer, since the hyperactivation of the L-Ser/glycine
biosynthetic pathway drives oncogenesis; for a review,
see [21]. Furthermore, the PP was recently linked to
mechanisms differing between genders in healthy ageing
and Alzheimer’s disease onset [22].

Interactions between proteins play a central role in
biological processes. Homo- and hetero-subunit oligo-
merisation confers protein stability and extends protein
functionality, including enhancing enzyme catalytic
rates and bestowing allosteric properties [23-25]. Large
protein complexes may serve to shuttle intermediates
along a particular pathway, especially when substrates
are unstable, to avoid their use by alternative path-
ways or when they are present at concentrations lower
than their cognate enzymes. These are metabolic strat-
egies named ‘substrate or direct channelling’ [26], made
possible via the formation of protein tunnels connect-
ing consecutive active sites [27]. An alternative is repre-
sented by ‘proximity channelling’, which involves two
enzymes positioned near enough to each other such
that the intermediate produced by the first enzyme is
processed by the second enzyme before it can escape
by diffusion, even in the absence of an actual channel.
The main issue of such a process is the distance
between the two enzymes: An intermediate produced
by the first enzyme is unlikely to be processed by the
second enzyme when the distance between the two
active sites is ~ 10 nm apart [28]. An alternative to
generate channelling is represented by assembling mul-
tiple copies of the involved enzymes into a functional
co-cluster, an ‘agglomerate’ [27]. In this case, once the
upstream enzyme produces an intermediate, the proba-
bility it will be processed by one of the many copies of
the downstream enzyme in the agglomerate is high. An
example is represented by the six enzymes of the
purine biosynthetic pathway, which form a reversible
cluster, named purinosome, in HeLa cells in response
to purine availability [29,30]. Interestingly, cell metab-
olism seems to be localised in nano- and micron-sized
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Scheme 1. Scheme of the reactions of the phosphorylated pathway. PHGDH catalyses the NAD'-dependent conversion of bp-3-
phosphoglycerate into 3-phosphohydroxypyruvate; PSAT catalyses the transamination of 3-phosphohydroxypyruvate to L-3-phosphoserine
with glutamate as an amino donor and using a pyridoxal-5’-phosphate cofactor; PSP catalyses the irreversible hydrolysis of (-3-
phosphoserine to L-serine.
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compartments that coherently assemble protein com-
plexes and thus catalyse, organise and integrate com-
plex pathways.

Recently, the structural and functional properties of
the three human enzymes of the PP have been investi-
gated [5,31-33]. Because of the cytosolic location of the
PP and its connection with glycolysis (3PG is an inter-
mediate of glycolysis that can be diverted to generate
L-Ser), the knowledge of the PP organisation is of pri-
mary relevance. In this work, we provide several lines
of compelling evidence that the three enzymes of the
PP do not form a stable and separable complex. Our
results point to the generation of a multienzyme meta-
bolic assembly (an enzyme agglomerate we named ‘seri-
nosome’) that controls L-Ser synthesis in human cells.

Results

PP complex formation at the cellular level

The ability of the three enzymes of the PP to generate
a complex at the cellular level was evaluated by the
proximity ligation assay (PLA, also referred to as Duo-
link technology). We selected this strategy based on its
ability to provide a highly specific and sensitive detec-
tion of protein—protein interactions at the cell level
[34]. In each assay, two primary antibodies (raised from
different species and recognising the putative interact-
ing proteins) are used together with species-specific sec-
ondary antibodies conjugated to unique short DNA
oligonucleotides (Duolink probes), which template the
hybridisation of added connector oligonucleotides.
When in close proximity (< 40 nm), the oligonucleo-
tides are ligated to form a circular, single-stranded
DNA template. This template, still anchored to the
antibody, is then subjected to rolling circle amplifica-
tion (RCA) generating a long concatemer product,
which is detected using complementary fluorescent oli-
gonucleotide probes (see the scheme in Fig. 1A). This
generates discrete fluorescent dot signals (spot of prox-
imity) that can be counted, showing the exact subcellu-
lar location of the protein—protein interaction.

In p-formaldehyde-fixed differentiated astrocytes
derived from human induced pluripotent stem cells
(iPSC) at 30 days of in vitro differentiation (30 DIV)
(Tripodi F., Motta Z., Murtas G., Rabattoni V., Non-
nis S., Grassi Scalvini F., Rinaldi A.M., Rizzi R, Bearzi
C., Badone B., Sacchi S., Tedeschi G., Maffioli E.,
Coccetti P., Pollegioni L, unpublished data), couples of
antibodies were used to specifically recognise endoge-
nously expresssd PHGDH, PSAT and PSP. These anti-
bodies were recognised by the Duolink probes and,
after the hybridisation and RCA steps, PLA signals
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were detected by confocal microscopy. In the large
majority of cells, spots of proximity were detected
either when PHGDH and PSAT, or PSAT and PSP, or
PHGDH and PSP were labelled (Fig. 1B-D), as
observed for glial fibrillary acidic protein (GFAP) and
vimentin in the positive control (Fig. 1G), and not for
PHGDH and 3-hydroxyacyl-CoA dehydrogenase type
IT (ERAB) in the negative one (Fig. 1F). This finding
strongly suggested that the PP’s proteins are interact-
ing. Notably, in differentiated astrocytes the density of
the detected signals (expressed as the mean number of
PLA spots per cell) is similar to the one reported for
other metabolic enzyme assemblies, i.e. the purinosome
[35,36]. However, it is significantly higher when the
interaction of PSAT with PSP is analysed (Fig. 1H),
likely indicating either that fewer PHGDH molecules
are engaged in the putative ‘serinosome’ formation or
that this enzyme is less stably associated with the pro-
tein cluster, in the experimental condition we used.

In line with the latter observations, double staining
immunofluorescence analyses, performed using the
same antibody mixtures as in PLA analyses, showed
the partial co-occurrence of the signals corresponding
to PHGDH and PSAT, PSAT and PSP, and PSP and
PHGDH, as indicated by the yellow colocalisation
spots in Fig. 2A—C. The actual correlation of red and
green signals and the degree of colocalisation of the
labelled PP’s enzymes were evaluated by the rFu1 soft-
ware using the JACoP plugin, which allows the calcu-
lation of several colocalisation coefficients. In
particular, Manders’ coefficients (M1 and M?2) esti-
mated the fluorescent signal (i.e. red channel) overlap-
ping the other one (i.e. green channel): The number
of co-occurring pixels as a fraction of the M1 and M2
coefficients, separately for each fluorophore, accounts
for the fraction of the total fluorescence that co-
occurs. The obtained values (in the 0.47-0.58 range
for both M1 and M2, Table 1) indicated that the sig-
nals corresponding to the PP’s enzymes largely over-
lap, albeit the colocalisation was not complete.

