ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Current Opinion in

Systems Biology

The pentose phosphate pathway and organization of
metabolic networks enabling growth programs

Zeenat Rashida and Sunil Laxman

Abstract

‘The whole is greater than the sum of its parts’, a quote
misattributed to Aristotle, is especially true for metabolic net-
works and the key metabolic reactions within. Here, exempli-
fying the oxidative and non-oxidative arms of the pentose
phosphate pathway (PPP), we separate the roles of key me-
tabolites or precursors generated within, and their roles in the
organizations of distinct metabolic networks to drive cell
growth. Using recent examples from microbes, plants, and
metazoans, we summarize the logic of how the distinct arms of
the PPP regulate systems-level metabolism, as well as the
reciprocal regulation exerted by diverse metabolic networks on
the respective PPP arms. We highlight systems-level conse-
quences of activating/inactivating either arm of the pathway,
with a particular emphasis on the inherent coupling of amino
acid metabolism with the PPP. We further contextualize how
these arms function differently to regulate global metabolic
states and the biosynthetic capacity of a cell.
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Introduction

Cell growth inherently depends on balanced carbon flux
through interconnected metabolic nodes. This carbon
budgeting allows cells to produce sufficient ATP/energy,
accumulate biomass, and sustain growth. Biomass
accumulation is a consequence of the cellular biosyn-
thetic network, where cells make building blocks like

amino acids for proteins and nucleotides, sugar-
phosphates for storage carbohydrates and nucleotides,
and acetyl-coA for fatty acids synthesis. This ‘reductive’
biosynthetic capacity is defined by the amounts of
NADPH produced by the cells, primarily by the pentose
phosphate pathway (PPP) [1]. Concurrently, the PPP
produces critical precursors to synthesize various bio-
molecules. The optimal allocations of carbon flux
toward arms of the PPP hence determine the biosyn-
thetic capacity of the cell by balancing flux through
multiple metabolic networks to synthesize the required
building blocks and co-factors.

Here, we summarize the organization of metabolic
networks impacted by allocations of carbon flux
toward the PPP and vice-versa in a harmonious cellular
economy. We highlight conserved but underappreciated
aspects of the importance of the PPP across metabolic
networks that are present across kingdoms of life. In
particular, we emphasize the reciprocal coupling of the
PPP with amino acid networks to collectively impact
cell growth programs.

The oxidative and non-oxidative PPP arms and mass-
action balance

While the PPP was discovered over 80 vyears ago,
studying it remains as relevant today as it was in the
previous millennium. Indeed, its significance to the
systems-level organization of metabolic networks is only
now crystallizing. Reactions of the PPP are classically
divided into two arms — oxidative and non-oxidative
[reviewed in 1]. The essentially irreversible oxidative
PPP consists of three steps to synthesize ribulose-5-
phosphate (Ru5P) from glucose-6-phosphate (G6P).
Two of these steps produce NADPH, the reductive
currency of cells (Figure 1). The R5P isomerase (RPI)
enables Ru5P to isomerize to ribose-5-phosphate (R5P),
the primary product of PPP. Contrastingly, the non-
oxidative PPP has easily reversible transaldolase and
transketolase reactions which, depending on the needs
of the cell, either divert flux toward R5P synthesis or
help in maintaining glycolytic flux (Figure 1). The non-
oxidative PPP also includes sedoheptulose kinase
(SHK) in mammals, and sedoheptulose-7-phosphatase
(SHBPase) in fungi, algae, and plants, which regulate
S7P levels (Figure 1). Thus, the two arms of the PPP
serve distinct functions.

www.sciencedirect.com

Current Opinion in Systems Biology 2021, 28:100390


mailto:sunil@instem.res.in
mailto:rzeenat@instem.res.in
http://www.sciencedirect.com/science/journal/18796257/vol/issue
https://doi.org/10.1016/j.coisb.2021.100390
https://doi.org/10.1016/j.coisb.2021.100390
www.sciencedirect.com/science/journal/24523100
www.sciencedirect.com/science/journal/24523100

