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Abstract

Many metabolites are generated in one step of a biochemical pathway and consumed in a subsequent step. Such
metabolic intermediates are often reactive molecules which, if allowed to freely diffuse in the intracellular milieu,
could lead to undesirable side reactions and even become toxic to the cell. Therefore, metabolic intermediates
are often protected as protein-bound species and directly transferred between enzyme active sites in multi-function-
al enzymes, multi-enzyme complexes, and metabolons. Sequestration of reactive metabolic intermediates thus con-
tributes to metabolic efficiency. It is not known, however, whether this evolutionary adaptation can be relaxed in
response to challenges to organismal survival. Here, we report evolutionary repair experiments on Escherichia coli
cells in which an enzyme crucial for the biosynthesis of proline has been deleted. The deletion makes cells unable
to grow in a culture medium lacking proline. Remarkably, however, cell growth is efficiently restored by many single
mutations (12 at least) in the gene of glutamine synthetase. The mutations cause the leakage to the intracellular
milieu of a highly reactive phosphorylated intermediate common to the biosynthetic pathways of glutamine and pro-
line. This intermediate is generally assumed to exist only as a protein-bound species. Nevertheless, its diffusion upon
mutation-induced leakage enables a new route to proline biosynthesis. Our results support that leakage of seques-
tered metabolic intermediates can readily occur and contribute to organismal adaptation in some scenarios.
Enhanced availability of reactive molecules may enable the generation of new biochemical pathways and the poten-
tial of mutation-induced leakage in metabolic engineering is noted.

Key words: auxotrophy rescue, prototrophy restoration, metabolic innovation, labile metabolic intermediates, evo-
lutionary repair experiments, laboratory evolution.

the emergence and evolution of metabolic pathways is im-
portant for our understanding of how life evolves.
Furthermore, detailed information about these mechanisms

Introduction
Outline of This Work

Many metabolic pathways are of ancient origin and have
evolved over long periods of time (Noda-Garcia et al.
2018). Yet, new pathways can also emerge in short time-
scales in response, for instance, to the presence of anthropo-
genic chemicals in the environment (Copley 2009).
Determining the molecular mechanisms responsible for

may suggest new tools for synthetic biology and metabolic
engineering. Re-enacting the natural evolution of metabolic
pathways in the laboratory is certainly challenging.
However, fundamental mechanisms of metabolic adapta-
tion can be revealed through experiments with cells in
which a crucial enzyme has been deleted. The deletion
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blocks a metabolic pathway, makes the cells auxotrophic for
its final product, and allows evolutionary experiments on
the restoration of prototrophy to be performed in the la-
boratory. A number of such evolutionary repair experi-
ments (Patrick et al. 2007; Mcloughlin and Copley 2008;
Kim et al. 2010; Digianantonio and Hecht 2016;
Digianantonio et al. 2017; Kim et al. 2019) have provided
support for the proposed role of enzyme promiscuity in
the emergence of new biochemical pathways
(Schulenburg and Miller 2014; Copley 2015; Noda-Garcia
et al. 2018; Peracchi 2018). Note that we are using the
term “enzyme promiscuity” in a general sense, that is, in-
cluding the enzyme capability to catalyze a given chemical
reaction with different substrates (substrate scope), as well
as the capability to catalyze different reactions (catalytic
promiscuity). Certainly, the low-level promiscuous activities
displayed by many enzymes often have no physiological role
(Khersonsky and Tawfik 2010; Copley 2015), yet, their en-
hancement upon mutation may allow the organism to
meet new challenges by patching novel pathways. For in-
stance, Kim et al. (2019) found that a four-step pathway as-
sembled from promiscuous enzymes could restore growth
in a knockout Escherichia coli strain in which an enzyme cru-
cial for the synthesis of an essential cofactor, pyridoxal phos-
phate, had been deleted. Also, Patrick et al. (2007) screened
about a hundred single-gene knockouts from the Keio col-
lection and found that about 20% of these auxotrophs
could be rescued by overexpression of noncognate genes.

Here, we report evolutionary repair experiments with
E. coli in which an enzyme crucial for the biosynthesis of
the amino acid proline has been deleted. Strikingly, our re-
sults depart from similar studies in the literature in that we
find reversion to prototrophy through a mechanism that
does not involve the recruitment of a low-level promiscu-
ous activity or a bypass by tweaking metabolic flux (Kim
et al. 2019) but, rather, the mutation-induced leakage to
the intracellular milieu of a labile metabolic intermediate.
Specifically, the rescuing mutations cause the leakage to
the intracellular milieu of a highly reactive phosphorylated
intermediate common to the biosynthetic pathways of
glutamine and proline.

The rescue mechanism discovered in this work emerges as
particularly striking when considering that labile (i.e,, highly
reactive) metabolic intermediates are typically protected as
protein-bound species and directly transferred between en-
zyme active sites in multi-functional enzymes, multi-enzyme
complexes, and metabolons (Srere 1987; Pareek et al. 2021).
Sequestration of labile metabolites helps prevent undesirable
side reactions and potentially toxic effects and thus contri-
butes to metabolic efficiency. Mutations that impair metab-
olite protection could therefore be expected to be
deleterious and efficiently purged during the course of evolu-
tion. However, our results support that leakage of one seques-
tered intermediate may readily occur and even enable
organismal survival in some scenarios.

In the next section of this introduction, we provide the
general metabolic context for this work by expounding the
rationale behind the assumption of extensive metabolite
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sequestration and the supporting experimental evidence.
In subsequent sections of this introduction, we supply ba-
sic information on the proline and glutamine biosynthetic
pathways, highlight the main features of the rescue mech-
anism uncovered in this work, and anticipate some of its
more relevant implications.

Restriction of Free Diffusion (i.e,, “Sequestration”) of
Metabolic Intermediates

Metabolic pathways are generally depicted as linear (or
cyclic) sequences of chemical species connected by arrows.
Each arrow is typically labeled with the name of the en-
zyme (or with the name of the gene encoding the enzyme)
that catalyzes the chemical transformation defined by the
arrow. Many chemical species in a metabolic pathway are
therefore the product of the reaction catalyzed by one en-
zyme as well as the substrate of another enzyme in the
pathway. These transient species are often referred to as
metabolic intermediates. In a diluted solution, the meta-
bolic intermediate that is produced by one enzyme would
diffuse to eventually encounter the next enzyme in the
pathway. However, such “diffusive metabolism” is unlikely
to occur to a substantial extent within a cell, given that the
cytosol is a crowded environment where complex and
tightly regulated networks of interconnected pathways
take place. It has long been recognized (Srere 1987;
Pareek et al. 2021) that, in this scenario, free diffusion of
metabolic intermediates may have detrimental effects.
For instance, the chemical instability of intermediates
may impair the flux through the metabolic pathway and
give rise to processes that interfere with other pathways.
Furthermore, a substantial number of metabolic inter-
mediates are actually toxic for the cell, and their free con-
centration must be kept below certain levels (Lee et al.
2020). Examples include, not only reactive oxygen species,
but also metabolites with reactive groups that can chem-
ically modify DNA and proteins, as well as metabolites that
can aberrantly trigger neurotransmitter receptors. It has
been noted (Lee et al. 2020) that cross-referencing meta-
bolites with toxicity databases reveals many metabolites
with toxic profiles.

Of course, known organisms have evolved a diversity of
molecular mechanisms to prevent or limit to a substantial
extent the free diffusion of metabolic intermediates, that
is, to “sequester” them. These mechanisms have been ex-
tensively reviewed in the literature (see, for instance;
Srere 1987; Miles et al. 1999; Huang et al. 20071;
Tullman-Ercek 2015; Schmitt and An 2017; Grunwald
2018; Kastritis and Gavin 2018; Pareek et al. 2021; Zhang
and Fernie 2021) and only a brief summary will be pro-
vided here. In enzymes that catalyze multi-step reactions,
intermediates may remain bound in the active site and
thus prevented to interact with other molecules present
in the intracellular milieu. In some bifunctional enzymes,
intermediates produced in one active site are transferred
to a second active site through an intramolecular tunnel,
thus minimizing their release to the intracellular milieu.
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Enzymes that catalyze successive steps in a metabolic
pathway often form a multi-enzyme complex in such a
way that the intermediate (the product of the first step
and the substrate of the second) is directly channeled be-
tween the two active sites. Cluster channeling of inter-
mediates occurs in metabolons, which are temporary
associations of sequential metabolic enzymes in which
multiple copies of each enzyme are present. Already about
35 years ago, Paul Srere summarized evidence of metabo-
lons in 14 metabolic pathways (see table 1 in Srere 1987).

A prominent role of enzyme association in metabolic
pathways should not come as a surprise, given that inter-
action proteomics studies indicate that proteins rarely
function in isolation and that most proteins in a cell (pos-
sibly about 80% or more) interact with other proteins
(Gavin et al. 2006; Berggard et al. 2007; Gupta et al.
2022). Indeed, experimental evidence for multi-enzyme
complexes and metabolons has come primarily from ana-
lyses of protein—protein interactions (for a recent review,
see Schmitt and An 2017). Such studies have supported
the existence of associations between enzymes in many
key biochemical pathways, including, for instance, glycoly-
sis, the Krebs cycle, oxidative phosphorylation, and path-
ways of amino acid metabolism (see Kastritis and Gavin
2018, and references therein). Direct evidence for metabol-
ite transfer between active sites in enzyme complexes and
metabolons is certainly more challenging to obtain. Yet, a
recent review on plant metabolism (Zhang and Fernie
2021) has listed 18 metabolic pathways in which pro-
tein—protein interactions supporting channeling have
been determined, with direct evidence of channeling being
available in 7 of them (see table 1 in Zhang and Fernie
2021), including the Krebs cycle and glycolysis (see fig. 2
in Zhang and Fernie 2021).

Overall, it emerges that restriction of free diffusion (i.e,
sequestration) of metabolic intermediates is widespread
and helps prevent undesirable side processes and toxic ef-
fects, thus ensuring metabolic efficiency (Srere 1987; Miles
et al. 1999; Huang et al. 2001; Tullman-Ercek 2015;
Schmitt and An 2017; Kastritis and Gavin 2018; Pareek
et al. 2021; Zhang and Fernie 2021). Certainly, we may ex-
pect different metabolic intermediates to be sequestered
to different extents, depending, among other factors, on
the molecular mechanism responsible for the restriction
of free diffusion. In fact, metabolons are sometimes sup-
posed to be more prone to allow metabolite “leakage,” to
use a term that has been used in the literature of the field
(Pareek et al. 2021), as compared, for instance, with tunnel-
ing in multi-functional enzymes. It is also clear that seques-
tration relies on protein—metabolite interactions and,
therefore, that mutations in the proteins involved could im-
pair sequestration and increase the leakage of the metabol-
ite to the intracellular milieu. Yet, those mutations may be
expected to be detrimental and to be efficiently purged by
natural selection. Contrary to this expectation, however, the
results we report here support that the mutation-induced
leakage of metabolic intermediates may readily occur and
contribute to organismal adaptation in some scenarios.

