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1 | INTRODUCTION

Abstract

The haloarchaeon Haloferax volcanii degrades D-glucose via the semiphosphoryla-
tive Entner-Doudoroff pathway and D-fructose via a modified Embden-Meyerhof
pathway. Here, we report the identification of GfcR, a novel type of transcriptional
regulator that functions as an activator of both D-glucose and D-fructose catabo-
lism. We find that in the presence of D-glucose, GfcR activates gluconate dehy-
dratase, glyceraldehyde-3-phosphate dehydrogenase and pyruvate kinase and also
acts as activator of the phosphotransferase system and of fructose-1,6-bisphosphate
aldolase, which are involved in uptake and degradation of D-fructose. In addition,
glyceraldehyde-3-phosphate dehydrogenase and pyruvate kinase are activated by
GfcR in the presence of D-fructose and also during growth on D-galactose and glyc-
erol. Electrophoretic mobility shift assays indicate that GfcR binds directly to promot-
ers of regulated genes. Specific intermediates of the degradation pathways of the
three hexoses and of glycerol were identified as inducer molecules of GfcR. GfcR
is composed of a phosphoribosyltransferase (PRT) domain with an N-terminal helix-
turn-helix motif and thus shows homology to PurR of Gram-positive bacteria that is
involved in the transcriptional regulation of nucleotide biosynthesis. We propose that
GfcR of H. volcanii evolved from a PRT-like enzyme to attain a function as a transcrip-

tional regulator of central sugar catabolic pathways in archaea.

KEYWORDS
archaea, D-glucose and D-fructose catabolism, electrophoretic mobility shift assay (EMSA),
Haloferax volcanii, phosphoribosyltransferase (PRT) protein family, transcriptional regulation

Embden-Meyerhof (EM) and Entner-Doudoroff (ED) pathways oper-

ative in bacteria and eukarya. Hyperthermophilic archaea predomi-

Comparative analyses of sugar degradation pathways indicate nantly utilize modified EM pathways, whereas thermoacidophilic and

that archaea degrade D-glucose via modifications of the classical halophilic archaea utilize modified ED pathways (Brasen et al., 2014;

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd.

224 wileyonlinelibrary.com/journal/mmi Molecular Microbiology. 2023;120:224-240.


www.wileyonlinelibrary.com/journal/mmi
https://orcid.org/0000-0001-6105-0923
http://orcid.org/0000-0002-6687-4064
mailto:peter.schoenheit@ifam.uni-kiel.de
https://orcid.org/0000-0003-0915-8608
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:peter.schoenheit@ifam.uni-kiel.de
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fmmi.15114&domain=pdf&date_stamp=2023-06-30

JOHNSEN ET AL.

Wi LEYE

Siebers & Schonheit, 2005). Transcriptional regulation of archaeal
sugar degradation pathways has been studied in some detail for
the degradation of the D-glucose oligomers maltose, trehalose and
maltodextrin in the hyperthermophilic Thermococcales Pyrococcus
furiosus and Thermococcus kodakarensis and in thermoacidophilic
Sulfolobus species (Kanai et al., 2007; Lee et al., 2008; Wagner
et al., 2014). The transcriptional regulators involved belong to the
TrmB protein family and function as both repressors and activators,
e.g., Tgr from Thermococcus kodakarensis represses genes involved in
sugar transport and glycolysis, and activates genes involved in glu-
coneogenesis (Kanai et al., 2007). The TrmB-like regulator MalR from
Sulfolobus acidocaldarius is a transcriptional activator for maltose
uptake and degradation (Wagner et al., 2014) and a TrmB-like reg-
ulator has also been reported for the haloarchaeon Halobacterium
salinarum, functioning as a regulator of diverse metabolic pathways
in response to D-glucose (Schmid et al., 2009; Todor et al., 2014).
In this organism, a role of TrmB in gluconeogenesis rather than in
D-glucose degradation has been indicated (Todor et al., 2014).