Besides this, the correlation between red and green
signal pairs in sets of single cells was evaluated by the
Pearsons’ coefficient (r, computed setting a Costes’
threshold), a measure of the strength of the linear rela-
tionship between the two channels. PHGDH and
PSAT, PSAT and PSP, and PSP and PHGDH signals
co-distribute: Mean r values corresponding to 0.63
(0.5-0.73 range), 0.60 (0.51-0.68 range) and 0.62
(0.61-0.80 range), respectively, were calculated
(Table 1), indicating a fairly high correlation of the
signals for the PP’s enzymes couples. Altogether, these
findings further support the close proximity and the
engagement of the PP’s proteins in multimeric
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Fig. 1. Investigation of the PP's protein interaction at the cellular level. (A) Schematic diagram of Proximity Ligation Assay (see details in the
text), created with BioRender.com. (B-D) Astrocytes were probed with rabbit anti-PHGDH and mouse anti-PSAT (B), mouse anti-PSAT and
rabbit anti-PSP (C), or mouse anti-PHGDH and rabbit anti-PSP antibodies (D): Protein interaction was detected via the Duolink PLA. (E, F)
Negative controls prepared by omitting the primary antibody (E), or using rabbit anti-PHGDH and mouse anti-ERAB in the primary antibody
mixture (F). (G) Positive control of the PLA reaction performed using mouse anti-vimentin and rabbit anti-GFAP antibodies. Red: proximity
spots indicating protein interaction. Green: cytoskeleton stained with Phalloidin CruzFluor™ 488. Blue: nuclei stained with the DraQ5 fluores-
cent probe. Scale bar = 15 um. The reported images are representative of two independent experiments. (H) Density of the PLA signal
expressed as the number of spots per cell as determined by manually selecting single cells in the acquired confocal stacks and using the
analysis particles function of the Fuui (imMaGeJ) software. For negative and positive controls: n = 20; for cells labelled for PHGDH and PSAT,
PSAT and PSP, and PHGDH and PSP: n = 30; error bars represent standard deviation.

Immunofluorescence PLA
Rb anti-PHGDH + Ms anti-PSAT

Rb anti-PSP + Ms anti-PHGDH
' (©)

Fig. 2. Cellular distribution of the PP’'s enzymes in astrocytes. (A-C) Double staining immunofluorescence analyses were performed by
setting up the same primary antibody mixtures used for PLA (as in Fig. 1): rabbit anti-PHGDH and mouse anti-PSAT (A); mouse anti-PSAT
and rabbit anti-PSP (B), and mouse anti-PHGDH and rabbit anti-PSP antibodies (C). In green PHGDH (A) and PSP (B, C); in red PSAT (A, B)
and PHGDH (C). Panels on the right represent details at higher magnification of each image. Scale bar: A-C left panels = 15 um; right
panel = 5 um. (D-F) The cellular localisation of PP’s protein complexes was investigated by detecting the three proteins in 30 DIV astrocytes
using PLA. The primary antibody mixtures used in panels D-F are as in panels A-C, respectively. The localisation within the cells of the
obtained proximity spots was evaluated by counter-staining the mitochondrial network with the anti-human mitochondria antibody. Red, PLA
spots indicating protein interaction. Green, mitochondria. Scale bar = 15 um. The reported images (A-F) are representative of five acquired
images in the different staining conditions.

complexes. The size of these protein clusters, estimated
based on the diameter of single and distinct colocalisa-
tion spots, ranged from 0.17 to 0.8 um, with an aver-
age of 0.326 £ 0.104, 0.416 £+ 0.134 and 0.376 +
0.106 ym for PHGDH:PSAT, PSAT:PSP and
PHGDH:PSP interaction, respectively. According to

[37], these clusters belong to the lower limit of the
medium-size clusters (areas from 0.1 to 3 pm?).
Concerning the cellular localisation, further confocal
analysis indicated that putative PP protein complexes
detected by PLA do not colocalise neither with the
actin network labelled with Phalloidin CruzFluor™
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Table 1. Colocalisation analysis of immunofluorescence signals. The reported colocalisation coefficients were calculated by the JACoP
plugin in the open-source software FuI (IMAGEJ). Single images were processed by applying the median filter and subtracting the background
(default parameters setting). Manders’ coefficients were determined by adjusting the threshold of the green and red channels based on the
signal detected in single cells; the automatic Costes’ threshold was selected during the calculation of the Pearsons’ coefficient (1. Values
represent mean =+ standard error of results from 10 to 15 imaged cells.

Pearson’s (n Pearson’s (r) Manders’ (M1) Manders' (M2)
Immunolocalisation No threshold Above threshold
PHGDH : PSAT 0.68 + 0.01 0.63 + 0.02 0.58 + 0.03 0.49 + 0.03
PSAT : PSP 0.70 + 0.01 0.60 + 0.02 0.57 + 0.03 0.51 + 0.03
PSP : PHGDH 0.69 + 0.02 0.62 + 0.03 0.53 + 0.04 0.47 + 0.05

488 Conjugate (Fig. 1B-D) nor with the mitochondrial
one stained with an anti-human mitochondria anti-
body (Fig. 2D-F) and appear largely distributed
throughout the cytosol without apparently accumulat-
ing in a particular subcompartment, as also confirmed
by immunostaining (Fig. 2).

In vitro analysis of PP complex formation

Encouraged by the results of PLA analysis, we investi-
gated whether the three proteins are able to form a
stable complex in vitro. The recombinant PP enzymes
were separated by size exclusion chromatography
(SEC) on a Superdex 200 Increase column in 50 mwm
Hepes, pH 7.0, 150 mm NaCl at room temperature.

The three enzymes eluted as distinct peaks: PHGDH
at 12.44 £ 0.23 mL, PSAT at 16.12 + 0.14 mL and
PSP at 16.56 &+ 0.04 mL. At first, the potential forma-
tion of a complex between PHGDH and PSAT was
investigated after incubating the two proteins for
30 min at 4 °C, at PHGDH : PSAT molar ratios of
1:1,2:1,1:2 and 1 : 4 (the concentration of the
protein at lower concentration was 16.7 um). No evi-
dence of a complex formation was apparent by the
overlay of the resulting chromatograms (Fig. 3A-D)
and by Western blot analysis of the eluted fractions.
Next, under the same conditions and molar ratios,
PSAT and PSP were mixed and analysed: Again, no
evidence of a complex formation was apparent
(Fig. 3E-H). Finally, the three enzymes were mixed
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Fig. 3. Analysis of PHGDH-PSAT and PSAT-PSP complex formation by size exclusion chromatography. (A-D) SEC profiles of PHGDH and
PSAT mixtures at different molar ratios: (A) 1:1; (B) 2:1; (C) 1:2; (D) 1: 4. Blue line: PHGDH alone (3.35 nmol in A, C and D and
6.7 nmol in B); red line: PSAT alone (3.35 nmol in A and B, 6.7 nmol in C and 13.4 nmol in D); black line: PHGDH-PSAT mixture. (E-H) SEC
profiles of PSAT and PSP mixtures at different molar ratios: (E) 1 : 1; (F) 2 : 1; (G) 1 : 2; (H) 1 : 4. Red line: PSAT alone (3.35 nmol in A, C
and D and 6.7 nmol in B); green line: PSP alone (3.35 nmol in A and B, 6.7 nmol in C and 13.4 nmol in D); black line: PSAT-PSP mixture.
Each SEC analysis was repeated twice.
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Fig. 4. Analysis of PHGDH, PSAT and PSP complex formation by
size exclusion chromatography. (A) SEC profiles of PHGDH, PSAT
and PSP mixture at 1:1:2 molar ratio (the theoretical elution
volume of a complex made by one PHGDH tetramer, one PSAT
dimer and one PSP dimer, ~ 380 kDa, is marked by an arrow).
Blue line: PHGDH alone; red line: PSAT alone; green line: PSP
alone; black line: PHGDH-PSAT-PSP mixture. SEC analysis was
repeated twice. (B) Western blot analysis of the eluted fractions.
MW-—molecular weight markers; lanes 1-5 correspond to the
eluted fractions: 1 = 10-12 mL; 2 = 12-13.5 mL; 3 = 13.5-15 mL;
4 =15-165mL; 5=16.5-185 mL; STD: 0.5 ug of the three
recombinant proteins. Left: fractions collected during the elution of
solutions containing the single proteins as controls (top: PHGDH
alone; centre: PSAT alone; bottom: PSP alone). Right: fractions cor-
responding to the elution of a mixture containing 3.35 nmol of both
PHGDH and PSAT, and 6.7 nmol of PSP (the membrane was cut
based on protein size and incubated with the appropriate antibody).
The dashed line indicates noncontinuous lanes on the same gel.
The Western blot analysis was repeated twice.