Metabolic Intermediate Sequestration in the
Biosynthetic Pathways of Proline and Glutamine

In most cells, the amino acids proline and glutamine are
synthesized from glutamate, which is in turn synthesized
from o-ketoglutarate, an intermediate in the Krebs cycle
(fig. 1). The first step of both biosynthetic pathways is
the activation of glutamate through phosphorylation to
yield a highly reactive metabolic intermediate, y-glutamyl
phosphate. In the proline biosynthetic pathway, glutamate
phosphorylation is performed by y-glutamyl kinase; while
in the glutamine biosynthetic pathway, it is carried out
by a different enzyme, glutamine synthetase.

v-Glutamyl phosphate is a highly reactive molecule, gener-
ally thought to exist only as a protein-bound species (Csonka
and Leisinger 2007; Fichman et al. 2015). y-Glutamyl phos-
phate free in solution quickly undergoes a spontaneous intra-
molecular chemical alteration to yield a cyclized molecule,
which is useless for amino acid biosynthesis (Csonka and
Leisinger 2007; Fichman et al. 2015). Therefore, the enzymes
responsible for the first and second steps of the proline bio-
synthetic pathway, y-glutamyl kinase, and y-glutamyl phos-
phate reductase are believed to form a complex in E. coli,
thus allowing the channeling of the labile y-glutamyl phos-
phate directly from the kinase active site to the reductase ac-
tive site and preventing undesirable side reactions (Smith
et al. 1984; Csonka and Leisinger 2007; Fichman et al. 2015).
This notion is supported by the fact that the orthologs
of these enzymes in animals and vascular plants form a
single bifunctional enzyme, pyrroline-5-carboxylate synthase
(Csonka and Leisinger 2007; Fichman et al. 2015).

In the case of the glutamine biosynthetic pathway, glu-
tamine synthetase (encoded by glnA) catalyzes the two
steps of the synthesis of glutamine from glutamate.
Therefore, the y-glutamyl phosphate formed by phosphor-
ylation of glutamate remains bound to the active site of
glutamine synthetase until ammonia binds and reacts
with it to yield glutamine, which is released from the active
site. It is worth noting that the glutamine thus synthesized
is not only used in protein synthesis, but, in addition, its
amide group provides the nitrogen required for the bio-
synthesis of many metabolites (Eisenberg et al. 2000;
Stadtman 2004; see also fig. 1 in Stadtman et al. 1968).
That is, the second step of the reaction catalyzed by glu-
tamine synthetase provides the main route for the assimi-
lation of ammonia, a major pool of inorganic nitrogen in
cells. In fact, glutamine synthetase is a crucial and very an-
cient enzyme for nitrogen assimilation in all cells (Kumada
et al. 1993; De Carvalho Fernandes et al. 2022).

Rescue of Proline Auxotrophy by Mutations in the
Gene of Glutamine Synthetase

Deletion of y-glutamyl kinase, the first enzyme in the proline
biosynthetic pathway, prevents the formation of y-glutamyl
phosphate in this biochemical route, thus blocking proline
biosynthesis and making E. coli cells unable to grow in a me-
dium lacking proline (fig. 2). That is, deletion of y-glutamyl
kinase makes E. coli cells auxotrophic for proline.
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Fic. 1. Annotated flow chart for the glutamine and proline biosynthetic pathways. The first step of both pathways is the activation of glutamate
through phosphorylation to yield y-glutamyl phosphate, a highly reactive metabolic intermediate which is protected as a protein-bound species in
the glutamine biosynthetic route and through channeling in the proline biosynthetic route. Note that the second step of glutamine biosynthesis pro-
vides a major route for the incorporation of inorganic nitrogen into metabolism. Glutamine synthetase is thus a central enzyme in nitrogen metabolism.

Remarkably, we have found that the capability to grow in
the absence of proline in the culture medium (i.e, proline
prototrophy) is efficiently restored by many single muta-
tions in the gene of glutamine synthetase.

As already mentioned, efficient biosynthesis of glutam-
ine requires that the labile y-glutamyl phosphate inter-
mediate remains bound to the active site of glutamine
synthetase until ammonia binds and the second step of
the synthesis takes place. Furthermore, glutamine synthe-
tase is a very old enzyme, plausibly even older than the last
universal common ancestor (Kumada et al. 1993; De
Carvalho Fernandes et al. 2022). Therefore, sequestration
of y-glutamyl phosphate in its active site is likely a primor-
dial adaptation. Yet, we show here that the rescuing muta-
tions allow y-glutamyl phosphate to leak from the active
site of glutamine synthetase to the intracellular milieu
(fig. 2) while preserving the key role of this enzyme in ni-
trogen assimilation. Furthermore, we provide evidence
that, despite its lability, a substantial fraction of the leaked
v-glutamyl phosphate diffuses to reach y-glutamyl phos-
phate reductase, thus restoring proline biosynthesis (fig. 2).

Overall, our results show that this adaptation can be re-
laxed and that leakage of sequestered intermediates to the
intracellular milieu can readily occur and contribute to organ-
ismal adaptation in some scenarios. Rescue of a block in an

4

essential route by leakage of a sequestered intermediate
from a different route, as demonstrated here, is one such
scenario. Another interesting possibility is that leakage can
contribute to metabolic innovation, in the sense that it
may enable the emergence of new metabolic phenotypes
(chapter 2 in Wagner 2011). Models of metabolic pathway
emergence and evolution often emphasize the acquisition
of new reactions through horizontal gene transfer and pro-
miscuous enzyme functionalities (Pal et al. 2005;
Schulenburg and Miller 2014; Copley 2015; Noda-Garcia
et al. 2018; Peracchi 2018). However, labile metabolic inter-
mediates may undergo a variety of chemical and enzymatic
transformations. Their leakage may thus provide an addition-
al source of new reactions and enable the generation of new
biochemical pathways. We suggest that mutation-induced
leakage may find applications in metabolic engineering

Results and Discussion

Proline Auxotrophy Caused by Deletion of the First
Enzyme of the Proline Bioshynthetic Pathway

is Efficiently Rescued by Many Single Mutations

in the Gene of Glutamine Synthetase

In most organisms, proline is synthesized from glutamate
through a pathway that involves four steps (Csonka and
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Fic. 2. Mechanism of auxotrophy rescue (i.e, prototrophy restoration) uncovered in this work. Deletion of y-glutamyl kinase in Escherichia coli
prevents the activation of glutamate to y-glutamyl phosphate in the biochemical route to proline (cross), thus blocking proline biosynthesis and
making cells unable to grow in the absence of proline in the culture medium. Growth could in principle be enabled by the y-glutamyl phosphate
formed in the glutamine biosynthetic pathway but, for this to happen, some of the y-glutamyl phosphate tightly bound to the active site of
glutamine synthetase (labeled yGP in this figure) must leak to the intracellular milieu and diffuse to reach y-glutamyl phosphate reductase
in the proline biosynthetic pathway. Glutamine synthetase is a very ancient enzyme and it is crucial for nitrogen metabolism. Wild-type
E. coli glutamine synthetase does not significantly leak y-glutamyl phosphate to the intracellular milieu, likely reflecting the evolutionary adap-
tation for efficient glutamine biosynthesis and nitrogen assimilation. However, glutamine synthetase variants with suitable mutations enable
y-glutamyl phosphate leakage and thus prototrophy restoration, while keeping sufficient levels of glutamine biosynthesis and nitrogen

assimilation.

Leisinger 2007; Fichman et al. 2015; fig. 3). The first step is
the phosphorylation of glutamate to y-glutamyl phos-
phate, which is followed by reduction to y-glutamyl semi-
aldehyde, cyclization to A'-pyrroline-5-carboxylate, and
further reduction to proline. While the cyclization step is
spontaneous, the first, second, and fourth steps are cata-
lyzed by the enzymes y-glutamyl kinase, y-glutamyl phos-
phate reductase, and  A'-pyrroline-5-carboxylate
reductase, respectively. In E. coli, the genes encoding these
enzymes are known as proB, proA, and proC, respectively
(see fig. 3).

Here, we have studied a 4proB strain from the Keio col-
lection (Baba et al. 2006). This E. coli Keio knockout cannot
produce y-glutamyl kinase, the first enzyme of the proline
biosynthetic pathway, and, as a result, cannot grow in the
absence of proline in the culture medium. However, upon
plating the knockout strain onto minimal medium, we
found that a small number of colonies were visually appar-
ent after only a few days. Specifically, we prepared several

hundred plates, which implies that we screened for
survival on the order of 10 million cells (see Materials
and Methods for details). We examined the plates
for 4 days. Colonies appeared during days 2, 3, and 4
(supplementary fig. S1, Supplementary Material online)
and most of the colonies, up to a total of 30, showed ro-
bust growth and gave rise to many new colonies upon re-
plating onto minimal medium (supplementary fig. S2,
Supplementary Material online).

Early studies (Berg and Rossi 1974) reported that some
proline auxotrophs blocked at the first or second steps in
the proline biosynthetic pathway could revert to prototro-
phy as a result of mutations in the arginine biosynthetic
pathway (see supplementary fig. S3, Supplementary
Material online). Briefly, impaired activity of the enzyme
encoded by the argD gene leads to accumulation of
the substrate of this enzyme, N-acetylglutamate
v-semialdehyde, which, with the assistance of a promiscu-
ous activity of the enzyme encoded by the argE gene, is
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transformed into y-glutamyl semialdehyde, thus bypassing
the block in proline biosynthesis.

Surprisingly, the sequencing of our rescued E. coli cells did
not detect any mutations in the enzymes involved in arginine
biosynthesis, but showed that most of our rescues had single
mutations in the gene for glutamine synthetase, glnA. We per-
formed lllumina whole-genome sequencing on the seven res-
cues that appeared first (i.e, on the second day after plating),
and it showed that there were no additional mutations out-
side glnA. (Two rescue strains did not yield any mutations,
suggesting that, in these cases, rescue is linked to alterations
that cannot be easily detected by random fragment sequen-
cing, such as gene duplications or transposon insertions, for
instance.) Furthermore, it appears that a single mutation
was sufficient for rescue via glutamate synthetase; 19 (out
of 21) of the rescues that appeared on the third and fourth
days after plating had just single mutations in glnA, as shown
by Sanger sequencing. In total, we identified unique 15 muta-
tions in the glutamine synthetase gene of the E. coli cells that
reversed to proline prototrophy. Some of those mutations oc-
curred independently up to three times. In order to test
whether the mutations are sufficient for rescue, we comple-
mented the 4proB knockout cells with a plasmid expressing
the mutated variants of glutamine synthetase, as well as the
wild-type enzyme as control. We observed efficient growth
in the absence of proline for 12 of the identified mutations,
while no growth was observed upon complementation with
the wild-type enzyme (fig. 4A and supplementary fig. S4,
Supplementary Material online). Note that we did not include
isopropyl 3-p-thiogalactopyranoside (IPTG) in these comple-
mentation experiments and, therefore, that the observed res-
cues of proline auxotrophy were linked to the amounts of
glutamine synthetase variants produced by the background
transcription levels of the plasmid used. RT-qPCR experi-
ments (supplementary fig. S5, Supplementary Material on-
line) indicate that these background transcription levels are
actually several-fold above the natural endogenous levels of
mRNA for the wild-type glutamine synthetase.