2 Metabolic Networks

Figure 1
Glucose
K = oxidative PPP
(@] +
6-ohosph » cellular biosynthesis
Glucose-6-phosphate -phospho- 6-phosphogluconate s
P G6PD  gluconolactone  epGL P OoPO9 > respiration and
fatty acid oxidation
6PGD )
» folate metabolism
PGl Co, » redox state
» oxidative stress
Ribulose-5-phosphate
RPE l RPI
TKL
Fructose-6-phosphate —> Xylulose-5-phosphate Ribose-5-phosphate
ATP — 1 I —
PFK Erythrose-4-phosphate
Sedoheptulose
ADP <+ FBA  bisphosphate L
J. Non-oxidative PPP
Fructose-1,6-bisphosphate l HBHasS TKL
Sedoheptulose /| » aromatic amino acid, histidine
FBA . -
-7-phosphate and nucleotide synthesis
G'ycera'dehydf'3'ph05phate ; J » cofactor synthesis (NAD,

v
Phosphoenolpyruvate

v
glycolysis

Sedoheptulose

FAD, pyridoxine, riboflavin)

SHK » carbon flux regulation

Current Opinion in Systems Biology

The reactions of the pentose phosphate pathway. The pentose phosphate pathway is classically divided into the oxidative and non-oxidative arms.
The oxidative arm functions to provide NADPH required for cellular biosynthesis and redox balance. The non-oxidative arm provides precursors for amino

acids, nucleotide and co-factor synthesis. Together, they support various

arms of the greater metabolic network.

The oxidative PPP is a major provider of NADPH and
therefore drives reductive biosynthesis. Depending on
the environment and cell-type, the oxidative PPP pro-
duces ~25—60% of all NADPH, enabling biosynthetic
reactions [2—5]. The non-oxidative arm does not
directly contribute to NADPH production but still
helps maintain NADPH levels. This is because the non-
oxidative arm can route excess RSP (produced via the
oxidative arm), into glycolysis and G6P recycling, to
sustain oxidative PPP. Contrastingly, when ribose de-
mands increase, fructose-bisphosphate aldolase (FBA)
diverts glycolytic flux toward SBP and then S7P pro-
duction, thereby fueling the non-oxidative arm for R5P
synthesis, withour NADPH production [6—8] (Figure 1).
This illustrates the intimate connection between
glycolysis and PPP in balancing carbon flux. Interest-
ingly, in many microbes present in gut microbiota, as
well as yeast, the glycolytic enzyme PFK modulates S7P

levels, by phosphorylating S7P to form SBP [8,9].
Mammalian liver fractions enriched in PFK activity also
have enhanced S7P kinase activity [10]. S7P acts as a
store of carbon, increasing during carbon/nitrogen star-
vation and oxidative stress [9—12]. S7P, therefore, can
provide RSP, glycolytic intermediates, and NADPH (by
glucose recycling) depending on the needs of the cell.
S7P supply, therefore, becomes an important node that
determines flux to and from the non-oxidative PPP
[6,10]. The non-oxidative PPP functions to provide
precursors like erythrose-4-phosphate (E4P) and R5P
for amino acid, nucleotide and co-factor (pyridoxine,
riboflavin, NAD, FAD) synthesis (Figure 1). The easy
reversibility of the non-oxidative arm enables a dynamic
equilibrium between the intermediates, where meta-
bolic needs can be met largely by mass-action balance
into various interconnected metabolic pathways based
on substrate amounts.
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Butterfly effect: PPP and distant nodes in the
biosynthetic network