together. At a PHGDH : PSAT : PSP ratio of
1:1:1 no significant change in protein distribution
was observed, while at 1 : 1 : 2 ratio, an increase in
PSAT and PSP relative concentration in the fraction
at 15-16.5 mL was apparent (Fig. 4B, lanes 4) that
should correspond to a 1:1 or 1:2 PSAT : PSP
complex formation. In no cases the three proteins co-
eluted in the same fraction at a lower elution volume
(as demonstrated by Western blot analysis), thus
excluding the formation of a stable complex under the

Human phosphorylated pathway complex
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Fig. 5. Native PAGE analysis of PP complex formation. (A) Native
PAGE of PHGDH (77 pmol), PSAT (78 pmol) and PSP (79 pmol) at
pH 9.2, 5% acrylamide. (B) Native PAGE of PHGDH (70 pmol),
PSAT (96 pmol) and PSP (147 pmol) at pH 9.2, 7% acrylamide. (C)
Native PAGE of PHGDH (50 pmol), PSAT (74 pmol) and PSP
(110 pmol) at pH 9.2, 8% acrylamide. The native PAGE analysis
was repeated twice.

tested conditions. In order to evaluate whether the PP
complex formation is dependent on a cell component,
the SEC separations were also run following the incu-
bation of the three enzymes with 100 pL of crude
extract (corresponding to 150 pg of total protein con-
tent) from 30 DIV astrocytes for 30 min at both 4 °C
and 37 °C: Again, no evidence of protein co-elution at
a lower elution volume was apparent (data not
shown).

The results obtained by SEC were confirmed by
native PAGE performed at pH 9.2. The single proteins
and the mixtures at 1 : 1 molar ratio were separated
on a 5% acrylamide native PAGE (Fig. 5A): PSP
showed the highest electrophoretic mobility, having a
similar theoretical net charge compared with PSAT
and a lower molecular mass. The mobility of PSAT
and PHGDH was similar, thus hampering the unam-
biguous attribution of the intense band observed in
the protein mixtures to the formation of a bimolecular
complex (Fig. 5A). However, PSP did not participate
in complex formation with any of the other two
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proteins. With the aim to increase the resolution of the
bands and to favour complex formation, a native
PAGE on 7% acrylamide gel was performed using a
molar excess of PSP and PSAT (PHGDH : PSAT :
PSP =1:1.5:2, Fig. 5B). Under these conditions,
the protein bands were better resolved, but their
mobility was reduced and thus the separation between
PSAT and PHGDH did not improve. The increase in
acrylamide concentration from 7% to 8%, while keep-
ing all the other conditions constant, led to a further
increase in resolution coupled with a decrease in pro-
tein mobility (Fig. 5C): Under these conditions, the
presence of two separate bands corresponding to
PHGDH and PSAT was more evident, further sup-
porting the absence of a stable complex.

Results obtained by native PAGE and SEC were
further supported by cross-linking experiments using
the homobifunctional primary amine reactive cross-
linker (8-atom linker) disuccinimidyl suberate (DSS).
DSS was added to solutions containing the single
proteins of the PP (8.35 um for PHGDH and PSAT
and 16.7 um for PSP) at 20- or 50-fold molar excess
and incubated at 4 °C for 30 min. The same proce-
dure was used by adding DSS to a mixture contain-
ing the three enzymes at a PHGDH : PSAT : PSP
molar ratio of 1 : 1 : 2. Electrophoretic and immu-
nodetection analyses of the reaction mixtures
showed that all three proteins alone generated intra-
molecular cross-links yielding bands at a higher
apparent mass (e.g., at 30 kDa for PSP, at 90 kDa
for PSAT and at > 300 kDa for PHGDH). How-
ever, no bands were specifically recognised by the

V. Rabattoni et al.

three antibodies simultaneously (i.e. bands not pre-
sent when the single proteins were analysed) that
could correspond to links between the three
enzymes, even when 2.5 mM 3PG and 0.5 mm
NAD" or 2.5 mM 3PG, 0.5 mmM NAD", 2.5 mwm L-
Glu and 3 mm MgCl, were present in the cross-
linking mixture (not shown).

Kinetic analysis of the PP reaction

The kinetic parameters for the three recombinant
human enzymes were determined in 50 mm Hepes, pH
7.0, at 37 °C. Since PSAT is unstable in Hepes buffer
without KCl, likely as a result of aggregation, 100 mm
KCl was used in the assay mixture. Similarly, PSP
requires MgCl, for maximal activity [12]. On the other
hand, KCI and MgCl, negatively affect PHGDH activ-
ity [31]. The kinetic parameters determined for the for-
ward (using the hydrazine method) and reverse
reactions of PHGDH were not significantly altered by
the buffer composition (Table 2), thus the kinetics of
the PP was also investigated in the presence of
100 mm KCI and 0.3 mm MgCl,.

The reaction in the physiological direction, leading
to the production of L-Ser, was investigated using the
three enzymes of the PP, 3PG, NAD" and L-Glu, fol-
lowing NADH production at 340 nm in a continuous
assay at pH 7 and 37 °C. The concentration of the
three enzymes in the human hippocampus [22] and dif-
ferentiated astrocytes (Tripodi F., Motta Z., Murtas
G., Rabattoni V., Nonnis S., Grassi Scalvini F.,
Rinaldi A.M., Rizzi R, Bearzi C., Badone B., Sacchi

Table 2. Kinetic parameters of recombinant human PHGDH, PSAT and PSP at 37 °C and pH 7.0. In square brackets are reported the
PHGDH kinetic parameters determined in presence of 100 mm KCI, 0.3 mm MgCl, and 0.1 mg-mL~" BSA.

Koq Keat (571 K (Mm) Ki (mm) Reference
PHGDH
Forward reaction? 0.002 2.97 + 0.09 3PG = 0.360 + 0.061 [31]
[0.003] [2.32 £ 0.05] NAD" = 0.148 + 0.021 This paper
[3PG = 0.328 + 0.041]
[NAD" = 0.194 + 0.015]
Reverse reaction 2.28 + 0.14 3PHP =0.010 £ 0.003 3PHP =1.26 + 0.25 [31]
[1.47 £+ 0.07] NADH = 0.56 + 0.08 [3PHP = 1.06 + 0.29] This paper
[3PHP = 0.015 £ 0.03]
[NADH = 0.66 + 0.14]
PSAT
Forward reaction 10 23.8 + 1.1 3PHP = 0.004 + 0.002 3PHP =0.23 + 0.14 [33]
-Glu=24+04 -Glu=7.1 +£ 3.9
Reverse reaction 8.6 £ 0.2 a-KG = 0.36 + 0.04 o-KG =8.4 + 4.7 [33]
3PS = 0.033 + 0.005 3PS=344+20
PSP Irreversible 448 +£ 0.9 3PS = 0.040 + 0.003 -Ser = 0.6 mm [32,39]
@Using the hydrazine assay.
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Human phosphorylated pathway complex

Table 3. Concentration of the enzymes and main metabolites related to the phosphorylated pathway.