As a further test that the rescue of proline auxotrophy is
linked to glutamine synthetase, we performed cell growth
experiments in minimal medium supplemented with
2 mM glutamine. In a typical example of negative meta-
bolic feedback, glutamine inhibits the transcription of
the glnA gene that encodes glutamine synthetase
(Stadtman 2004). Therefore, the presence of glutamine
in the culture medium will decrease the levels of glutamine
synthetase and impair any rescue mechanism linked to
this enzyme. Indeed, we ascertained, using several of the
original rescues, that the presence of glutamine in the cul-
ture medium prevents rescue (fig. 4B and supplementary
fig. S6, Supplementary Material online). As a control, the
addition of glutamine has no effect on the growth of these
cells if the culture medium is complemented with proline.

Finally, it is worth noting that we did not use any muta-
genic protocol to introduce mutations in the E. coli gen-
ome. Therefore, the rescuing mutations in the gene of
glutamine synthetase arise spontaneously in the cell popu-
lation or, more likely, they were already present at a very
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low level in the population. This is not surprising, given
that our plating experiments involve the screening for sur-
vival of a huge number of cells (probably >10 million, since
each plate screens about 10° cells and several hundred
plates were prepared: see Materials and Methods for de-
tails). Therefore, even a few rescuing mutations present
at very low levels will be revealed by these experiments.

A Leakage Mechanism to Explain the Rescue

of Proline Auxotrophy by Variants of Glutamine
Synthetase

Glutamine synthetase is the key enzyme in nitrogen as-
similation, it is found in all cells, and the glutamine synthe-
tase gene is one of the oldest existing genes (Kumada et al.
1993; de Carvalho Fernandes et al. 2022). It catalyzes the
ATP-dependent reaction of glutamate with ammonia to
yield glutamine (Eisenberg et al. 2000; Stadtman 2004),
which in turn provides the nitrogen required for the bio-
synthesis of many metabolites. The reaction occurs via
two steps (fig. 5A): the first step is the formation of the
intermediate y-glutamyl phosphate, which subsequently
reacts with ammonia in a second step to yield glutamine
with the concomitant release of phosphate (Eisenberg
et al. 2000). Therefore, it seems reasonable to hypothesize
that the mutations responsible for the restoration of pro-
line prototrophy in the AproB knockouts cause the leakage
of the intermediate from the active site of the synthetase
to the intracellular milieu and that diffusion then allows
the intermediate to become the substrate of y-glutamyl
phosphate reductase. Indeed, the rescuing mutations de-
fine a clear structural pattern, which seems consistent
with the leakage hypothesis. Bacterial glutamine synthe-
tases are dodecamers of identical subunits (fig. 5B) with ac-
tive sites formed by residues from two monomers
(Almassy et al. 1986). The rescuing mutations appear in
all cases at the interaction surface between two glutamine
synthetase monomers and close to the active site (fig. 5D)
lending credence to the notion that they may enable some
molecules of the intermediate to leak out of the active site
before being transformed into glutamine.

On the other hand, the leakage hypothesis expounded
above would seemingly face several serious problems.
v-Glutamyl phosphate is a high-energy phosphorylated com-
pound that is extremely unstable and prone to undergo side
reactions. In particular, it is known to readily cyclize when ex-
posed to water to yield 5-oxopyrrolidine-2-carboxylate (pyr-
oglutamic acid; Csonka and Leisinger 2007; Fichman et al.
2015). In fact, it is generally assumed that y-glutamyl phos-
phate can only exist as a protected enzyme-bound intermedi-
ate (Csonka and Leisinger 2007; Fichman et al. 2015). In the
case of the multistep reaction mechanism of glutamine
synthetase, y-glutamyl phosphate is an active-site-bound
transient reaction intermediate. Since glutamine synthetase
is a very ancient enzyme (Kumada et al. 1993; De Carvalho
Fernandes et al. 2022), sequestration of y-glutamyl phosphate
as a bound intermediate in its active site likely reflects a prim-
ordial adaptation which would seem a priori difficult to
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Fic. 3. Biosynthetic pathways of proline and glutamine showing the mechanism of rescue of proline auxotrophy. In most organisms, synthesis of
proline from glutamate involves four steps. Three of these steps require catalysis by enzymes, which, in Escherichia coli, are encoded by the proB,
proA and proC genes. See text for further details. The cross denotes the deletion of the proB gene, encoding y-glutamyl kinase. This block is
rescued by mutations in the gene encoding glutamine synthetase that cause the leakage of y-glutamyl phosphate (YGP), a high-energy phos-
phorylated compound. The leaked yGP can either undergo spontaneous cyclization to yield 5-oxopyrrolidine-2-carboxylic acid (pyroglutamic
acid) or diffuse to become substrate of y-glutamyl phosphate reductase, the enzyme encoded by the proA gene. See text for details. Note that
glutamine biosynthesis from glutamate occurs at the active site of glutamine synthetase. To show this fact, glutamine synthetase is represented
by a oval enclosing the molecules bound to its active site. Leakage of y-glutamyl phosphate from the active site of the synthetase and its transfer
to the active site of y-glutamyl phosphate reductase (the product of the proA gene) is highlighted in blue.

impair. Furthermore, mutational changes in the gene of glu-
tamine synthetase could be expected to be severely con-
strained by the need to preserve the essential role of this
enzyme in nitrogen assimilation.

However, the experiments and calculations we describe
below support that, despite its extreme lability, y-glutamyl
phosphate does indeed leak from the active site of glutam-
ine synthetase variants to the intracellular milieu and dif-
fuses to reach y-glutamyl phosphate reductase, thus
bypassing the block in protein biosynthesis generated by
the deletion of y-glutamyl kinase.

In Vitro and In Vivo Detection of the
Mutation-Induced Leakage of y-Glutamyl Phosphate
from Glutamine Synthetase

Catalytic features of glutamine synthetase are subject to
complex modulation related, among other factors, to
adenylation-deadenylation and the existence of taut and
relaxed conformations (Stadtman 2004). Here, however,
we are only concerned with the possibility of leakage of
v-glutamyl phosphate from the multi-step reaction

mechanism of the enzyme, and this can be easily demon-
strated through the detection of 5-oxopyrrolidine-2-
carboxylate (pyroglutamic acid), the product resulting
from y-glutamyl phosphate cyclization when released
from the synthetase active site to water (fig. 6A). We
have thus prepared the wild-type enzyme and its single-
mutant variants following the same procedure, and we
have studied in vitro the catalytic reaction under the
same solvent conditions. Both NMR and mass spectrom-
etry detected that all of the mutations responsible for
the restoration of proline prototrophy cause an increase
in pyroglutamic acid concentration consistent with leak-
age of the y-glutamyl phosphate intermediate (fig. 6B).
As was to be expected, there is a substantial trade-off
between the leakage of the intermediate and the normal
activity of glutamine synthetase (compare the two plots
in fig. 6B). That is, as the leakage of the intermediate in-
creases, the amount of glutamine produced by the enzyme
decreases. Still, the production of glutamine is not fully im-
paired, and the mutations that rescue proline biosynthesis
should not completely block glutamine biosynthesis.
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Fic. 4. Linking rescue of proline auxotrophy to variants of glutamine synthetase. Cells were allowed to grow in minimal medium for 14 hat 37° C
before determining turbidity (optical density at 600 nm) to assess growth. In all cases, average values and standard deviation from the three
independent determinations are given. The original values for the three biological replicates are also shown with open circles. (A) A4proB knock-
out cells complemented with plasmid expressing the mutated variants of glutamine synthetase, as well as the wild-type enzyme as control, in
minimal medium. Auxotrophy is rescued by variants of glutamine synthetase (labeled according to the day of appearance of the original rescues)
but not by the wild-type enzyme (labeled WT). (B) Same as in (A), but using some of the original rescues of proline auxotrophy and adding 2 mM
glutamine to the minimal medium (see also supplementary fig. S6, Supplementary Material online). KO refers to a control experiment with the
parent AproB knockout cells using the same protocol, except that the culture medium was supplemented with proline to enable growth. Due to
negative feedback inhibition of glutamine synthetase biosynthesis, rescue of auxotrophy is inhibited by the addition of glutamine to the culture
medium. This is more clearly seen in blow-up plot shown below. (C) Same as in (B), but without adding glutamine to the minimal medium. This

is simply a control for the experiments shown in (B). Growth occurs in the absence of both proline and glutamine.

Mass-spectrometry detection of pyroglutamic acid can
also be used to explore the leakage of y-glutamyl phos-
phate in vivo. Several processes can generate pyroglutamic
acid in living cells (Kumar and Bachhawat 2012). In order
to probe specifically its formation from glutamate activa-
tion, we let several of the original rescues grow in minimal
medium to an optical density of 0.7, added isotopically
labeled glutamate to a 1-mM concentration and, after
10 min, used mass spectrometry to detect the correspond-
ing isotopically labeled pyroglutamic acid. As a control ex-
periment, we used the same protocol with the parent
AproB knockout cells, supplementing the culture medium
with 50 UM proline to enable growth. We found signifi-
cantly higher levels of pyroglutamic acid in the rescued
cells, when compared with the control (fig. 6C).
Glutamate can yield pyroglutamic acid through a none-
nzymatic process (Kumar and Bachhawat 2012) but this
is expected to be slow and occur at the same rate in the
rescues and the controls. Formation of pyroglutamic acid
from the y-glutamyl phosphate produced by y-glutamyl ki-
nase is not possible in these cells, since the encoding gene,
proB, has been deleted. We conclude, therefore, that the
enhanced levels of pyroglutamic acid in the cells that res-
cue proline auxotrophy (fig. 6C) reflect the leakage of
v-glutamyl phosphate from the glutamine synthetase
variants.

It is worth noting at this point that Blank et al. (2014)
reported the rescue of auxotropy in a AproB E. coli strain
by mutations in the glnL gene, the product of which
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regulates the activation of transcription of the gene encod-
ing glutamine synthetase, glnA. The specific molecular me-
chanisms behind this rescue were not discussed by Blank
et al. (2014). One intriguing possibility is, however, that le-
vel of intermediate leakage for the wild-type glutamine
synthetase, while very low, it is greater than zero and
that an increase in the expression levels of this enzyme
may enable proline auxotrophy rescue. To explore this
possibility, we performed growth experiments in minimal
medium with AproB knockout cells complemented with
a plasmid harboring the wild-type glutamine synthetase
gene under overexpression induced by 0.4 mM IPTG. We
did not observe growth in any of the three independent
replicates. Clearly, in our experiments, levels of leakage
sufficient to lead to prototrophy restoration are not
produced by a highly expressed wild-type glutamine
synthetase.