Small changes in different nodes of the PPP result in
large, often non-intuitive differences in apparently un-
related metabolic pathways. Classic studies in Saccha-
romyces cerevisiae show that the loss of G6PD (ZWFI),
6PGL. (501L3/S014), 6PGD (GND1/GNDZ2) reduce cell
growth in media without free amino acids, with Gnd1
and Zwf1, the NADPH producing steps, showing the
most significant defects [13]. These demonstrated a
role for the oxidative-PPP in determining overall
biosynthetic capacity. Indeed, dzwf7 cells are methio-
nine auxotrophs (discussed later), with altered GSH/
GSSG levels and reduced lipid accumulation due to
decreased NADPH [2,14]. In contrast, the loss of
GNDI1(6PGD) does not change NADPH levels [2,15],
likely because of 6PG accumulation, which inhibits
glycolysis and promotes flux through the oxidative PPP
to produce NADPH. ZWFI loss also increases NAD+-/
NADH ratios, but cells still maintain glycolytic flux
[2,13]. Instead, the flux increases through the non-
oxidative PPP and tricarboxylic acid (T'CA) cycle [13].
Interpreting this requires looking into the ‘greater PPP
network’. The increased NAD+/NADH ratios most
likely come from a combination of altered mitochondrial
activity and increased de novo NAD synthesis from
tryptophan. Consistently, dzwf7 cells accumulate tryp-
tophan because of increased non-oxidative PPP flux [2].
Interestingly, while the T'CA cycle flux increases in Azwf1
cells, mitochondrial activity decreases [13,16]. This is
because respiration itself depends on the PPP for
NADPH, which combats increasing ROS levels in
respiring cells [16]. The increased flux through the TCA
cycle in dzwfl cells can, therefore, be imagined as an
adaptive response driving NADPH production through
TCA cycle-dependent  pathways [13]. Similarly,
NADPH from the PPP combats ROS produced during
fatty acid oxidation [17]. Finally, the non-oxidative PPP
arm can also regulate carbon flux through the TCA cycle.
Patients with defects in either transaldolase or trans-
ketolase activity accumulate most TCA cycle in-
termediates [18]. Expectedly, decreased PPP activity
also decreases @¢ novo nucleotide synthesis, and alters
pyridoxine and riboflavin levels, all of which requires
R5P/Ru5P as precursors [2,19,20]. These observations
emphasize the impact of PPP on multiple nodes of the
biosynthetic network.

Feedback, recycling, and allosteric control

Because of its importance to overall carbon balance via
regulating multiple networks, the PPP flux is incredibly
dynamic and controlled by substrate feedback, recy-
cling, and allosteric control. For example, in yeast
growing in low nitrogen conditions, there is a ~ 2-fold
increase in flux toward the PPP pathway [12,21].
Large increases in PPP flux occur when cells shift from
fermentative to respiratory metabolism or when quies-
cent cells adapt to growth [22,23]. In mammalian

tissues such as the brain, liver and heart, the PPP con-
sumes up to 16% of glucose taken up [24]. This PPP flux
contributes substantially to glycolysis and lactate pro-
duction. The best-studied divergence of glucose con-
sumption toward the PPP is during oxidative stress, to
produce NADPH [11]. Oxidative stress can inhibit
glycolysis. GO6PD is inhibited by increased NADPH, and
in conditions of oxidative stress, sustained PPP activity
requires NADP + recycling by ROS dependent oxida-
tion [11]. Generally, however, ROS levels rarely change
excessively [16]. So how does the PPP activity remain
high given that this will require continuous
NADP + recycling? This recycling appears to occur via
the greater biosynthetic network coming predominantly
from biosynthetic processes [4]. Around 12—20% of
NADPH produced by the PPP in mammalian cells is
consumed for fatty acid synthesis [5]. The remaining
NADPH turnover comes from ozher biosynthetic re-
actions, especially amino acid biosynthesis [4].
Furthermore, specific nodes of PPP are feedback regu-
lated by various metabolites (Table 1). This extensive
feedback underlies the carbon-flux partitioning between
PPP and glycolysis, depending on the cellular needs.
While the importance of these coupled nodes is still
underappreciated, this regulation is likely to become
increasingly apparent in many systems, such as in rapidly
growing cancer cells.

Coupling of the amino acid network with the PPP

a) PPP and nitrogen assimilation

It is increasingly clear that carbon and nitrogen
metabolism are irrevocably linked, and the PPP is
central to this linkage. In microbes and plants, the
PPP regulates nitrogen assimilation to control the
overall amino acid network. Many microbes and plants
must assimilate inorganic nitrogen either as nitrate or
ammonia to synthesize amino acids and nitrogenous
compounds [25—27]. As a first step, converting nitrate
to nitrite and further to ammonia requires NADPH
produced via the PPP [26] (Figure 2a). Here, G6PD
activity is stimulated by nitrate addition [26,28].
Further ammonia assimilation into glutamate also re-
quires PPP activity [26]. This assimilation is via the
function of either a glutamate synthetase (GS) or a
glutamate dehydrogenase (GDH) enzyme [25—27]
(Figure 2a). In the well-studied model eukaryote
S. cerevisiae, supplementing NHZ induces a transcrip-
tional response where PPP genes, Gdhl and other
amino acid biosynthesis genes are coincidentally acti-
vated, and PPP flux increases [29]. Here, an incred-
ible ~50—60% of the NADPH used for biomass
production is through Gdhl [30]. Furthermore, de-
leting GDHI decreases G6PD (Zwfl) and 6PGD
(Gnd1) expression, together with amino acid and
nucleotide biosynthetic genes, resulting in a redox
imbalance [30]. These observations reveal the tight
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Table 1