In recent years, sugar degradation pathways have begun to be
studied in detail in haloarchaea; in particular, in the model organism
Haloferax volcanii. This haloarchaeon utilizes hexoses and pentoses,
as well as the deoxysugar L-rhamnose, as carbon and energy sources
and the degradation pathways have been elucidated. Pentoses are
degraded by oxidative pathways, and L-rhamnose via the diketo-
hydrolase pathway (Johnsen et al., 2009; Johnsen et al., 2013;
Johnsen et al., 2020; Reinhardt et al., 2019; Sutter et al., 2017).
The hexoses D-glucose, D-fructose and D-galactose are degraded
via the semiphosphorylative Entner-Doudoroff (spED) pathway, a
modified Embden-Meyerhof pathway and the Deley-Doudoroff
pathway as follows: (i) D-Glucose is converted to gluconate and then
to 2-keto-3-deoxygluconate (KDG) by glucose dehydrogenase and
gluconate dehydratase, respectively. KDG is then phosphorylated by
KDG kinase, forming 2-keto-3-deoxy-6-phosphogluconate (KDPG)
that is subsequently cleaved by KDPG aldolase to yield pyruvate and
glyceraldehyde-3-phosphate (GAP) (Figure 1) (Pickl et al., 2014; Sutter
et al., 2016); (ii) D-Fructose is taken up by a phosphoenolpyruvate-
dependent phosphotransferase system (PTS), generating fructose-
1-phosphate, which is then converted to two molecules of GAP via
the intermediate fructose-1,6-bisphosphate (FBP) in reactions cata-
lyzed by fructose-1-phosphate kinase, FBP aldolase and triosephos-
phate isomerase (Figure 1) (Pickl et al., 2012); and (iii) D-Galactose
is converted to pyruvate and GAP via the DelLey-Doudoroff path-
way enzymes galactose dehydrogenase, galactonate dehydratase,
2-keto-3-deoxygalactonate kinase and 2-keto-3-deoxy-6-phosphog
alactonate aldolase (Pickl et al., 2014; Tastensen et al., 2020). GAP
is the common product of all three pathways and is also formed by
oxidation of the non-sugar substrate glycerol in H. volcanii involving
glycerol kinase, glycerol-3-phosphate dehydrogenase and triose-
phosphate isomerase (Rawls et al., 2011; Sherwood et al., 2009).
GAP is then oxidized to 3-phosphoglycerate (3PG), catalyzed by GAP
dehydrogenase and 3PG kinase (Tastensen & Schénheit, 2018), and
3PG is further converted to pyruvate by 3PG mutase, enolase and
pyruvate kinase (Johnsen et al., 2019).

To date, transcriptional regulators in H. volcanii have been iden-
tified for the degradation pathways of pentoses, D-galactose and
L-rhamnose, designated as XacR, GacR and RhaR, respectively
(Johnsen et al., 2015; Reinhardt et al., 2019; Tastensen et al., 2020).
These regulators are members of the bacterial-type IcIR regulator
family and function as activators of genes in their respective path-
ways. Furthermore, the transcriptional regulator GlpR has been re-
ported to repress genes of D-glucose and D-fructose catabolism in
the presence of glycerol (Martin et al., 2018; Rawils et al., 2010).

In this communication, we report the identification and charac-
terization of a novel type of transcriptional regulator of H. volcanii,
designated GfcR (for glucose and fructose catabolism regulator), that
activates genes involved in D-glucose and D-fructose degradation.
GfcR also functions as a transcriptional activator for the degradation
of D-galactose and glycerol by activating GAP dehydrogenase and
pyruvate kinase. Finally, we have identified intermediates of the cat-
abolic pathways as inducer molecules of GfcR.

2 | RESULTS

2.1 | GfcR, amember of PRT protein family, is
functionally involved in D-glucose degradation

Analysis of Haloferax volcanii genes involved in glucose degrada-
tion reveals that the genes gdh (HVO_1083, encoding glucose
dehydrogenase) and gfcR (HVO_1082) form a transcriptional unit
(Figure 2a), where four nucleotides are overlapping. Consistent
with this, Northern blots using a probe against gdh revealed
signals of about 1900 and 1100 nucleotides in cells grown on
D-glucose but not in those grown on the gluconeogenic casamino
acids (Figure 2b). The 1900 nucleotide transcript corresponds to a
cotranscript of gfcR (633 nucleotides) and gdh (1074 nucleotides),
and that of 1100 nucleotides to a single transcript of gdh. The co-
expression of gfcR with gdh suggests a potential function for gfcR in
D-glucose catabolism.