Transfer of the Leaked y-Glutamyl Phosphate from
Glutamine Synthetase Variants to y-Glutamyl
Phosphate Reductase

For the leakage to be effective in restoring proline proto-
trophy, a significant fraction of the y-glutamyl phosphate
leaked from the glutamine synthetase active site must be
able to reach the y-glutamyl phosphate reductase before
undergoing side chemical alterations, cyclization in par-
ticular, that will render the molecule useless as a substrate
of the reductase. Transfer of y-glutamyl phosphate

€202 UoIBI\ /| U0 1s9nB Aq GH89E0//ZE0PESW/E/0F/2I0IME/oqW/W0d dno"olWapedE//:sdny wouj papeojumoq


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad032#supplementary-data
https://doi.org/10.1093/molbev/msad032

MBE

Labile Metabolic Intermediate - https://doi.org/10.1093/molbev/msad032

A
- ATP = o
[1]
o oH —p -0* ?"0 JI\/YH\OH HzNWcH
J'v\‘)t JJ\,YIL Aok J\/Yw L‘.’ ~
GLUTAMATE Pi GLUTAMINE
Molecules bound to the active site of Glutamine Synthetase
B

x 'ADP x

m N

Fic. 5. Location of the mutations that rescue proline biosynthesis in the structure of glutamine synthetase. (A) Glutamine biosynthetic pathway.
Note that glutamine biosynthesis from glutamate occurs at the active site of glutamine synthetase (the product of the glnA gene). To show this
fact, glutamine synthetase is represented by a oval enclosing the molecules bound to its active site. The molecule of y-glutamyl phosphate is
highlighted in blue. (B) Bacterial glutamine synthetases form dodecamers of identical subunits with two face-to-face rings (in the top-view
shown, only one ring is clearly visible) with the active sites located at the interfaces between the subunits at each hexameric ring (Eisenberg
et al. 2000). The mutations that rescue AproB (original residues shown with purple spheres) accumulate at the interfaces between subunits.
For clarity, neighboring subunits are shown in different color. (C) Cartoon representation of the mechanism of glutamine biosynthesis from
glutamate highlighting the several chemical species involved. Note that the active site of glutamine synthetase is often described in the literature
as a “bifunnel.” (D) The interface between two subunits showing the active site region. Bound manganese cations (yellow spheres), ADP (orange),
and the inhibitor phosphinothricin (PPT, blue), a substrate analog, are shown. The carboxylic acid residues D50’ and E212 are highlighted in blue
to indicate the approximate location of the ammonia-binding site. Purple labels with original residues also in purple identify the 12 positions for
which rescuing mutations were found. The structure shown in (B) and (D) corresponds to the glutamine synthetase from Salmonella typhimur-
ium (PDB ID: 1FPY), which has 97.9% sequence identity with the Escherichia coli enzyme. The residues at the positions labeled are identical in
both enzymes.

between the two enzymes can be explored in vitro
through a modification of the standard activity assay for
y-glutamyl phosphate reductase (Smith et al. 1984).
Since y-glutamyl phosphate is a highly unstable molecule,
it is supplied in the standard assay by the previous enzyme
of the proline biosynthetic pathway, y-glutamyl kinase (the
product of the proB gene: see fig. 3). We have modified this
coupled assay by replacing the kinase with one of our glu-
tamine synthetase variants (fig. 7A). In this way, activity is
only observed if a sufficient amount of the y-glutamyl
phosphate leaked from the synthetase reaches the reduc-
tase before undergoing cyclization. Indeed, reductase ac-
tivity is observed in these coupled assays (fig. 7B and
supplementary fig. S7, Supplementary Material online)
for all 12 variants of glutamine synthetase that we found

to efficiently restore proline prototrophy. In contrast, no
reductase activity is detected when using wild-type glu-
tamine synthetase. These coupled assays demonstrated
that substantial levels of y-glutamyl phosphate can diffuse
from the synthetase variants to the reductase in vitro. The
same scenario must apply in vivo for rescue of proline aux-
otrophy to occur. This is consistent with the fact that the
reductase activity values determined in the coupled assay
with the glutamine synthetase variants match qualitatively
the general trend observed for the efficiency of the differ-
ent mutations to restore proline prototrophy
(supplementary figs. S7C and D, Supplementary Material
online).

To summarize, survival of 4proB knockouts in a me-
dium lacking proline is enabled by mutations that cause
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Fic. 6. Mutation-induced leakage of y-glutamyl phosphate (y-GP) from glutamine synthetase. (A) Leakage of y-GP from the enzyme to the bulk
solution can be demonstrated through the detection of the product of its spontaneous cyclization, pyroglutamic acid. (B) To solutions of 4 mM
glutamate and 25 mM NH,Cl at pH 7, variants of glutamine synthetase were added to a final concentration of 0.5 uM. The solutions were ana-
lyzed by mass spectroscopy to detect pyroglutamic acid and the glutamine after 12 h of reaction at 25 °C (plots on the left). The experiment was
repeated with 3 mM glutamate and detection of pyroglutamic acid by NMR. The plot at the right shows an excellent congruence of the data
obtained from NMR with the data obtained from mass spectrometry. (C) Determination of leakage in vivo. Original rescues of proline auxo-
trophy were grown in minimal medium, supplemented with isotopically labeled glutamate and labeled pyroglutamate was determined by
mass spectrometry. KO refers to a control experiment with the 4proB knockout cells in a culture medium supplemented with proline to enable
growth. The concentrations of pyroglutamic acid shown correspond to the solution obtained after cells separated by centrifugation were com-
pletely resuspended in 1 ml of water/acetonitrile 40:60 (v/v). In (B) and (C), values for three biological replicates are shown, together with the
corresponding average values and standard deviations.

the leakage to the intracellular milieu of a sequestered
phosphorylated intermediate common to the biosynthetic
pathways of proline and glutamine, thus generating a new
route to synthesize proline. This mechanism of prototro-
phy restoration is depicted in figure 2 and, with more de-
tail, in figure 3.

In-cell Diffusion of y-Glutamyl Phosphate Competes
Favorably With its Chemical Alteration

Rescue of proline auxotrophy by the mechanism shown in
figures 2 and 3 requires that the timescale associated with
the cyclization of y-glutamyl phosphate is not substantially
smaller than the timescale associated with its diffusion
across a E. coli cell. In other words, transfer of y-glutamyl
phosphate from the synthetase to the reductase to effi-
ciently occur in vivo, cyclization must not be much faster
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than diffusion over the typical length of an E. coli cell, be-
cause otherwise most of the leaked y-glutamyl phosphate
molecules would be rendered useless through cyclization
before reaching the reductase. The simple calculations
we provide below support that this condition is met and
that diffusion may actually be several-fold faster than
cyclization.

The timescale associated with the diffusion of a mol-
ecule over a distance L can be calculated by (see chapter
3 in Phillips et al. 2012):

Ldiffusion = —

where D is the diffusion coefficient and L, for the problem
of interest here, would be the approximate linear size of an
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E. coli cell (about 1 pm). The diffusion coefficient can be
easily estimated using the Stokes—Einstein equation:

kT
~ 6mnR

where kg is the Boltzmann constant, 7 is the viscosity, and
R is the radius of the molecule (represented by a sphere).
There are four single carbon-carbon bonds in y-glutamyl
phosphate, and these bonds span about half the length
of the molecule. Using R =6 A (i.e, about four times the
length of a single carbon—carbon bond), a diffusion coeffi-
cient of D=4.1x 107" m®/s is estimated for y-glutamyl
phosphate, which leads to a diffusion timescale of
2.4 ms. This calculation of D, however, uses the viscosity
of pure water at 25 °C (0.89 X 10> Pa:s), while diffusion
may be slowed down in a crowded intracellular environ-
ment. Except for large macromolecules or molecules in-
volved in binding with slow-diffusing components,
crowding within cells decreases the diffusion coefficient
by only about 4-fold (see chapter 14 in Phillips et al.
2012 and Verkman 2002) a correction that would increase
the calculated diffusion time to about 10 ms. Overall, the
time required for a y-glutamyl phosphate molecule to dif-
fuse across a distance comparable to the size of an E. coli
cell is expected to be on the order of a few milliseconds.
The timescale associated with a chemical reaction with
first-order kinetics can be described by the decay time defined
as 1/k, where k is the first-order rate constant, which in turn
can be estimated from the activation free-energy barrier
(AG") using the Eyring equation from transition state theory:

ksT AGE
k =—exp

RT

where h is the Planck constant. The cyclization reaction of
v-glutamyl phosphate involves the intramolecular nucleophil-
ic attack of the amine nitrogen on the carbonyl carbon. We
have used density functional theory as implemented in the
GAUSSIANO9 suite (see Materials and Methods and
supplementary figs. S8 and S9, Supplementary Material online
for details) to calculate the activation free energy barrier for
this intramolecular attack process with both, two negative
charges and one negative charge on the phosphate group.
The computations result in AG' values of 142 and
11.8 kcal/mol, respectively, which translate into rate con-
stants of k=2.4 X 10’/s and k = 1.4 X 10%/s. These k values,
however, would describe the rate of the reaction when the
amine group is fully deprotonated, while at neutral pH,
most of the amine group will be in the protonated form,
which is not competent for the reaction. Assuming that the
pK value of the amine group in y-glutamyl phosphate is simi-
lar to that in glutamic acid (9.7), the fraction of deprotonated
amine at pH 7 is estimated to be about 2 X 10~>. Correction
for this fraction leads to estimated rate constants of about 0.5
and 28/s which yield decay times for the cyclization process of

about 2s and 36 ms. Therefore, cyclization of y-glutamyl
phosphate is not predicted to be substantially faster than
its diffusion across an E. coli cell, which was calculated above
to occur on a timescale of a few milliseconds. Actually, cycliza-
tion is predicted to be at least somewhat slower. Certainly, the
correction for protonation of the amine we have applied
(i.e, multiplying by the fraction of deprotonated amine) im-
plicitly assumes that the nucleophilic attack is rate determin-
ing while protonation-deprotonation of the amine is fast and
remains at equilibrium. It is conceivable that amine deproto-
nation could become rate-determining at neutral pH, but as
with any change in rate determining step, this would only de-
crease the overall rate of the reaction, thus increasing the gap
between the predicted timescale for cyclization and the time
associated with diffusion across an E. coli cell.

Overall, these order-of-magnitude calculations con-
firm that the efficient in vivo transfer of y-glutamyl phos-
phate from the synthetase to the reductase is reasonable
from the physical and chemical viewpoints. Yet, they also
support that cyclization is not orders of magnitude
slower than diffusion, which explains why leakage of
v-glutamyl phosphate from glutamine synthetase can
be detected in vivo through the experimental determin-
ation of the cyclization product, pyroglutamic acid
(fig. 6C).