Specific metabolites that allosterically regulate pentose phosphate pathway activity.

Activity Molecule Activating/inhibitory Organism References
G6PD NADPH Inhibitory Bacteria, yeasts, plants, mammalian cells [11,55]
G6PD ATP Inhibitory Bacteria, plants, mammalian cells (RBC, liver enzymes) [55]
G6PD Palmitoyl coA Inhibitory Bacteria, yeasts, mammalian cells [56,57]
(Bovine mammary G6PD)
G6PD Sodium octanoate Inhibitory Mammalian cells (liver enzymes) [58]
G6PD PEP Inhibitory Bacteria [59]
G6PD 6-phosphogluconic acid Inhibitory Mammalian cells (liver enzymes) [60]
G6PD ADP Inhibitory Mammalian cells (liver enzymes) [60]
G6PD NADH Inhibitory Mammalian cells (liver enzymes) [60]
6PGD NADPH Inhibitory Mammalian cells (RBC) [61]
6PGD ATP Inhibitory Mammalian cells (RBC) [61]
6PGD 3 PG Inhibitory Mammalian cells (cancer cells) [62]
6PGD 4-phosphoerythronate  Inhibitory Yeast (S. cerevisiae), Trypanosoma brucei, [63]
Mammalian cells (cancer cells)
6PGD 2,3-BPG Inhibitory Mammalian cells (RBC) [61]
Transaldolase F16BP Inhibitory Bacteria (E. coli) [64]
Overall PPP activity PEP Activates PPP by Yeast (S. cerevisiae) [16]

inhibiting glycolysis

coupling between nitrogen assimilation, amino acid
biosynthesis, and the PPP. Glutamate synthesized by
GDH further acts as a backbone for ammonia assimi-
lation into glutamine [27], and together glutamate and
glutamine are the nitrogen donors required to syn-
thesize all nitrogenous compounds [27] (Figure 2a).
This node for glutamate synthesis (with either GDH
or GS) and its regulation by PPP, therefore, becomes
crucial for regulating biomass increase and growth.

In contrast, in mammals, ammonia assimilation and
glutamate synthesis are through an NADH (and not
NADPH) consuming GDH. However, this node is crit-
ical for biomass accumulation and the e 7zovo synthesis of
non-essential amino acids and remains linked to the PPP.
In neurons, for example, carbon flux toward the TCA
cycle and glutamate (neurotransmitter) synthesis is via
the PPP [31]. In cancer cells, PPP flux sustains &e novo
amino acid synthesis (by providing NADPH and other
precursors) [32]. In some cancer cells, the NADPH
turnover by mutated IDH1 (which now depends on
NADPH and not NADH) coincident with the conversion
of alpha-ketoglutarate to 2-hydroxyglutarate, can support
high PPP activity for biomass accumulation [33].

b) PPP, and the ‘greater’ amino acid network

A close inspection brings forth the inseparable coupling
of the evolution of amino acid biosynthesis pathways
with the reductive capacity of the cell. In organisms that
biosynthesize their own amino acids (prototrophs),
which include a plurality of plants, bacteria, archaea,
algae and fungi, amino acid biosynthesis is irrevocably