Examination of its amino acid sequence suggests that GfcR,
which was formerly named PyrE1, is a member of the phosphori-
bosyltransferase (PRT) superfamily. This superfamily comprises
enzymes involved in biosynthesis of pyrimidine and purine, e.g., oro-
tate phosphoribosyltransferase (PyrE), and also the transcriptional
regulators of their respective pathways, e.g., PurR from Bacillus sub-
tilis (Hove-Jensen et al., 2017; Sinha & Smith, 2001). The hallmark
of the PRT domain is a conserved motif involved in the binding of
phosphoribosyl pyrophosphate (PRPP). Transcriptional regulators
of the PurR-type contain an additional N-terminal DNA-binding
domain with a helix-turn-helix (HTH) motif. PurR is reported to be
a transcriptional regulator of purine biosynthesis in some Gram-
positive bacteria, including Bacillus subtilis and Lactococcus lac-
tis (Hove-Jensen et al., 2017; Kilstrup & Martinussen, 1998; Sinha
et al., 2003). In addition to GfcR, H. volcanii has been reported
to contain a second member of the PRT superfamily designated
as PyrE2. PyrE2 was found to be catalytically active as orotate
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phosphoribosyltransferase, whereas GfcR lacks this activity and its
function therefore remains unknown (Bitan-Banin et al., 2003).

A sequence comparison of GfcR with haloarchaeal homologs
and with the bacterial regulators of the PRT superfamily PurR from
B. subtilis and L. lactis is shown in Figure 3. The alignment includes
secondary-structure assignments of GfcR based on an AlphaFold
model (see below) and those for PurR from B. subtilis based on its
crystal structure (Sinha et al., 2003). Interestingly, GfcR contains
several alpha helices in the N-terminal region that are analogous
to the winged-helix DNA-binding domain present in PurR. One of
these (a2 in GfcR and a3 in PurR) exhibits a high degree of sequence
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FIGURE 1 Proposed pathways of
D-glucose and D-fructose degradation in
Haloferax volcanii via semiphosphorylative
Entner-Doudoroff (spED) and modified
Embden-Meyerhof (EM) pathways. 1,3-
BPG, 1,3-bisphosphoglycerate; DHAP,
dihydroxyacetone phosphate; ENO,
enolase; F1P, fructose-1-phosphate;

FBA, FBP aldolase; FBP, fructose-
1,6-bisphosphate; GAD, gluconate
dehydratase; GAP, glyceraldehyde-3-
phosphate; GAPDH, GAP dehydrogenase;
GDH, glucose dehydrogenase; KDG,
2-keto-3-deoxygluconate; KDGK,

KDG kinase; KDPG, 2-keto-3-deoxy-
6-phosphogluconate; KDPGA, KDPG

PFK, 1-phosphofructokinase; PGK,
phosphoglycerate kinase; PGM,
phosphoglycerate mutase; PK,
pyruvate kinase; PTS, PEP-dependent-
phosphotransferase system; TIM,
triosephosphate isomerase.

A

DHAP

similarity. The large insertion in PurR sequences present after the
helical region, however, suggests a different position for the respec-
tive N-terminal domains of PurR and GfcR relative to the PRT do-
main. Most notably, the alignment also shows that residues in the
conserved motif of PurR that binds PRPP are generally conserved in
GfcR (Figure 3).

To determine whether GfcR functions in D-glucose catabolism,
a gfcR deletion mutant of H. volcanii was generated (Figure S1). The
AgfcR mutant lost its ability to grow on D-glucose (Figure 2c), whereas
growth on casamino acids was unaffected (not shown). Growth on
D-glucose could be recovered by complementation of AgfcR with
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FIGURE 2 Transcriptional analysis of the gdh-gfcR operon and growth of the Haloferax volcanii AgfcR mutant on D-glucose. (a) Genomic
view of the gdh-gfcR operon. (b) Northern blot analysis with RNA from cells grown on casamino acids (Cas) or D-glucose (G) using a probe
against gdh (HVO_1083). 16S rRNA was used as loading control. (c) Growth on 25mM D-glucose of the AgfcR mutant (square), wild-type
(circle) and the deletion mutant that was complemented with gfcR (triangle), gfcR-Aal (diamond) or gfcR-Aala2 (asterisk).

gfcR in trans (Figure 2c). To test whether the N-terminal HTH domain
is essential for GfcR function, the AgfcR mutant was also comple-
mented with two versions of gfcR in which either the predicted al
helix or both of the a1 and a2 helices at the N terminus were absent.
Growth on D-glucose of the AgfcR mutant could not be restored with
either of these constructs (Figure 2c), suggesting that GfcR functions

as a DNA-binding transcriptional regulator in D-glucose catabolism.