Mitigation of the Deleterious Effects Associated With
the Mutations in the Glutamine Synthetase Gene
that Rescue Proline Auxotrophy

We have shown that proline auxotrophy caused by the de-
letion of glutamate kinase is rescued by a diversity of mu-
tations in the gene of glutamine synthetase that allow the
leakage to the intracellular milieu of the labile metabolic
intermediate y-glutamyl phosphate. These mutations en-
able cell survival in the absence of proline in the culture
medium, but they are also expected to have some deleteri-
ous effects. First of all, since the leaked y-glutamyl phos-
phate does not react with ammonia to yield glutamine,
the concentration of free ammonia in the cell could in-
crease and potentially reach toxic levels. More immediate-
ly, the rescuing mutations impair the production of
glutamine (fig. 6B), a molecule that is crucial not only be-
cause it is required for protein synthesis but also because it
is a major entry point of inorganic nitrogen in metabolism
(fig. 1). Despite this, rescue of proline auxotrophy is very
efficient, and in particular, cell growth does not require
supplementation of the culture medium with glutamine.
This suggests that the impairment of glutamine produc-
tion linked to the rescue of proline auxotrophy is corrected
immediately by the regulation mechanisms of the glutam-
ine biosynthesis pathway. In particular, some of these regu-
lation mechanisms work at the level of transcription to
increase the expression levels of glutamine synthetase in
response to decreased levels of glutamine (Stadtman
2004). To test this hypothesis, we have used RT-qPCR to
quantify the messenger RNA arising from the transcription
of the glutamine synthetase gene in the original 4proB
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Fic. 7. Diffusion of y-glutamyl phosphate (y-GP) from glutamine synthetase to y-GP reductase as detected via a coupled assay with y-GP reduc-
tase. (A) The leaked y-GP from the glutamine synthase can diffuse and be processed by the y-GP reductase, despite diffusion competing with the
spontaneous cyclization of y-GP. This coupled in vitro assay simulates in solution the molecular process responsible for the rescue of a block in
proline biosynthesis by y-GP leakage from glutamine biosynthesis (fig. 2). (B) The assay of y-GP reductase coupled with glutamine synthetase was
performed as described in Materials and Methods using wild-type synthetase and the single-mutant variants responsible for the rescue of proline
biosynthesis (fig. 3). All variants of glutamine synthetase lead to activity values much higher than the wild-type level, which was undetectable.
The values shown are the average of at least three biological replicates (supplementary fig. S7, Supplementary Material online) and the original
replicate values are also shown with open circles. Error bars are standard deviations. (C) and (D) show y-glutamyl phosphate reductase activity in
the coupled assay with glutamine synthetase variants (reported in B) versus efficiency of restoration of proline prototrophy, as measured by the
number of times the mutation appears after plating of the knockout strain onto minimal medium (C) and the day of the first appearance of the
mutation (D).

knockouts, as well as in several of the proline auxotrophy res-
cues that display mutations in the gene of glutamine synthe-
tase. In agreement with our hypothesis, we found the levels
of messenger RNA to be consistently several-fold higher in
the rescues as compared with the original knockouts
(supplementary fig. S10, Supplementary Material online).
Finally, one interesting question at this point is whether
it would be possible to combine rescuing mutations with
completely knockout glutamine production. That is,
whether it would be possible to transform glutamine
synthetase into just a glutamate kinase without comprom-
ising cell survival. The answer is: probably not. Since
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glutamine is essential, it would have to be included in
the culture medium to allow cell growth, and the con-
comitant negative metabolic feedback would decrease
the levels of glutamine synthetase variants and impair
the restoration of proline prototrophy.

Molecular and Evolutionary Analyses

of Mutation-induced Leakage of y-glutamyl
Phosphate from Glutamine Synthetase

We have shown that mutations in the gene of glutamine
synthetase induce the leakage of the active-site-bound
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v-glutamyl phosphate intermediate to the intracellular mi-
lieu and, furthermore, that a substantial amount of the
intermediate can reach y-glutamyl phosphate reductase,
thus rescuing proline auxotrophy caused by the deletion
of the enzyme encoded by the proB gene, y-glutamyl ki-
nase. Yet, it remains to be understood why the leakage
and the subsequent rescue of proline auxotrophy can be
enabled by (at least) 12 single mutations. This large num-
ber of rescued single mutations may at first seem surpris-
ing, since a completely new functionality is expected to
require the emergence of complex molecular machinery
that is unlikely to be generated by a single mutation.
The crucial point to note here, however, is that intermedi-
ate leakage does not involve the emergence of a new mo-
lecular functionality. Rather, as it is expounded below, it is
the result of the impairment of a previous evolutionary
adaptation and can therefore be achieved in many differ-
ent ways.

Glutamine synthetase is a key enzyme for nitrogen as-
similation, and it has therefore evolved for efficient glu-
tamine synthesis. Substantial leakage of the labile
v-glutamyl phosphate intermediate would impair glutam-
ine biosynthesis. Consequently, modern glutamine synthe-
tases are very likely to display evolutionary adaptations
that minimize such leakage. In particular, the specific ami-
no acid residues present at the active site, their spatial ar-
rangement, and the active-site conformational dynamics
are expected to have been naturally selected to ensure
strong and specific interaction with the y-glutamyl phos-
phate intermediate, efficient ammonia binding, and the
subsequent fast reaction of the active-site-bound inter-
mediate with ammonia to yield glutamine. However, it is
known that most modifications in any optimized complex
system consisting of interacting parts and processes will
lead to a less fit system (Kirschner and Gerhart 2005). In
the case of glutamine synthetase, it appears reasonable
that many single mutations at the active site impair the
molecular mechanisms that ensure intermediate

sequestration, provided, of course, that such mutations
are disruptive in the structural and energetic senses and
likely cause, therefore, substantial perturbations. Indeed,
as we discuss below in some detail, the mutations in glu-
tamine synthetase that we have found to rescue proline
auxotrophy appear to fit this scenario.

Disruptive mutations are generally destabilizing and, gi-
ven that protein stability is marginal, they tend to be re-
jected during evolution (i.e, purged by purifying natural
selection). As a result, correlations between the mutational
effects on stability and the frequency of the amino acid oc-
currences in sequence alignments are often observed (see
Godoy-Ruiz et al. 2006, Risso et al. 2015 and references
therein) with the strongly disruptive and destabilizing mu-
tations occurring rarely. We therefore explored the fre-
quency of occurrence in modern glutamine synthetases
of the new residues introduced by the mutations that res-
cue proline auxotrophy. To this end, we performed a
BLAST search in the UniProt database using the sequence
of E. coli glutamine synthetase as a query. We recovered
998 sequences annotated as glutamine synthetases be-
longing to different species of y-proteobacteria, the class
of bacteria to which E. coli belongs. These 998 sequences
were aligned using MEGA (Tamura et al. 2021). As shown
by the results summarized in table 1, the new amino acid
residues generated by the mutations we found to rescue
proline auxotrophy rarely appear in the sequences of mod-
ern glutamine synthetases from y-proteobacteria. Actually,
in most of the mutated positions, the new residues never
appear in the sequence alignment we analyzed.

On the other hand, the E. coli, wild-type residues at the
considered positions are generally well conserved in
v-proteobacteria, being the consensus residues (i.e, the
most frequent residues) in the alignment used, with the
only exception of position 154 (table 1). It is to be noted
that, for positions of low sequence diversity, the consensus
residue is expected to match the ancestral residue (Risso
et al. 2014). As a metric of sequence diversity, we provide

Table 1. Evolutionary and Structural Analysis of Mutations that Rescue Proline Auxotrophy.

Mutations in glutamine synthetase that rescue
proline auxotrophy in 4proB knockout E. coli
cells

Statistical analyses of an

of 998 Buried surface area of the amino

synthetases from y—proteobacteria

q es of glutamine
acid side chain in the 3D

structure of glutamine

Number of amino acid occurrences at the position

Sh t f th g
annon entropy of the synthetase (A%)

hosting the mutation position
E. coli WT Consensus New E. coli WT New

residue residue residue residue residue
D154N D: 273 S: 607 N: 0 0.94 107.2 112.7
N160H N: 688 N: 688 H: 0 1.09 1229 149.6
Y165H Y: 576 Y: 576 H: 2 1.31 146.3 115.4
G171A G: 927 G: 927 A: 71 0.26 - 57.2
G171S G: 927 G: 927 S:0 0.26 - 66.9
G179Y G: 998 G: 998 Y: 0 0 - 190.6
$188V S: 846 S: 846 V:1 0.67 571 91.0
$194Y S: 503 S: 503 Y:0 1.21 44.0 163.4
H211Q H: 998 H: 998 Qo 0 95.2 98.7
G218A G: 918 G: 918 A: 0 0.21 - 54.4
G218D G: 918 G: 918 D: 0 0.21 - 104.2
S468R S: 862 S: 862 R: 0 0.50 8.9 14.7
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in table 1 values of Shannon entropy calculated from the
sequence alignment. In general, Shannon entropy values
range between 0, when there is full conservation of a given
amino acid at the considered position, and 3, when the 20
amino acids appear with equal frequency. The values of
Shannon entropy given in table 1 indicate, therefore, low
to very low sequence diversity at the positions hosting
the rescuing mutations. Furthermore, previous studies
(Risso et al. 2014) support that discrepancies between an-
cestral residues and consensus residues tend to occur at
positions with Shannon entropy values substantially above
one. Furthermore, as we have noted above, the wild-type
residues in E. coli glutamine synthetase at the position
hosting the rescuing mutations match the corresponding
consensus residues, except for position 154. Hence, it ap-
pears safe to assume that the wild-type residues in E. coli
glutamine synthetase at the positions hosting the rescuing
mutations agree in most cases with the residues at the cor-
responding positions in the glutamine synthetase from the
common ancestor of y-proteobacteria.

The interpretation expounded in the preceding para-
graph, together with the sequence statistics information
collected in table 1, then supports that the mutations
that rescue proline auxotrophy in E. coli 4proB knockout
cells have rarely occurred during the evolution of
Y-proteobacteria, as was to be expected if the mutations
are disruptive in the structural sense. Accessible surface
area calculations (see Materials and Methods for details)
are consistent with this view, as, in many cases, the buried
surface area for the side chain of the new amino acid is
large, that is, more than a hundred of A”. The important
point to note here is that the molecular environment of
a given site in a modern protein may be expected to
have been optimized during evolution to establish stabiliz-
ing interactions with the ancestral amino acid residue at
that site (Risso et al. 2015). Consequently, burial of a differ-
ent amino acid at the site likely brings about the disruption
of stabilizing interactions and the energetically costly
structural reorganization of the local environment to ac-
commodate the new residue.

Certainly, for a few of the rescuing mutations, the bur-
ied surface areas do not seem to conform to the pattern
described above. In particular, for the S468R mutation,
both the wild-type residue and the new residue at position
468 are fairly exposed to the solvent and show little surface
burial. In this case, however, the disruptive character of the
mutation is likely related to the existence of clusters of
charged residues in the neighborhood of position 468,
which will be severely disrupted by the introduction of
the positive charge on the arginine side chain (see
supplementary fig. S11, Supplementary Material online).
Also, comparatively low buried surface areas are obtained
for alanine and serine residues at loop positions 171 and
218, which originally bear a glycine (see data for mutations
G171A, G171S, and G218A in table 1). Yet, glycine does not
have a side chain and, unlike all other amino acids, does
not impose restrictions on backbone dihedral angles,
thus providing a flexible link that allows a diversity of
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loop conformations (Scott et al. 2007; Gamiz-Arco et al.
2019). Plausibly, therefore, substituting another residue
for glycine may impose an alternative local conformation
to the polypeptide chain, thus bringing about a substantial
(and potentially disruptive) conformational change. In
addition, the replacement that eliminates glycine may im-
pair the active-site dynamics required for efficient glutam-
ine production.

Overall, the molecular and evolutionary analyses re-
ported in this section support that the mutations that res-
cue proline auxotrophy disrupt structure and possibly
dynamics in the active site of glutamine synthetase, thus
impairing previous evolutionary adaptations for efficient
sequestration of the y-glutamyl phosphate intermediate.