Concentration

Enzymes Differentiated astrocytes® (ng-ug™" protein, [uml]) Human hippocampus® (ng-ug~" protein)

PHGDH 1.4 [0.82] 0.41 £ 0.22

PSAT 1.2 [1.14] 1.11 +£0.25

PSP 0.110.12] 0.019 + 0.009

PHGDH : PSAT : PSP

Amount ratio 14 :12 1 20:55:1
Molar ratio 7:8:1 10:26:1

Metabolites Concentration (um) Localisation Reference

3PG 45 Red blood cells (cytosolic) [53]
110-180 Breast cancer cells [41]

3PHP Below detection Breast cancer cells [41]

NAD* 88.7 Cytoplasm [53]
300 Brain tissue [54]
770-990 Breast cancer cells [41]

NADH 60 Brain tissues [54]
190-370 Breast cancer cells [41]

-Glu 1400 + 200 Hybridoma cell line (cytosolic) [55]

a-KG 320 Hybridoma cell line (cytosolic) [55]
470-550 Breast cancer cells [41]

3PS 5 CSF [56]

L-Ser 1180 + 490 Human hippocampus [22]
1020 + 260 Differentiated astrocytes @

p-Ser 55.82 + 23.46 Human hippocampus [22]
7.72 + 3.09 Differentiated astrocytes a

Gly 1910 + 620 Human hippocampus [22]
6790 + 3610 Differentiated astrocytes a

#Tripodi F., Motta Z., Murtas G., Rabattoni V., Nonnis S., Grassi Scalvini F., Rinaldi A.M., Rizzi R, Bearzi C., Badone B., Sacchi S., Tedeschi
G., Maffioli E., Coccetti P., Pollegioni L, unpublished data F., Motta Z., Murtas G., Rabattoni V., Nonni., PRef. [22].

S., Tedeschi G., Maffioli E., Coccetti P., Pollegioni L,
unpublished data) was recently determined, as well as
the concentration of the main metabolites related to
the PP (Table 3). In order to simulate the physiologi-
cal conditions, the reactions were performed using the
concentration of the PP enzymes as determined in dif-
ferentiated astrocytes, i.e. 0.82 um PHGDH, 1.14 pm
PSAT and 0.12 pm PSP (Table 3). The increase in the
concentration of 3PG from 0.053 mwm (i.e. the physio-
logical concentration) to 2.53 mm, keeping the concen-
tration of NAD" and L-Glu around the physiological
values (0.3 and 2 mwm, respectively), led to a propor-
tional increase in the reaction rate (Fig. 6A). Consis-
tently, when the same reaction was followed by
monitoring phosphate produced by the last enzyme,
the time course overlapped well with the reaction mon-
itored through the production of NADH (Fig. 6E).
The reactions at fixed 0.53 mm 3PG and 2 mm L-Glu
concentrations showed a significant increase in reac-
tion rate upon increasing NAD' concentration
(Fig. 6B), while a modest increase in the reaction rate
was observed when raising the concentration of L-Glu

from 0.2 to 2 mwMm, with no additional effects at
20 mm L-Glu (Fig. 6C). Instead, at the low, physiolog-
ical concentration of 3PG (i.e. 0.053 mm), the effect of
increasing L-Glu concentration was negligible
(Fig. 6D). Since the K, of PSAT for L-Glu is 2.4 mwm,
the rate of PSAT reaction limits the flux at high 3PG
and low L-Glu concentrations (Fig. 6C). The effect of
enzyme concentrations on the flux through the path-
way was assessed by varying the concentration of one
enzyme around its physiological value while keeping
the concentration of the others constant (Fig. 7). Dif-
ferently from what is reported in the literature for the
PP from rabbit liver [38] and under the conditions
tested, PSP did not affect the rate of the flux through
the PP (Fig. 7C). Quite unexpectedly, at a physiologi-
cal 1 mMm L-Ser concentration the rate of phosphate
production by the PP did not decrease significantly,
this indicating that the final product apparently does
not modulate the flux through the pathway (Fig. 6F).
The reason of this behaviour is apparent when the
reduction in free PSP concentration at 1 mm L-Ser is
taken into account. Considering a K; of 0.5 mMm and a
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Fig. 6. Kinetics of the PP followed as NADH and phosphate production. The reactions were carried out in 50 mm Hepes, 100 mm KClI,
0.3 mm MgCl,, 0.1 mg'mL’1 BSA, pH 7, 37 °C. The enzyme concentrations were as follows: 820 nm PHGDH, 1140 nm PSAT and 120 nm
PSP. The substrates were used at the following concentrations: 2 mm L-Glu, 0.3 mm NAD™ and 0.54 mm 3PG. Panels (A-D) The concentra-
tion of one substrate at a time was changed as follows: (A) 3PG concentration: 0.054 (black), 0.54 (red) and 2.53 mwm (blue); (B) NAD" con-
centration: 0.09 (black), 0.3 (red) and 3 mm (blue); (C, D) -Glu concentration: 0.2 (black), 2 (red) and 30 mm (blue). In panel D, -Glu
concentration was as in panel C, while 3PG concentration was set at the physiological value of 0.053 mm. Bars are the average + SD of
two replicates. (E) Overlay of the kinetic traces of the overall reaction catalysed by the enzymes of the PP as monitored by either the absor-
bance at 340 nm of NADH (red bars) and the phosphate production evaluated by the malachite green assay (red dots). (F) Overlay of the
kinetic traces collected in the same conditions as those used in panel E either in the absence (red dots) or in the presence (white dots) of
1 mm L-Ser

noncompetitive inhibition mechanism, see Table 2 and
Ref. [39], at 1 mM L-Ser, about 67% of PSP should be
complexed with L-Ser; thus, the concentration of free,
active enzyme should decrease from 120 to 40 nm: This
reduction is comparable to the one reported in Fig. 7C
that did not affect the overall rate.