coupled to PPP. In such organisms, the synthesis of most
amino acids requires NADPH, PPP precursors, and
glutamate synthesis supported by the PPP (highlighted
in the study by Walvekar et al. [34]). The extent of this
can be seen in Figure 2b. As these organisms are now
complete in their amino acid compositions, evolution
has allowed other organisms that feed on these to
become auxotrophic for specific amino acids. In mam-
mals, apart from proline, tyrosine, and arginine, all
NADPH requiring amino acids are essential for survival,
meaning that these organisms either cannot synthesize
or cannot synthesize enough of these amino acids. Here,
de-novo synthesis of non-essential amino acids is,
therefore, controlled by partitioning carbon flux
toward glycolysis and glutamate synthesis by the PPP
[32], which, therefore, also directly modulates NADPH
production and precursor (R5P and E4P) supply
(Figure 2b). Similarly in Corynebacterium glutamicum, the
split ratio between glycolysis and PPP decides the
amino acid preferably synthesized. More PPP flux favors
threonine, lysine, and proline synthesis, which require
higher NADPH [35—37] (Figure 2b). Contrastingly,
increased flux toward glycolysis favors Ala, Val and Leu
synthesis, all derived from pyruvate [35]. In yeast,
removing 6PGL (SOL3) leads to increased Ala and Val,
by increasing pyruvate synthesis via glycolysis [38], and
the loss of the transaldolase 7AL.7 increases Val and Arg
levels [38]. Similarly, human patients with transaldolase
and transketolase defects show abnormal tryptophan
metabolism [18]. Expectedly, to maximize the com-
mercial production of amino acids, the PPP is exten-
sively studied to understand glucose partitioning
between glycolysis and PPP [39]. This (as explained

Current Opinion in Systems Biology 2021, 28:100390
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PPP and de novo amino acid biosynthesis. (a) Nitrogen assimilation and glutamate synthesis in microbes and plants. The reactions of nitrogen
assimilation and glutamate synthesis (GS-GOGAT cycle, glutamine synthetase-glutamate synthetase cycle) require NADPH from the PPP. (b) Impact of
the PPP on general amino acid synthesis in prototrophic organisms. Amino acids can be divided into 4 categories: (i) amino acids which depend on
NADPH, Glu/GIn and PPP precursors for their synthesis, (ii) amino acids which depend on NADPH and Glu/Gin for their synthesis, (i) amino acids which
depend on PPP precursors and Glu/Gin for their synthesis (only histidine), and (iv) amino acids which require Glu/Gin for their synthesis. The respective
substrates have been color-coded, and scaled in proportion to the number of molecules of the respective substrate utilized. Linear sequence of circles
(inside) represent the number of steps in the synthesis of that specific amino acids, and those steps which require either GIn/Glu, NADPH or PPP
precursors (E4P, R5P and PEP). The specific reactions and their NADPH requirements are based on the respective pathways in S. cerevisiae and E. coli,
taken from KEGG.
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earlier) will require optimal GDH activity. Surprisingly,
the physiological roles of the PPP in regulating GDH
activity and general amino acid biosynthesis remain
poorly explored in most organisms.

¢) Interlinked triumvirate: methionine, the PPP, and
the folate cycle

Out of all the amino acids, the role of the PPP in
regulating e novo methionine synthesis is remarkable.
As mentioned previously, in yeast, dzwf7 cells (deficient
in G6PD) are methionine auxotrophs [14], and this
auxotrophy is rescued by providing methionine, SAM,
cysteine or homocysteine. The auxotrophy appears to
arise from the inability to assimilate inorganic
sulfur because of decreased NADPH [14]. Synthesizing
a single molecule of methionine requires ~ six mole-
cules of NADPH [34] (Figure 2b). With reduced PPP,
the NADPH demands for methionine biosynthesis
cannot be easily fulfilled by other NADPH sources.
Conversely, ZWF1 expression decreases when cells are
provided with methionine or SAM [14]. Furthermore,
through standard feedback regulation, the loss of en-
zymes in the methionine biosynthesis pathway upre-
gulates the oxidative PPP to produce NADPH [40].
Similarly, Met32, a co-transcriptional regulator of
methionine biosynthesis genes, upregulates the
expression of PPP enzyme transcripts directly [41].
Methionine biosynthesis, therefore, both depends
on and is tightly coupled to NADPH availability via PPP.