On the Possibility that Leakage of y-Glutamyl
Phosphate from Glutamine Synthetase may have
been Occasionally Fixed During Natural Evolution
One intriguing possibility is that mutations in glutamine
synthetase leading to intermediate leakage may have
been fixed sporadically during natural evolution. One
plausible scenario for this would involve genetic drift.
That is, a population bottleneck may prevent a slightly
deleterious, leakage-enabling mutation from being purged,
and the mutation will be permanently fixed by subsequent
alterations in the proB gene that impair y-glutamyl kinase
activity. Another possibility is that alterations that impair
to some extent y-glutamyl kinase activity are preserved
through genetic drift and then fixed upon mutations
that cause intermediate leakage in glutamine synthetase.
In order to explore the occurrence of these scenarios,
we have first searched for the occurrence of our rescuing
mutations in glutamine synthetase proteins in different
E. coli strains. To this end, we have used the sequence of
the E. coli glnA gene as a query for a blast search at the
NCBI site of the GenBank + EMBL + DDBJ + PDB + RefSeq
databases. We identified 3,659 sequences belonging to
E. coli strains that produced statistically significant align-
ments with the query sequence, although many of them
displayed low sequence identity with the query. We there-
fore focused on proteins with only a few (1-4) mutational
changes with respect to the query. Although mutations at
the active-site region occasionally appeared, none of them
agreed with those found in our laboratory evolution ex-
periments. Subsequently, we examined the whole gen-
omes of all E. coli strains harboring the 3,659 sequences
identified in the original search and found that the proB
gene was present in all of them. Finally, we searched the
set of whole genomes for organisms displaying simultan-
eous mutational changes in the gInA and proB genes. We
found only one example, the E. coli strain RM-103-MS,
which has a single mutation in the glnA gene and a single
mutation in the proB gene. However, the latter mutation is
synonymous (L16L) and cannot impair the activity of the
encoded enzyme, while the former mutation involves a
very conservative amino acid substitution (V2071) that
can hardly affect the catalytic profile of glutamine
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synthetase. Overall, we find that the current sequence da-
tabases do not offer any example of E. coli strains with the
pattern found in our laboratory evolution experiments
(i.e, a total loss of the activity associated with the proB
gene, which is rescued by mutations in the glnA gene).
However, we cannot rule out that examples of this pattern
exist in natural organisms and that they will become
known in the future, given the exponential growth of se-
quence databases.

Subsequently, we considered the sequences of glutam-
ine synthetases from y-proteobacteria in which we found
mutations (with respect to the consensus/ancestral amino
acid) that match the mutations that rescue proline auxo-
trophy in our evolutionary repair experiments. As shown
in table 1, this includes 2 instances of the Y165H mutation,
1 instance of the S188V mutation, and 71 instances of the
G171A mutation (note that mutations here are defined
with respect to the consensus amino acid, which is likely
to be the residue in the glutamine synthetase of the com-
mon ancestor of y-proteobacteria, as discussed in the pre-
vious section). For each of these instances, we searched the
NCBI genome database for the full genome of the specific
organism and strain with the glutamine synthetase hosting
the mutation. We identified 8 such full genomes, in which
furthermore a gene was annotated as proB, that is as the
gene encoding y-glutamyl kinase. Interestingly, in one
case with alanine at position 171 in the glutamine synthe-
tase (i.e, with the mutation G171A with respect to the
consensus/ancestral amino acid), we found significant al-
terations in the proB gene. The case was found in strain
DSM 16069/KCTC 12182/SW-125 of Kangiella koreensis.
The alterations in the proB gene consisted of duplication
and the presence of stop codons in both gene copies.
These stop codons remove about 100 amino acid residues,
but do not delete the kinase domain. One possibility is that
removal of the ~100 amino acid segments impairs, but
does not fully eliminate, the y-glutamyl kinase activity
and that the low activity is compensated by gene duplica-
tion and intermediate leakage from glutamine synthetase.
It is also possible, of course, that the genes annotated as
proB (seemingly on the basis of sequence identity) perform
a different kinase function. In any case, these interpreta-
tions will remain intriguing speculations until experiments
with the glutamine synthetase and the presumed
v-glutamyl kinase of the above-mentioned strain of K. kor-
eensis are carried out. Finally, it is interesting to note that
the genus Kangiella has been reported to display substan-
tial genome reduction (Wang et al. 2018). Therefore, an-
other intriguing speculation is that the doubling of
glutamine synthetase as a y-glutamyl kinase is more likely
to have occurred in microorganisms with severe genome
reduction.

Conclusion

The deletion of a crucial enzyme in a metabolic pathway
makes the cells auxotrophic for its final product and allows
evolutionary experiments on the restoration of

prototrophy to be performed in the laboratory. A number
of such evolutionary repair experiments have been per-
formed in order to probe the fundamental mechanisms
of metabolic adaptation (Patrick et al. 2007; Mcloughlin
and Copley 2008; Kim et al. 2010; Digianantonio and
Hecht 2016; Digianantonio et al. 2017; Kim et al. 2019).
These studies have provided support for the proposed
role of enzyme promiscuity in the emergence of new bio-
chemical pathways (Schulenburg and Miller 2014; Copley
2015; Noda-Garcia et al. 2018; Peracchi 2018).

Here, we report evolutionary repair experiments on
E. coli cells in which an enzyme crucial for the biosynthesis
of proline has been deleted. Surprisingly, we find reversion
to prototrophy through a mechanism that does not in-
volve the recruitment of a low-level promiscuous activity
but, rather, the leakage of a labile metabolic intermediate.
As summarized in figures 2 and 3, a substantial amount of
the y-glutamyl phosphate leaked from the catalytic site of
glutamine synthetase diffuses to reach y-glutamyl phos-
phate reductase, thus generating an alternative pathway
from glutamate to proline. Rescue of a blocked metabolic
pathway through the leakage of a labile intermediate from
another pathway is, to the best of our knowledge, unpre-
cedented in the literature. Therefore, we sought to provide
convincing and extensive evidence supporting the leakage
mechanism. That rescue of proline auxotrophy is linked to
glutamine synthetase was established through comple-
mentation experiments of AproB knockout cells with a
plasmid expressing variants of glutamine synthetase
(fig. 4A) and by the fact that depressing the biosynthesis
of glutamine synthetase through negative feedback inhib-
ition does preclude restoration of proline prototrophy
(fig. 4B). That the rescuing variants of glutamine synthe-
tase leak y-glutamyl phosphate both in vitro and in vivo
was demonstrated using NMR and mass spectrometry de-
terminations (fig. 6). Finally, that the leaked y-glutamyl
phosphate can reach the second enzyme in the proline
biosynthetic pathway was supported by coupled activity
assays (fig. 7) and by comparison between the calculated
timescales for chemical alteration of y-glutamyl phosphate
and its diffusion across an E. coli cell.

A particularly remarkable aspect of the experimental re-
sults reported here is the high proficiency of intermediate
leakage at rescuing a block in an essential biochemical
pathway. Not only reversion to proline prototrophy is rea-
lized by a large number (12 at least) of different single mu-
tations, but also the rescued cells in a culture medium
lacking proline show robust growth immediately
(supplementary figs. S2 and S4, Supplementary Material
online). These results are even more surprising when con-
sidering that it is glutamine synthetase that produces
v-glutamyl phosphate through leakage from its active
site. Glutamine synthetase is the key enzyme for nitrogen
assimilation (see fig. 1 in Stadtman et al. 1968; Eisenberg
et al. 2000; Stadtman 2004); it is found in all cells, and
the glutamine synthetase gene is one of the oldest existing
genes (Kumada et al. 1993; De Carvalho Fernandes et al.
2022). Since glutamine synthetase is a very ancient
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enzyme, sequestration of y-glutamyl phosphate as a bound
intermediate in its multi-step reaction mechanism likely
reflects a primordial adaptation, which would seem a
priori difficult to reverse. Furthermore, mutational
changes in the gene of glutamine synthetase could be ex-
pected to be severely constrained by the need to preserve
the essential role of this enzyme in nitrogen assimilation.

Yet, the surprising rescuing proficiency summarized in
the preceding paragraph can be convincingly rationalized.
At a fundamental level, leakage does not involve the gen-
eration of new molecular functionality, but the impair-
ment of a previous evolutionary adaptation, the
sequestering of an intermediate, and damaging a highly
optimized feature can be achieved in many different
ways. In general, for instance, mutations that weaken the
interactions of the bound intermediate with the protein
moiety or mutations that decrease the rate of the enzym-
atic transformation of the intermediate can enhance the
likelihood that the intermediate is released to the intracel-
lular milieu. Certainly, mutations that bring about leakage
of y-glutamyl phosphate occur at the active site (fig. 5)
and, consequently, impair the normal activity of glutamine
synthetase (fig. 6B) potentially compromising nitrogen as-
similation. However, this would be immediately corrected
to some substantial extent by the regulation mechanisms
of the glutamine biosynthesis pathway, as we have experi-
mentally shown on the basis of RT-qPCR determinations
of the transcription levels (supplementary fig. S10,
Supplementary Material online). Furthermore, since
some of these regulation mechanisms work at the level
of transcription (Stadtman 2004) they may increase the ex-
pression levels of glutamine synthetase and consequently
the flow through the new pathway generated by leakage.

Sequestration of intermediate chemical species in me-
tabolism is not restricted, of course, to the specific case
of the multi-step reaction mechanism of glutamine
synthetase but occurs extensively and in a variety of mo-
lecular scenarios, as we have expounded in some detail
in the introduction section (see subsection “Restriction
of free diffusion [i.e, ‘sequestration’] of metabolic inter-
mediates”). Extensive sequestration is required for meta-
bolic efficiency, and widespread leakage of metabolic
intermediates to the intracellular milieu will likely result
in cell death. On the other hand, our results support
that leakage of one given intermediate may readily occur
without fatal consequences for the organism and that it
may even contribute to organismal adaptation in some
scenarios. In his classic review on complexes of sequential
metabolic enzymes (Srere 1987), Paul Srere considered 520
molecules in the intermediary metabolism of carbohy-
drate, lipid, amino acid, and nitrogen base and found
that 80% of them have only one fate in the cell because
they are nutrients, end product, or intermediates pro-
duced by only one enzyme and transformed by only one
enzyme. The remaining 20% of metabolites have several
uses in the cell. Therefore, rescue of a block in an essential
route by leakage of a sequestered intermediate from a dif-
ferent route, as demonstrated here with the proline and
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glutamine pathways, could plausibly occur in many other
instances.

Another interesting possibility is that the leakage of
metabolic intermediates contributes to the generation of
new biochemical pathways. The acquisition of new chem-
ical reactions is essential for metabolic innovation. Models
of metabolic pathway emergence and evolution often em-
phasize the acquisition of new reactions through horizon-
tal gene transfer and promiscuous enzyme functionalities
(Pal et al. 2005; Schulenburg and Miller 2014; Copley
2015; Noda-Garcia et al. 2018; Peracchi 2018). However,
leakage of metabolic intermediates may provide an add-
itional source of new reactions. Metabolic intermediates
are often intrinsically reactive species that not only may
become alternative substrates for promiscuous enzymes
(Noda-Garcia et al. 2018) but that may also undergo vari-
ous nonenzymatic chemical transformations (Lerma-Ortiz
et al. 2016). As a result, leakage of one intermediate upon
mutation could facilitate its transformation, enzymatic or
nonenzymatic, into different chemical species, thus pro-
viding an additional source of new chemical reactions.
Certainly, some of the molecules generated in these new
reactions will be toxic and will need to be neutralized by
the metabolite damage-control system of the cell (de
Crécy-Lagard et al. 2018). Yet, some others could trigger
the generation of new biochemical pathways that allow
the organism to meet specific challenges.