The experimental traces for NADH and phosphate
production (the latter corresponding to L-Ser produc-
tion) were determined at 50 mm Hepes, pH 7.0 and
37 °C using 0.82 umv PHGDH, 1.14 um PSAT and
0.12 um PSP (corresponding to theoretical rates vg
and v, of 0.0025 and 0.0019 mmol-L 's™' for
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Fig. 7. Effect of the relative concentration of each enzyme on the kinetics of the PP. (A) Effect of PHGDH concentration: 200 nm (black),
820 nm (red) and 1600 nm (blue). (B) Effect of PSAT concentration: 200 nm (black), 1140 nm (red) and 4700 nm (blue). (C) Effect of PSP
concentration: 20 nm (black), 120 nm (red) and 600 nm (blue). Conditions: 50 mm Hepes, pH 7.0, 100 mm KCI, 0.3 mm MgCl,, 0.1 rng-mL’1
BSA, 2 mm L-Glu, 0.3 mm NAD™ and 0.54 mwm 3PG, 37 °C. Bars are the mean + SD of two replicates.
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Fig. 8. Simulation of NADH formation during the reaction of the enzymes of the PP. (A) Comparison of experimental traces (average of 3
measurements + SD) with (blue bars) and without PSP (red bars) and simulation traces (lines). Conditions: 820 nm PHGDH, 1140 nm PSAT,
120 nm PSP, 0.54 mm 3PG, 2 mm L-Glu and 0.09 mwm (left), 0.3 mm (centre) or 3 mm (right) NAD" (37 °C and pH 7.0). (B) Close-up of the
reaction reported in panel A right at short times. In blue the simulation for NADH production; in green the simulation for L-Ser production;
and in red bars the experimental trace. (C) Effect of added salts on the overall reaction catalysed by the enzymes of the PP. Left: the reac-
tion, carried out at 37 °C, contained 820 nm PHGDH, 1140 nm PSAT, 120 nm PSP, 2 mm (-Glu, 0.3 mm NAD" and 0.54 mm 3PG in either
25 mm Hepes pH 7.0 (black) or 50 mm Hepes, pH 7.0, 100 mm KCI, 0.3 mm MgCly, 0.1 mg-mL~" BSA (red). Bars are the mean + SD of
two replicates. Right: PSP drives the PP towards L-Ser synthesis: comparison of the trace for NADH production when PSP was present
from the beginning (red) with the one recorded adding PSP when NADH level reached a plateau (blue). Conditions as in the left panel with
the exception of NAD" concentration, which is 3 mm. Bars represent the average &+ SD of two replicates.

PHGDH, of 0.027 and 0.0097 mmol-L™'s™! for org). For each condition, the traces with and without
PSAT and of 0.00538 mmol-L™'s™! for PSP), were PSP were evaluated (Fig. 8A): The NADH concentra-
simulated by the copasi software (http://www.copasi. tion time courses did not show any lag, were faster
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than expected based on the known kinetic parameters
and were further pushed in the direction of L-Ser pro-
duction by PSP. At first, we observed that a reason-
able simulation was obtained only when the forward
rate vy for PHGDH was 50-fold higher (0.
125 mmol-L "s™') than that based on the kinetic
parameters determined in Ref. [31] and the K, for
NAD" was 75 vs 150 pm. While the latter change is
of small amplitude (2-fold), the rate of 3PHP produc-
tion by PHGDH is significantly different between the
simulation and the published values. The explanation
is provided by recent work [40] demonstrating that
the oligomerisation state and the apparent kg, of
PHGDH are both altered by the enzyme concentra-
tion: The homotetrameric state and the maximal
figure of k., are observed at > 1 pum enzyme concen-
tration. Actually, the PHGDH kinetic parameters
have been previously determined at 0.007 pm enzyme
concentration [31], while present investigations were
performed at 0.82 um. The change in vy as suggested
by the simulation studies agrees with that reported
for enzyme activity in fig. 6 in Ref. [40].

Next, experimental traces and simulations of NADH
and r-Ser production demonstrated that the former is
produced slightly faster at the beginning of the reac-
tion while the concentrations of both products are very
close at times > 500 s (Fig. 8B): When NADH is pro-
duced upon reduction of 3PG, the intermediate 3PHP
is quickly converted into the L-Ser final product by the
PSAT and PSP reactions. Under these conditions,
PHGDH seems to be rate limiting since its rate
strongly depends on 3PG level (i.e. from glycolysis)
and NAD"/NADH ratio (i.e. from redox balance).
Finally, when the reaction was carried out in the pres-
ence of 100 mm KCI, 0.3 mm MgCl, and 0.1 mg-mL ™'
bovine serum albumin (BSA) a significant increase in
NADH production was observed (Fig. 8C, left): The
simulation suggests an increase in K., value for
PHGDH (from 0.00002 to 0.0005-0.001, thus reaching
a value close to the one determined under static condi-
tions, i.e. 0.002, see Table 2). The effect of PSP in
pushing the PP in the direction of L-Ser production
was further evident under these experimental condi-
tions (Fig. 8C, right).

In conclusion, the kinetic analyses demonstrate that
the three enzymes of the PP work together and seem
well coupled under in vitro conditions since the overall
time course of product formation is well simulated
using the kinetic parameters determined for every sin-
gle enzyme, with no evidence of lag times in product
formation and of slowdown due to products diffusion,
i.e. the three enzymes work as a putative metabolic
cluster.

V. Rabattoni et al.

The production of the oncometabolite 2-
hydroxyglutarate

The ability of PHGDH from Escherichia coli to use o-
ketoglutarate (o-KG) as a substrate with reoxidation
of NADH (in the reverse direction) was reported by
[17], a pathway in which synthesis proceeds efficiently
without a net consumption of NAD". In tumour
cells, this cycle generates the oncometabolite 2-
hydroxyglutarate, whose accumulation in breast cancer
cells is associated with poor diagnosis. The ability of
human PHGDH to use o-KG in the reverse direction
was previously reported [31,41]. Here, we evaluated
the ability of the human PP to generate a cycle in
which NADH generated by PHGDH in the forward
direction is recycled into NAD" by using a-KG, with
the simultaneous production of phosphate and 2-
hydroxyglutarate. As shown in Fig. 9, when a low
NAD™ concentration was used (30 um), no difference
in phosphate production with or without 0.4 mm o-
KG was evident. Under these conditions, NAD" is the
limiting reagent and a final concentration of phosphate
of about 30 um is obtained, indicating that once this
reagent is depleted it cannot be recycled by the reverse
PHGDH reaction. However, the concentration of
NADH produced under these conditions might be too
low compared with the K;,, of PHGDH (about
0.5 mm, Table 2). Anyway, when the experiment was
carried out at 0.3 or 3 mm NAD" in either the absence
or presence of 0.4 mM o-KG, again no effect of the
latter on the progress of the reaction was apparent.
This excluded that the human PP generates the onco-
metabolite under these conditions.

Discussion

The de novo L-Ser biosynthesis pathway relies on three
enzymes to catalyse the conversion of the glycolytic
intermediate 3PG into L-Ser (Scheme 1). PLA analyses
on differentiated human astrocytes demonstrated that
the three enzymes are in close proximity (< 40 nm)
in the cytosol, suggesting a closer proximity
between PSAT and PSP compared with the PHGDH-
containing complex. This is also confirmed by confocal
analysis, showing a lower degree of colocalisation
between PHGDH and PSAT and thus suggesting the
existence of an equilibrium between free and com-
plexed PHGDH enzyme forms in the cytosol. An over-
all figure of 47-58% of total PHGDH, PSAT and PSP
proteins colocalise in the cytoplasm of differentiated
astrocytes, generating clusters with a diameter of 0.33—
0.42 um (a putative serinosome), similar to the one
reported for the purinosome in HelLa and LND cells

12 The FEBS Journal (2023) © 2023 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

85UB017 SUOWILIOD 3AFe81D) 3|qedljdde aup Aq paueAob 8e Sa e O ‘88N JO S3|NJ 10} AReiq 1 BUINUO AB|IM UO (SUORIPLOD-PUe-SWISH WD A3 1M Ale1q 1 U1 IUO//SANY) SUORIPUOD pUe SWB L 8U3 885 *[£202/90/ET] U0 A%iqi8ulluO AB]IM *BIfR}BURIYO0D AQG £8/9T 'SGR/TTTT OT/I0p/W00" A3 1M AeIq 1[eU1IUO'SCRY//SANY WO14 papeo|umoqd ‘0 ‘859vZy.LT