Methionine biosynthesis is also linked to folate meta-
bolism, as 5-methyl tetrahydrofolate (THF) is the
methyl donor for de novo Met biosynthesis. Forming 5-
methyl THF from 5,10-methylene THF (a folate cycle
intermediate) requires NADPH. During methionine
deprivation, this conserved reaction helps synthesize
methionine from homocysteine. This requires the PPP,
as the loss of G6PD leads to a substantial decrease in 5-
methyl THF [3]. Furthermore, NADPH production by
the folate cycle and folate-related biomass synthesis
remain tightly coupled to the PPP [3].

Why is this important? The folate cycle helps synthesize
5,10-methylene-THF and 10-formyl-THE needed,
respectively, for dTMP and purine biosynthesis. The
PPP hence supports ¢ novo nucleotide synthesis by
providing ribose-5-phosphate, supporting glutamate/
glutamine and other amino acid synthesis (which donate
nitrogen for nucleotide synthesis), and one-carbon
metabolism. In proliferating cells, @¢ 7ovo nucleotide
biosynthesis via the PPP supports multiple functions
beyond DNA and RNA synthesis. ATP synthesis con-
tributes substantially to intracellular SAM pools [42].
Similarly, UTP synthesis supports UDP-GIcNAc for-
mation [43]. This implies that the PPP’s role extends
beyond e novo nucleotide synthesis to include glyco-
sylation (UDP-, GDP-), lipid (CDP-) and storage

carbohydrate synthesis (UDP-), methylation potential
(via ATP/SAM), and cofactor synthesis (via ATP/NAD/
FAD). As a ‘behind the scenes’ player, the PPP indis-
pensably sustains metabolic networks enabling growth.

d) Amino acid availability/synthesis enhancing PPP flux

Amino acid biosynthesis is perhaps #4¢ major consumer
of NADPH synthesized via the PPP. Probably, for this
reason, supplementing amino acids, particularly methi-
onine and lysine in conditions of oxidative stress in-
creases oxidant tolerance in yeast cells [44,45]. The
availability of these amino acids enables the channeling
of NADPH synthesized by the PPP to counteract
oxidative stress rather than amino acid biosynthesis.
Notably, these can also drive growth programs. Again,
the role of methionine here is striking [34]. Providing
excess methionine upregulates 6PGD, RPI and TKL
enzymes, increasing glucose recycling into the oxidative
PPP to fuel NADPH and RSP production. This subse-
quently drives increased glutamate synthesis and
further amino acid and nucleotide synthesis to enable
growth [34]. Cells that have impaired abilities to sense
excess methionine rewire carbon flux toward storage
carbohydrates, and decrease nucleotide synthesis, with
reduced PPP and/or folate activity [46]. Similarly, in
cancer cells, glutamate utilization toward fatty acid
synthesis is also supported by the PPP [47]. Moreover,
inhibiting serine synthesis decreases PPP activity, R5P
levels and nucleotide biosynthesis, and the presence of
extracellular serine increases PPP activity for de novo
nucleotide synthesis [42,48]. Separately, cystine trans-
port increases flux toward the PPP to maintain redox
balance [49]. These data unravel the intricate, two-way
feedback regulations which couple amino acid avail-
ability and sustained growth to PPP activity.

Concluding remarks

Proteins constitute ~50—60% of cellular dry weight, of
which ribosomes are the most abundant. Expectedly,
biomass accumulation and growth are outputs of ribo-
somal biogenesis [50]. Ribosomal biogenesis in prolif-
erating cells will depend on the availability of RSP,
amino acids and NADPH, for protein and nucleotide
synthesis. Probably, for this reason, ribosomal biogen-
esis is tightly linked to PPP activity during cell-cycle
progression [6]. Interestingly, methionine biosyn-
thesis genes and glutamate levels also drive the cell
cycle [51,52]. Understanding the direct and indirect
roles of the PPP in supporting these pathways during
cell-cycle progression will be required to better predict
the systems-level organization of growth programs.
The most poorly explored, but important context is to
understand how cells continue to sustain growth when
glucose becomes limiting. In these contexts, the
careful carbon flux partitioning toward either amino
acid biosynthesis or gluconeogenesis (to support the
PPP and biosynthesis) become critical to determine
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growth/survival outcomes [53,54]. Understanding
the regulation of these pathways in the context of
growth outcomes is undoubtedly likely to reveal new
surprises about the roles of the PPP within the greater
metabolic network, and how it regulates or impacts
growth programs.
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