Additional work will be required to assess the extent to
which the leakage mechanism has contributed to the di-
versity of the products of secondary metabolism or,
more generally, to metabolic pathway evolution by gener-
ating new metabolites. On the other hand, it appears that
the leakage mechanism can be immediately used as a tool
in synthetic biology for metabolic engineering. The design
of pathways for the production of valuable products (Lee
et al. 2018; Cravens et al. 2019) will benefit from the use of
highly reactive molecules as precursors. Certainly, highly
reactive molecules are most likely to be sequestered in
vivo, but this work demonstrated that their availability
can be engineered, as leakage-inducing mutations can eas-
ily be found. The overall process would likely involve the
following steps: (1) a protein crucial for the sequestration
of a given labile intermediate is identified; (2) the protein is
used as background for the generation of a suitable variant
library, likely focusing the mutational variability to the re-
gions that are expected to be involved in interactions with
the intermediate; (3) the library is screened in vitro (i.e,
standard directed evolution) for leakage of the intermedi-
ate with preservation of sufficient levels of the normal en-
zyme activity, along the general lines of the experiments
we show in supplementary figure S6B, Supplementary
Material online; (4) standard genome editing is used to
generate a modified organism that bears suitable
leakage-inducing mutations determined in the previous
step; and (v) the organism is further modified to express
an enzyme that processes the leaked intermediate and
the additional enzymes required to complete the engin-
eering of the new pathway.

€202 UoIB\ /| U0 1s9nB Aq GH89€0//ZE0PESW/E/0F/3I0IE/a0W/UW00 dNO"OILSPED.//:SA)Y WO} POPEOJUMO(


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad032#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad032#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad032#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad032#supplementary-data
https://doi.org/10.1093/molbev/msad032

Labile Metabolic Intermediate - https://doi.org/10.1093/molbev/msad032

MBE

Materials and Methods

Selection and Identification of Spontaneous Proline
Auxotrophy Rescues

Escherichia coli BW25113 AproB760:kan (JW0232-1) was
obtained from the Keio collection (Baba et al. 2006).
Aliquots of frozen stocks of the AproB knockout strain
were streaked onto 240 plates containing M9-glucose me-
dium (agar [2% w/v], M9 salts [1x], glucose [0.4%, w/V],
MgSO, [2 mM], CaCl, [100 uM]) supplemented with
Kanamycin (Kan; 30 pg/mL). Plates were incubated at
37 °Cfor up to 4 days, and colony formation was monitored.
The rescuing activity of each individual clone was verified by
restreaking onto new M9-glucose-Kan plates at least three
times. Genomic DNA was extracted from isolated colonies
for each of the rescue clones with the bacterial genomic
DNA isolation kit from Norgen (CAT#17900) and quantified
using a Biodrop plLite+.

In order to estimate the number of cells screened for sur-
vival in our experiments, we first estimated the number of
viable cells obtained upon inserting the streaking loop in
the stock of AproB knockout cells. To this end, a loop
that had been previously inserted in the stock was stirred
into 500 pl of LB, 10 pl of the solution was immediately pla-
ted in LB agar (so that all viable cells could grow despite pro-
line auxotrophy), the number of colony forming units was
determined using Image) (Schneider et al. 2012) after over-
night incubation, and the number of viable cells obtained by
loop insertion was calculated by correcting with the appro-
priate dilution factor. Three independent replicas of this
procedure were performed (i.e, starting with three different
loops), which led to an average value of (1.1 + 0.1) X 10° vi-
able cells per loop insertion. In total, we prepared 240 plates,
which means 240 loop insertions in the stock of AproB
knockout cells and, therefore, that 240 X (1.1 +0.1) X 10°
= (2.6 + 0.5) X 10’ cells were screened. Of course, this calcu-
lation is approximate, and it is only expected to provide the
order of magnitude. Yet, it is safe to assume that about 10
million cells were screened for survival in our experiment.

Genomic DNA Sequencing
Of the total number of clones, DNA from nine plate sam-
ples was sequenced: two control samples (E. coli BW25113
AproB760:kan (JW0232-1)) and seven samples from rescue
clones obtained as explained in the previous section.
These were sequenced on a Novaseq 6000, using an S2
cartridge, generating on average 8,392,966 X 150 nt paired
reads. These sequencing results are available at the follow-
ing link: https://www.ncbi.nIm.nih.gov/bioproject/839218.
For the remaining gDNA samples from rescue clones,
the glnA gene was amplified by PCR using the PfuUltra
high-fidelity DNA polymerase AD from Agilent
(CAT#600385) and the following specific primers:
gInAfor (5'-AGA CGC TGT AGT ACA GCT CAA ACT Q)
and glnArrev (5-ATG TCC GCT GAA CAC GTA CTG
ACG ATG). Amplified products were sequenced by
Sanger method using specific primers to glnA gene in order

to identify the rescue mutations. The nucleotide se-
quences of all variants can be found in supplementary
figure $12, Supplementary Material online.

Bioinformatics Analyses

Paired files obtained after sequencing were evaluated using
FASTQC software to identify possible errors, such as low-
quality sequences, accumulation of adapter sequences,
or unidentified nucleotides (Andrews 2010).

After this quality control filtering, we observed that
99.1% of the reads had an average quality value higher
than Q30, and there was no accumulation of adapters, nei-
ther repeated sequences nor a high percentage of Ns. After
selecting, by cutadapt (Martin 2012), the sequences with
an average quality value of at least Q30, Snippy was used
to detect variants in the sequenced DNA (Seemann
2015). Briefly, Burrow Wheeler Alignment (Li and Durbin
2009) was used to align the reads against the reference
genome (GCA_000750555 from GeneBank). Samtools
(Li et al. 2009) was used to sort, mark, and remove dupli-
cate sequences. Once aligned and sorted, depth was calcu-
lated to estimate the number of reads that cover each
nucleotide, on average, we obtained 412X. Subsequently,
variant calling was performed using the default parameters
by Freebayes (Garrison and Marth 2012). Of note is that in
all samples in which the whole genome was sequenced, in-
cluding the two controls, a mutation in the cpxA gene
(342C > A nucleotide change coding for the Asn114Lys
amino acid change) appeared when compared with the
published reference sequence. Since, however, this muta-
tion also appeared in the controls (the nonrescued
AproB knockouts), it is clear that it is not related to rever-
sion to prototrophy.

Protein Mutagenesis and Expression

The coding sequence for E.coli glutamine synthetase (GS)
was inserted into the Kpn1/Xho1-digested pET-45b(+) ex-
pression vector (GenScript Biotech, The Netherlands),
containing a hexahistidine tag at its N-terminus and an
ampicillin resistance gene on the plasmid. Single-mutant
variants of glutamine synthetase were prepared by site-
directed mutagenesis using the QuikChange Lightning
kit (Agilent Technologies, USA).

The gene coding for y-glutamyl phosphate reductase
was ligated into the pHTP1 expression vector (GenScript
Biotech) producing a recombinant protein that contains
an N-terminal hexahistidine and Kanamycin resistance.

All the recombinant proteins were transformed and ex-
pressed in E.coli BL21 (DE3) (Invitrogen, USA).

Growth of Keio AproB Knockouts Complemented
with Glutamine Synthetase Variants
Complementation assays were performed to ensure that
the glutamine synthetase variants rescued the Keio
AproB strain. For this purpose, the knockout strain was
transformed by electroporation with each of the Kpn1/
Xho1-digested pET-45b(+) expression vectors (GenScript
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Biotech), containing the single glutamine synthetase var-
iants, and selected by the addition of 40 pug/ml kanamycin
and 100 pg/ml ampicillin to the minimal medium. All cul-
tures were grown in minimal medium until saturation
(about 36 h at 37 °C and shaking). They were then diluted
to ODggo = 0.1 and the optical density (ODgq) of all cul-
tures was measured after 14 h (fig. 4 and supplementary
fig. S4, Supplementary Material online).

Protein Purification

Cells harboring the plasmids containing the y-glutamyl
phosphate reductase gene or glutamine synthetase genes
were grown at 37 °C to an ODgqq of ~0.6 in Luria—Bertani
medium supplemented with 40 pg/ml kanamycin or
100 pg/ml ampicillin, respectively. Overexpression of all
the recombinant proteins were induced with 0.4 mM
IPTG and cell growth was continued at 25 °C overnight.
The cells were harvested by centrifugation at 6,198 X g
for 15 min at 4 °C and the pellets were immediately stored
at —80 °C after their resuspension in cold lysis buffer
(20 mM NaPO, pH 7.4/0.5 M NaCl/20 mM Imidazole) sup-
plemented with protease inhibitors. Cells were thawed and
disrupted by sonication on ice. The insoluble fractions were
removed by centrifugation (27,000 X g, 30 min at 4 °C).
Hexahistidine-tagged proteins in the soluble fraction were
affinity purified using a nickel-charged His-trap immobi-
lized metal affinity chromatography (IMAC) column (GE
Healthcare, UK). Washing was carried out with lysis buffer,
and recombinant proteins were eluted with the same buf-
fer, which contained 500 mM imidazole. The eluted glu-
tamine synthetase proteins (wild-type or single-mutant
variants) were then dialyzed against buffer 50 mM Tris—
HCl, pH 7.0/2 mM MgCl,, while y-glutamyl phosphate re-
ductase was dialyzed against buffer 50 mM Tris—HCI, pH
7.0/1 mM DTT. Purity was confirmed by SDS-PAGE (see
supplementary fig. S13, Supplementary Material online)
and concentrations were determined spectrophotometric-
ally using molar extinction coefficients at 280 nm of
36,580 M~' cm™' for glutamine synthetase variants and
17,795 M~' cm™" for y-glutamyl phosphate reductase. All
proteins were stored at —80 °C and at concentrations above
100 pM in the dialysis buffer. No deterioration of the activ-
ities was observed upon storing the enzymes at —80 °C, at
least over a period of a few months. Activity measurements
were thus performed after storage at —80° C, using the
coupled assay and metabolite detection by both NMR and
mass spectrometry, and the results were similar to those ob-
tained with the proteins prior to freezing. In addition, their
possible degradation after freezing was evaluated using
SDS-PAGE polyacrylamide gels without observing significant
degradation for any of the variants studied.

Experimental In Vitro Determination of Leakage

of y-Glutamyl Phosphate From Glutamine Synthetase
Variants

Since y-glutamyl phosphate is a highly labile species, leak-
age was determined through the detection of the
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cyclization product, pyroglutamic acid. Samples were pre-
pared in 50 mM Tris-HCl, 15 mM ATP, 4 or 3 mM
t-glutamate, 25 mM NH,Cl, 50 mM MgCl, at pH 7.0. The
reaction of glutamine synthetase was started with the add-
ition of 300 pg of the enzyme (either the wild type or a
single-mutant variant) to a final volume of 1 ml. The solu-
tions were kept at 25 °C for 12 h and their chemical com-
position was assessed by mass spectrometry or nuclear
magnetic resonance, as described below.