V. Rabattoni et al.

Human phosphorylated pathway complex

50 T T 200 T T T 500 . .
(A) (B) (€)

40 400 | -
. 150} 2 . § %
s 8 = O =
= =X =1
= 30t ] — O o = 300 + é e 1
Q (] O
= % T 100 | a e T
S s e s o
g 20T 2 o @ 200 ]
g o f g
= = 50} =

10 100 | 1

0 L ) 0 2 L n . 0 " L "

0 1000 2000 3000 0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time (s) Time (s) Time (s)

Fig. 9. Assessment of NAD™ recycling by the enzymes of the PP. Phosphate produced over time by the in vitro reconstructed PP was
measured using the malachite green assay in the presence (red symbols) and absence (white symbols) of 0.4 mm o-KG and different con-
centrations of NAD™ (0.03 mw, panel A; 0.3 mwm, panel B; 3 mm panel C) at 37 °C. The concentration of the other reagents is kept constant
(820 nm PHGDH, 1140 nm PSAT, 120 nm PSP, 50 mm Hepes pH 7.0, 100 mm KCI, 0.54 mm 3PG, 0.3 mm MgCl,, 2 mm -Glu). Bars are the

mean + SD of two replicates.

[42]. The 200-300 nm in diameter size of the func-
tional purinosome should contain a total of 10° to 10°
enzyme molecules.

In vitro studies using recombinant PHGDH, PSAT
and PSP failed in generating a stable (detectable and
separable) complex made by the three enzymes of the
PP. The results of SEC, native PAGE and chemical
cross-link experiments agree and indicate that neither
a bimolecular complex nor a trimolecular one forms at
the protein concentrations used (up to 66.9 um). This
is not unusual, considering that several attempts to
purify and reconstitute in vitro metabolic complexes
failed, due to the highly dynamic and weak interac-
tions that hold these enzymes together [43]. Up to
now, the physical interactions were reported only for
PHGDH and PSAT from Entamoeba histolytica, an
enteric human parasite: The protein—protein complex
exhibited a 1 : 1 stoichiometry and a dissociation con-
stant of 0.35 pum [44]. Our results do not exclude that
the interaction between the three enzymes of the PP
could be modulated by additional cellular components
or by post-translational modifications related to spe-
cific cell signals. Indeed, metabolons are known to be
often associated with structural elements of the cell
(e.g. membranes and cytoskeleton) and nonenzymatic
proteins, which act not only as scaffolding elements to
stabilise them but also play a role in the modulation
of these functional agglomerates [45]. Anyway, kinetic
experiments suggest the proximity of the PP human
enzymes: The enzymes of the PP are kinetically
coupled under in vitro conditions, with no evidence of
lag times in product generation and of reaction slow-
down due to product diffusion: They behave as a puta-
tive metabolic complex (a metabolon assembly). By

using enzyme concentrations corresponding to those
identified in vivo, PHGDH seems the rate-limiting step
of the PP (PSAT could be rate limiting at low gluta-
mate concentrations and high, nonphysiological, 3PG
concentrations) and PSP the driving force to generate
L-Ser thus bypassing the reversibility of the two previ-
ous steps. This observation agrees with the larger num-
ber of pathological variants reported for PHGDH and
PSAT compared with PSP [5]. The product L-Ser, a
noncompetitive inhibitor of PSP, does not affect the
overall reaction at 1 mm concentration (i.e. the physio-
logical value), as expected considering that this
enzyme, under the conditions tested here, does not
limit the flux through the pathway.

Once, cells were considered to consist of a collection
of soluble proteins, substrates, cofactors and products
within the cellular matrix that relied primarily on dif-
fusion for the right components to come together and
react. With the advancements in the understanding
of  cellular organisation, compartmentalisation,
membrane-bound systems and formation of multimole-
cular complexes were discovered as suitable strategies
used by cells to organise and control the enzymes of
particular pathways [46,47]. This study establishes that
the three enzymes involved in the important biosynthe-
sis of L-Ser in human cells are functionally connected
through the formation of a protein agglomerate (a ser-
inosome). Dynamic assemblies of enzymes for efficient
and regulated metabolism have been previously
observed in purine metabolism [29,42]. The PP meta-
bolon assembly generated by transient interactions of
the three enzymes provides a channelling solution for
the pathway intermediates, giving higher local concen-
tration and efficient processing of intermediates,
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preventing their bulk equilibration with the cytosol
thus increasing the pathway flux and definitely pushing
the process to L-Ser production. Optimal distribution
of enzymes in a large cell given by multiple enzyme
clusters is 110-fold more efficient than a delocalised
distribution for a three-step pathway [27].

The observed aggregates might represent a partial
assembly of the PP enzymes that should undergo fur-
ther co-clustering in response to varying metabolic
demands. This enzyme agglomerate assembly delivers
a relevant level of sophistication to the control of L-
Ser biosynthesis in human cells (especially in CNS
where L-Ser is used to produce the N-methyl-p-
aspartate receptor coagonist D-Ser) and implies the
need to shed light on various structural details. In par-
ticular, on the post-translational modifications of each
enzyme (selected phosphorylation of PHGDH has
been reported to mediate its nuclear targeting under
glucose deprivation in cancer cells) [48], the signifi-
cance of PHGDH allosteric machinery for the integra-
tion of the metabolic signals that modulate the PP and
the specific signals controlling the cluster assembly and
disassembly.

Materials and methods

Protein expression and purification

Recombinant human  His-PHGDH  (herein  named
PHGDH) was expressed in E. coli and purified as reported
in Ref. [31]. The final enzyme preparation was stored in
50 mm Hepes, pH 7 and 5% glycerol (v/v). PHGDH con-
centration was determined based on the extinction coeffi-
cient at 280 nm (40 450 M~ '-cm™!). Recombinant His-
tagged human PSAT was expressed and purified following
a published procedure [33]. PSAT was purified from the
crude extract by IMAC (Talon Superflow—Cytiva™). Puri-
fied PSAT was then dialyzed against 25 mm Tris pH 6.8,
300 mv NaCl, 1 mm TCEP and 4 pum pyridoxal-5'-
phosphate to remove imidazole. Finally, PSAT was concen-
trated, flash-frozen in liquid nitrogen and stored at —80 °C.
Recombinant His-tagged human PSP was expressed in
E. coli cells and purified following a published procedure
[32]. The protein was purified from the cell extract on
Talon Superflow resin (Cytiva™, Marlborough, MA, USA)
and stored in 25 mm Hepes, 100 mm NaCl, pH 7.4, at
—80 °C. The concentrations of human PSP and PSAT were
estimated using the extinction coefficients at 280 nm of
11 460 and 35 870 m 'cm™', respectively, calculated by
Protparam (Expasy, http://www.expasy.org). Recombinant
PHGDH, PSAT and PSP possess a molecular mass of
59.77, 42.85 and 27.17 kDa, respectively.

Concerning standard assay, PHGDH-specific activity in
the physiological direction was determined by monitoring

V. Rabattoni et al.

NADH fluorescence intensity (recording the emission at
450 nm following excitation at 360 nm) over time at 37 °C
in 96-well plates with TECAN Infinite 200 Pro reader
(Mannedorf, Switzerland). The assays were performed
using 0.04 ng PHGDH in 25 mm Hepes, pH 7.0, 2.5 mm
3PG and in the presence of 1.5 mmM NAD' and 200 mm
hydrazine or 1.7 um PSAT in the presence of 30 mm L-Glu
(100 pL total volume; hydrazine and PSAT are required to
drive the reaction forward). The activity in the reverse
direction was determined by monitoring the decrease in
NADH fluorescence intensity over time at 37 °C. The
assays were performed using 0.6 pg of enzyme in 25 mm
Hepes, pH 7.0, using different amounts of PHP and 5 mm
NADH or of 0.5 mm PHP and different amounts of the
cofactor.

The catalytic parameters of PSAT (Table 2) were deter-
mined at 37 °C for the forward direction by a coupled
assay using glutamate dehydrogenase (GDH) as the cou-
pling enzyme in a buffer solution containing 50 mm Hepes
pH 7.0, 100 mm KCI, 1 mm dithiothreitol, 0.170 mm
pyridoxal-5'-phosphate. The assay mixture contained 81 nwm
PSAT, 1 U GDH, 0.1 mm NADH, 32 mm NH,CI, 0.011-
0.11 mm 3PHP and 0.4-80 mm L-Glu. The activity in the
reverse direction was measured by a continuous assay
coupled with PHGDH in the same buffer used for the for-
ward direction. The assay mixture contained 337 nm PSAT,
8§ mU PHGDH, 0.1 mm NADH, 0.1-10 mm o-KG and
0.03-1 mm 3PS.

The catalytic parameters of PSP (Table 2) were deter-
mined at 37 °C by a published continuous method detect-
ing the released serine by the coupled enzyme
Haemophilus influenzae serine acetyltransferase (HiSAT)
[32]. In detail, the assay was performed in a buffer solu-
tion containing 50 mm Hepes pH 7, 100 mm KCl and
3mMm MgCl,, The assay mixture contained 0.17 mm
acetyl-CoA, 0.5 mm DTNB, 430 mU HiSAT and 0.010—
0.5 mm 3PS.

Native PAGE

The pl of PHGDH, PSAT and PSP (6.356, 7.634 and
6.342, respectively) and their net theoretical charge at a
given pH were calculated using the Protein Tool in Prot
Pi bioinformatic toolbox (https://www.protpi.ch/) and cor-
respond, respectively, to: 3.617, 9.695 and 2.620 at pH
6.0; —10.702, —1.767 and —6.083 at pH 8.0; —23.951,
—13.082 and —11.226 at pH 9.2. Native PAGE was per-
formed on a continuous gel system with 5-8% acrylamide
in 50 mm Tris, 25 mm boric acid, pH 9.2. The protein
samples were mixed, incubated at room temperature for
5 min, added to a nondenaturing sample buffer (running
buffer with the addition of 10% glycerol and
0.2 mg-mL~" bromophenol blue) and loaded on the gel.
The electrophoretic run was performed in the cold room
at a constant voltage of 200 V.
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Size exclusion chromatography

The evaluation of PHGDH, PSAT and PSP complex forma-
tion was performed by SEC using a Superdex 200 Increase
(Cytiva™) column using an Akta chromatography system
(Cytiva™) at room temperature in 50 mm Hepes pH 7.0,
150 mm NaCl, at a flow rate of 0.5 mL-min~'. Sample mix-
tures were prepared by mixing different molar amounts of
the three proteins diluted in the elution buffer, incubated at
4 °C for 30 min and centrifuged before column injection.
Single proteins were also analysed as a control. SEC separa-
tions were also performed after the incubation of the three
enzymes of the PP with 100 pL of crude extract from 30
DIV astrocytes for 30 min at both 4 °C or 37 °C. Briefly,
the cell pellet was suspended in ice-cold lysis buffer (50 mm
Hepes pH 7.0, 0.7 pg-mL~" pepstatin, 1 ug-mL™" leupeptin,
1 mg-mL ™' DNAse) and sonicated. Cell lysate was then
centrifuged at 13 000 g for 30 min at 4 °C; the protein con-
centration of the supernatant was quantified using the Brad-
ford reagent (Merck, Rahway, NJ, USA). The formation of
a complex was verified by observing the appearance of new
peaks, by evaluating peak areas and by SDS/PAGE and
western blot analyses of eluted fractions. For western blot
analysis, the membranes were blocked overnight at 4 °C
with 4% dried milk in Tris-buffered saline (TBS; 10 mm
Tris—=HCI pH 8.0, 0.5 m NaCl) with the addition of 0.1%
Tween-20 (TBST) and subsequently incubated with primary
antibodies diluted in 2% dried milk in TBST for 2 h at
room temperature. After extensive washing, the membranes
were incubated for 1 h at room temperature with goat anti-
rabbit IgG Alexa Fluor plus 800 (1 : 20 000; Invitrogen).
The fluorescent signals were detected using the Odyssey Fc
Imaging System (LI-COR Biosciences, Lincoln, NE, USA).
The primary antibodies used were as follows: rabbit poly-
clonal anti-PHGDH (1 : 1000; Invitrogen); rabbit poly-
clonal anti-PSAT (1 : 1000; Antibodies-online, Aachen,
Germany); rabbit polyclonal anti-PSP (1 : 2000; Thermo
Fisher Scientific, Waltham, MA, USA).

Cross-linking

PHGDH, PSAT and PSP were mixed (at 1 : 1 :2 molar
ratio), incubated at 4 °C for 30 min in 50 mm Hepes, pH
7.0, 150 mm NaCl and then cross-linked with a 20 or 50-
fold molar excess of DSS (with respect to PHGDH mono-
mer) for 30 min at 25 °C; the reaction was stopped by add-
ing Tris-HCI, pH 8.0 to a final concentration of 20 mm.
The formation of a complex was evaluated by 8% SDS/
PAGE and western blot analyses.

The PP kinetics

While every single enzyme is usually assayed under slightly
different conditions (see above), the overall reaction was
measured in 50 mm Hepes buffer, pH 7.0 and at 37 °C.

Human phosphorylated pathway complex

For PSAT and PSP, the presence of 0.1 mg-mL~" albumin
from bovine serum (BSA), 100 mm potassium chloride and
0.3 mm magnesium chloride is required for optimal activ-
ity [49], while both these salts negatively affect the activity
of PHGDH [31]. Therefore, assays were carried out both
with and without the chloride salts. The reaction mixture
that contains PHGDH, PSAT, PSP, NAD" and 1-Glu was
incubated at 37 °C for 5 min and the reaction was initiated
by adding 3PG. The progression of the reaction was fol-
lowed by two methods: the continuous spectroscopic detec-
tion of NADH production by PHGDH and the
determination of the phosphate release in the final step of
the pathway using the malachite green assay [32]. NADH
formation was followed either by its absorption at 340 nm
or by its fluorescence emission at 450 nm upon excitation
at 340 nm: These two detection methods were comparable.
The determination of the phosphate release was performed
on 20 pL aliquots of the reaction mixture sampled over
time and mixed with 2 pl. 10% trichloroacetic acid to stop
the reaction. 100 pL of malachite green reagent (MAK308;
Merck) were added to the solution and the absorbance at
620 nm was recorded using a HALO LED 96 microplate
reader (Dynamica, Livingstone, UK) after 30 min incuba-
tion at room temperature in the dark.