Mass Spectrometry

Samples for mass spectrometry were prepared by dilution
to 1:2,000 in water/acetonitrile 40/60 (v/v) and 5.0 pL ali-
quots were injected in an ultraperformance liquid chroma-
tography (UPLC) system consisting of a Quaternary
Solvent Manager Acquity (Waters Corporation) equipped
with a column Cortecs UPLC Hillic (1.6 uM, 2.1 X 50 mm)
and coupled with a triple quadrupole mass spectrometer
XEVO-TQS (Waters Corporation). The mobile phase of
the UPLC system consisted of H,O + 0.1% formic acid v/
v (solvent A) and acetonitrile + 0.1% formic acid v/v (solv-
ent B). Linear gradient elution (flow rate of 0.2 ml/min)
was programmed as follows: 0-4 min (20% A-80%B),
4-5min (40% A-60%B), 5-5.1min (20% A-80%B).
Electrospray ionization mass spectra (ESI-MS) were ac-
quired in the positive (ESI +). LC-MS/MS acquisition para-
meters for the target molecules were as follows: L-glutamic
acid precursor ions 148.0, product ions 84.0 and 101.9;
L-glutamine precursor ion 147.0, product ions 84.0 and
130.0; L-pyroglutamic acid precursor ion 130.0, product
ions 56.0 and 84.0. For each glutamine synthetase variant,
three independent determinations were performed. The
raw data from all mass experiments performed can be
found in the additional supplementary document
“RawDataMassExperiments.”

Nuclear Magnetic Resonance Spectroscopy

"H NMR spectra were acquired on a Bruker Avance Il
600 Hz spectrometer at a proton frequency of 600 MHz
equipped with a TCIP cryoprobe at 298 K. Samples were
supplemented with 5% D,O and 0.01 mM DSS
(4,4-dimethyl-4-silapentane-1-sulfonic acid). The standard
zgesgp pulse sequence from the Bruker library was used
with excitation sculpting to allow suppression of the water
(Hwang and Shaka 1995). Data were collected with 16,384
points, a spectral width of 16.0242 ppm with 256 scans, 16
dummy scans, and an acquisition time of 1.7 s. Data were
processed using MestreNova software. All spectra were
automatically phased, baseline corrected using a polyno-
mial function, and calibrated to the center of the DSS
peak. The concentrations of glutamate, glutamine, and
pyroglutamate were measured by integrating the 'H peaks
corresponding to gamma protons at 'H frequencies of
2.33, 2.43, and 2.41 ppm, respectively. For each glutamine
synthetase variant, three independent determinations
were performed. The raw data from all NMR experiments
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performed can be found in the additional supplementary
document “RawDataNMR.”

Assay of y-Glutamyl Phosphate Reductase Activity
Coupled With Glutamine Synthetase

The coupled activity assay we used to assess the diffusion of
v-glutamyl phosphate from glutamine synthetase to
v-glutamyl phosphate reductase is identical to that de-
scribed by Smith et al. (1984), except for the source of
v-glutamyl phosphate. Specifically, we used variants of glu-
tamine synthetase as a source of y-glutamyl phosphate, in-
stead of y-glutamyl kinase. The measurement of the
reductase activity was based on the spectrophotometric
determination of the oxidation of NADPH. The reaction so-
lution was 50 mM Tris—HCI pH 7.0, 15 mM ATP, 8 mM
L-glutamate, 25 mM NH,Cl, 50 mM MgCl, 0.15 mM
NADPH, and 7 uM y-glutamyl phosphate reductase. The
solution was equilibrated at 25 °C for 5 min, the reaction
was initiated by the addition of a glutamine synthetase vari-
ant to a concentration of 7 uM. The enzyme activity was
determined using the initial reaction rates determined
from changes in As4, nm and the molar extinction coeffi-
cient of NADPH at that wavelength (6221 M~' cm™").
Three independent coupled activity assays of y-glutamyl
phosphate reductase were performed with each glutamine
synthetase variant as source of y-glutamyl phosphate.

Computational Calculation of the Barrier

for y-Glutamyl Phosphate Cyclization

Calculations were performed by means of density func-
tional theory (DFT) using the GAUSSIANOQ9 suite (Frisch
et al. 2010). Structures were optimized using the widely
used B3LYP functional (Becke 1988, 1993; Lee et al. 1988)
with the Pople’s-based 6-31G* basis set (Francl et al.
1982). All minima were fully optimized by the gradient
technique and assessed by frequency calculations.
Enthalpy and Gibbs free energy values were obtained by
taking into account zero-point energies, thermal motion,
and entropy contribution at standard conditions (tem-
perature of 298.15 K, pressure of 1atm). A Polarizable
Continuum Model (PCM) (Miertus et al. 1981; Tomasi
and Persico 1994) has been taken into account to repro-
duce the solvent in which reactions and/or physical mea-
surements have been carried out (water).

Mass Spectrometry Determination of Pyroglutamic
Acid In Vivo

Original rescues were grown at 37 °C in kanamycin-
supplemented minimal medium until they reached an op-
tical density of 0.7. As a control, the knockout strain Keio
AproB was grown in minimal medium supplemented with
kanamycin and 50 uM proline. >C- and "’N-labeled glu-
tamic acid (CAS number: 202468-31-3) from Cortecnet
was added to all samples to a final concentration of
1 mM. Afterwards, all samples were kept at 25 °C shaked
for 10 min. Cells were collected by centrifugation
at 6,198xg at 4 °C for 15 min and the supernatant was

discarded. Cells were completely resuspended in 1 ml of
water/acetonitrile  40:60 (v/v) and centrifuged at
18,407xg for 15 min. 5l of the supernatant of each
sample was injected in an UPLC system consisting of a
Quaternary  Solvent  Manager Acquity (Waters
Corporation) equipped with a column Cortecs UPLC
Hillic (1.6 uM, 2.1 X 50 mm) and coupled with a triple
quadrupole mass spectrometer XEVO-TQS (Waters
Corporation). The mobile phase of the UPLC system con-
sisted of H,O+ 0.1% formic acid v/v (Solvent A) and aceto-
nitrile + 0.1% formic acid v/v (Solvent B). Gradient elution
(low rate 0.2 ml/min) was programmed as follows:
0-4 min (20% A-80%B), 4-5min (40% A—60%B),
5-5.1 min (20% A-80%B). ESI-MS were acquired in the
positive (ESI+). LC-MS/MS acquisition parameters for the
target molecules were as follows: L-pyroglutamic acid pre-
cursor ion 130.0, product ion 84.0, ['>C2°N] L-pyroglutamic
acid precursor ion 136.0, product ion 89.0. In order to
quantify the concentration of each of the target molecules,
a standard curve was prepared with the pure compounds
without isotopic labeling (Zhang et al. 2019). For each ori-
ginal rescue and control experiment, three biological repli-
cates were performed. The raw data from all mass
experiments performed can be found in the additional
supplementary document “RawDataMassExperiments.”

Inhibition of Proline Prototrophy Restoration by the
Presence of Glutamine in the Culture Medium
Original rescues were grown at 37 °C in kanamycin-
supplemented minimal medium until saturation (about
36 h). As a control, the Keio 4proB knockout strain was
grown in minimal medium supplemented with kanamycin
and 50 uM proline. All cultures were then diluted to
ODggo=0.001 and grown at 37 °C under shaking.
Experiments were carried out in minimal medium (supple-
mented with kanamycin) in the absence and presence of
2 mM glutamine. In the case of Keio 4proB knockout cells,
the medium was additionally supplemented with proline
to enable growth. Growth was monitored by measuring
the optical density at 600 nm. For each original rescue
and control experiment, three biological replicates were
performed.

Quantification of Transcription Levels for the glnA
Gene

Transcription levels for the gInA gene were quantified
using the quantitative polymerase chain reaction (qPCR).
Experiments were carried out with AproB knockout cells
harboring variants of the glnA gene with mutations that
were previously found in rescue proline auxotrophy, as
well as with cells harboring the wild-type gInA gene, the
latter serving as control samples. For each experiment, a
starter culture in minimal medium was prepared and di-
luted 1:200 in minimal medium. In all cases, the minimal
medium was supplemented with kanamycin, and in the
case of the control samples, proline at 0.7 pug/ml was also
added to allow growth. After the 1:200 dilution, samples
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were maintained at 37 °C on shaking until OD values at
600 nm of ~0.9 were reached. Cultures were then centri-
fuged and the supernatant discarded. mRNA from each
sample was extracted using Trizol method and quality va-
lidated by A,60/a280 in NanoDrop 2000c. Reverse transcrip-
tion was performed with the TagMan Advanced mRNA
cDNA Synthesis kit (Applied Biosystem, Foster City, CA,
USA). gPCR was performed on a 96-well plate using the
SYBR Green probe (Life Technologies, Carlsbad, CA,
USA), with the QuantStudio 6 Flex Real-Time PCR System
(Applied Biosystems). gPCR reactions were performed ac-
cording to the following protocol: 95 °C for 10 min for en-
zyme activation; followed by 40 cycles of 15 s at 95 °C and
1 min at 60 °C for denaturing and annealing/extension.
The primers used were designed using Primer-Blast (NIH)
software to generate a PCR product of size between 60
and 150 nt and have a primer melting temperature within
the range of 63-68 °C. All samples were run in triplicate,
with an NTC (nontemplate control) in each plate. mRNA
levels were quantified using the comparative threshold cycle
(Ct) method relative to the ffh gene (signal recognition par-
ticle protein) level as an endogenous control. Relative levels
for each sample were calculated as the difference between
glnA and ffh values (AC, = C; gina-C; ). Three biological re-
plicates were performed for each of the samples and con-
trols in addition to the corresponding instrumental
triplicate for each of the measurements.

Surface Area Calculations

Accessible surface areas (ASA) for amino acids in the 3D
structure of glutamine synthetase were calculated as de-
scribed in (Ibarra-Molero et al. 1999) using a radius of
1.4 A for the spherical probe representing a water mol-
ecule. Buried surface areas, as given in table 1, were calcu-
lated as the difference between the ASA value for the
amino acid side chain when fully exposed to the aqueous
solvent and the ASA value of the side chain in the 3D
structure. The former ASA value was taken to be that of
the side chain in a tripeptide with the same conformation
as in the folded structure.

In the case of the new residues generated by the rescu-
ing mutations, surface calculations require a predicted 3D
structure for the single-mutation variant. This prediction
was carried out using the UCSF Chimera program
(Pettersen et al. 2004). The glutamine synthetase wild-type
structure with PDB ID: 1FPY was used as template, and the
Dunbrack backbone-dependent rotamer library was ap-
plied to the structural modeling step for each variant.
Subsequently, energy minimization was performed with
the minimize structure module implemented in version
1.16 of the UCSF Chimera package (https://www.cgl.ucsf.
edu/chimera).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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