The simulation of the kinetics for the PP in terms of
NADH and phosphate production was carried out using
copast 4.37 software (http://www.copasi.org). The reaction
of PHGDH was set up as a bi-bi reversible reaction with
an equilibrium constant < 0.002; the reaction of PSAT was
set up as a ping-pong reaction with an equilibrium constant
of 10-40; the reaction of PSP was set up as a Henri—
Michaelis—Menten irreversible reaction; the kinetic con-
stants reported in Table 1 were used for the simulations.

In situ PLA and immunofluorescence analyses

Induced pluripotent stem cells-derived astrocytes at 30
DIV, kindly provided by P. Coccetti’s lab (Department of
Biotechnology and Biosciences, University of Milano-
Bicocca, Milan, Italy) and showing a signature of molecu-
lar markers similar to mature astrocytes rather than to
reactive ones (Tripodi F., Motta Z., Murtas G., Rabattoni
V., Nonnis S., Grassi Scalvini F., Rinaldi A.M., Rizzi R,
Bearzi C., Badone B., Sacchi S., Tedeschi G., Maffioli E.,
Coccetti P., Pollegioni L, unpublished data), were seeded
on matrigel-coated coverslips (4 x 10* cells each), fixed in
ice-cold 4% paraformaldehyde for 15 min and permeabi-
lised with 0.2% Triton X-100 in PBS for 20 min at room
temperature. Cells were then subjected to PLA using the
Duolink  In Situ Orange starter kit mouse/rabbit
(DUO92008; Merck) according to the manufacturer’s pro-
tocol. This assay is based on the work by Fredriksson et al.
[50] who set up a highly specific and sensitive method for
protein detection relying on the complementation of two
DNA aptamer probes with sequence extensions that could
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be joined by ligation. In this way, probes that bind in close
proximity by recognising the same target molecule could be
joined to form a template for detection via sensitive real-
time PCR amplification. In subsequent works, aptamers
were replaced by oligonucleotide-conjugated antibodies,
serving as proximity probes and PLA was applied for
detecting protein—protein interaction in fixed cells or tis-
sues. Briefly, after permeation in PBS, 0.2% Triton X-100
(20 min at room temperature), coverslips were incubated in
Duolink blocking solution for 60 min at 37 °C and then
with primary antibodies overnight at 4 °C. Different
primary polyclonal antibody mixtures were prepared in
Duolink antibody diluent as follows: (a) rabbit anti-
PHGDH (1 : 1000, HPAO024031; Sigma) + mouse anti-
PSAT (1 : 250, H00029968-A01; Abnova, Taipei, Taiwan);
(b) mouse anti-PSAT (1 : 250) + rabbit anti-PSP (1 : 250,
PA5-22003; Invitrogen); (¢c) mouse anti-PHGDH (1 : 500,
raised against the purified recombinant protein; Davids
Biotechnologie, Regensburg, Germany) + rabbit anti-PSP
(1 : 250). Coverslips were then incubated with PLA Probe
MINUS and PLUS for 1 h at 37 °C, with the ligation solu-
tion for 30 min at 37 °C and finally with the amplification
solution for 100 min at 37 °C. After each incubation, an
extensive washing in Duolink buffer A was performed.
Next, the cells were rinsed with Duolink buffer B and
counterstained with Phalloidin CruzFluor™ 488 Conjugate
(1: 1000, sc-363791; Santa Cruz Biotechnology, Dallas,
Texas, USA) for 60 min at room temperature to visualise
the cytoskeleton or with the Ms X Hu Mitochondria mouse
monoclonal antibody (1 : 1000, MABI1273; Millipore, Bur-
lington, MA, USA; overnight at 4 °C) and the Alexa Fluor
488 donkey anti-mouse antibody (1 : 100, A21202; Invitro-
gen; 60 min at room temperature), and with the fluorescent
nuclear probe DraQ5 (1 : 500, 62251; Thermo Fisher Scien-
tific) for 10 min at room temperature. Finally, coverslips
were mounted with a Vectashield mounting medium (H-
1000-10; Vector Laboratories, Zurich, Switzerland). Nega-
tive controls were prepared by omitting primary antibodies;
or by using a mixture containing rabbit anti-PHGDH
(1 : 1000) and mouse monoclonal anti-ERAB (1 : 500, sc-
136326; Santa Cruz Biotechnology) antibodies. ERAB is a
27 kDa protein known to localise to the endoplasmic retic-
ulum and the mitochondrial matrix [51], which therefore
cannot interact with the cytosolic PHGDH. On the other
hand, a primary antibody mixture containing rabbit poly-
clonal anti-GFAP (1 : 2000, Z0334; Dako, Santa Clara,
CA, USA) and mouse monoclonal anti-vimentin (1 : 200,
MO0725; Dako) was used as a positive control for the Duo-
link reaction, since these type III intermediate filament pro-
teins expressed in astrocytes are known as co-
polymerisation partners [52]. The number of PLA spots/cell
was determined by selecting ROI corresponding to single
cells and using the analysis particles function of the open-
source software FUI (IMAGEJ; https://imagej.net/software/fiji)
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after having properly adjusted the colour threshold of
images.

Immunofluorescence analyses on iPSC-derived astrocytes
at 30 days were performed by double staining using the
same primary antibodies and the same dilutions as in PLA,
Alexa Fluor 488 donkey anti-rabbit and Alexa Fluor 546
donkey anti-mouse secondary antibodies (1 : 100, A21206
and A10036, respectively; Invitrogen). After block perme-
ation in PBS, 0.2% Triton X-100, 4% horse serum (for
20 min at room temperature), coverslips were incubated
overnight at 4 °C in the primary antibodies (diluted in
PBS, 0.1% Triton X-100, 4% horse serum) and after exten-
sive washing in the secondary antibodies (diluted in PBS,
0.1% Triton X-100) for 1 h at room temperature. Cover-
slips were finally mounted using the Vectashield antifade
mounting media (H-1700; Vector Laboratories). Stained
coverslips were imaged using an inverted laser scanning
confocal microscope (TCS SP5; Leica Microsystems, Wet-
zlar, Germany) equipped with a 63.0 x 1.25 NA plan apo-
chromatic oil immersion objective. Confocal image stacks
(10 sections each, optimised thickness) were acquired using
the LEICA TCS software with a sequential mode to avoid
interference between each channel due to spectral overlap
and without saturating any pixel. Images were then pre-
pared by superimposing the stacks acquired with the differ-
ent channels. The presence of autofluorescence or
nonspecific reactivity during imaging was ruled out taking
as reference a sample incubated without specific primary
antibodies (negative control). The signal/background noise
ratio was adjusted by fixing the photomultiplier laser maxi-
mal levels of each channel, taking as reference the negative
control prepared without specific primary antibodies.

The overlap between immunofluorescence signals corre-
sponding to pairs of PP’s enzymes, as well as their corre-
lation, was analysed by the JACoP plugin in rFul. Single
images were processed by applying the median filter and
subtracting the background (default parameters settings).
Manders’ coefficients were determined by adjusting the
threshold of the green and red channels based on
signals detected in single cells. The automatic Costes’
threshold was selected during calculations of Pearsons’
coefficients.
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