2.2 | GfcR acts as transcriptional activator of
D-glucose catabolism via the spED pathway

The potential role of GfcR as a transcriptional regulator of genes
involved in D-glucose degradation was then examined by using RT-
PCR to measure transcript levels of the gad gene in the wild-type and
AgfcR mutant of H. volcanii. The gad gene encodes gluconate dehy-
dratase, which is the second step of the upper half of the spED path-
way (Figure 1). When cells were grown on medium supplemented
with casamino acids, only low levels of the gad transcript were evi-
dent in both wild-type and AgfcR mutant cells (Figure 4). Two hours
after addition of D-glucose, however, a strong signal for the gad
transcript was detected in wild-type cells, but significantly less in the
AgfcR mutant (Figure 4). Wild-type levels of the gad transcript were
restored in the deletion mutant upon complementation with gfcR in
trans. These data indicate that GfcR functions as a transcriptional
activator of gluconate dehydratase in the presence of D-glucose.
The transcriptional regulation of gad, and also of enzymes of the
lower half of the pathway, GAP dehydrogenase (GAPDH), pyruvate

kinase (PK) and phosphoglycerate mutase (PGM), encoded by
gapl, pykA and pgml, respectively, was then determined by using a
B-galactosidase-based reporter-gene system to measure promoter
activities (Johnsen et al., 2015; Patenge et al., 2000). Transformants
of wild-type and AgfcR mutant carrying the plasmid-based
promoter-reporter gene constructs were first grown on casamino
acids to determine basal promoter activities. Promoter activities
were then measured after the addition of 5mM D-glucose. As
shown in Table 1, promoter activities of gad (9.8-fold), gapl (2.7 fold)
and pykA (2.2 fold) were all upregulated by D-glucose in the wild-
type strain but not in the AgfcR mutant. This indicates a function
for GfcR as a transcriptional activator of gapl and pykA, in addition
to gad. By contrast, the promoter activity of pgml was not induced
by D-glucose in wild-type cells. The constitutive expression of this
gene is consistent with a role for PGM in both glycolysis and glu-
coneogenesis. Together, the data indicate that GfcR functions as a
transcriptional activator of genes of the upper (gad) and the lower
halves (gapl and pykA) of the pathway and thus GfcR represents
the first identified transcriptional regulator of the spED pathway of
H. volcanii.

2.3 | GfcRis atranscriptional activator of
D-fructose uptake and degradation via the modified
EM pathway

The GfcR-dependent activation of genes encoding GAPDH and
PK by D-glucose raises the prospect that GfcR also regulates the
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FIGURE 3 Amino acid sequence alignment of GfcR from Haloferax volcanii, haloarchaeal homologs and PurR from Bacillus subtilis and
Lactococcus lactis. The alignment was calculated with Clustal Omega X (Sievers et al., 2011) and then ESPript 3.0 (Buchan & Jones, 2019;
Robert & Gouet, 2014) was used to plot the secondary structure of GfcR based on the AlphaFold model and PurR based on its crystal
structure (PDB code 1057). Invariant residues are shaded red, and highly conserved residues are colored red with blue borders. The PRPP
motif of the PRT domain is highlighted by a frame (Prosite documentation, PDOC00096). The sequences used (and their UniProt accession
codes) are as follows: Haloferax volcanii GfcR (Q8NKQ2), Haloterrigena turkmenica PyrE-like protein (D2RW31), Haloarcula marismortui
PyrE-like protein (Q5V3K1), Halorubrum lacusprofundi PyrE-like protein (B9LUSO), Lactococcus lactis PurR (POA3Z9), and Bacillus subtilis PurR
(P37551).

catabolism of other substrates. This is because both enzymes are with this prediction, the AgfcR mutant did not grow on any of these
within the lower half of the degradation pathways of D-fructose, three substrates (Figure 5), whereas growth on the pentose sugar
D-galactose and of the non-sugar substrate glycerol. In accordance D-xylose (as a control) was not affected.
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FIGURE 4 GfcR dependent transcription of gad encoding
gluconate dehydratase of Haloferax volcanii analyzed by RT-PCR.
Cells of wild-type, AgfcR mutant and the mutant complemented
with gfcR in trans (AgfcR+gfcR) were pre-grown on 0.2% casamino
acids and expression of gad was induced by 5mM D-glucose.
Formation of gad transcripts was monitored before (Oh) and 2h
after the addition of D-glucose (2h). The ribL gene encoding the
ribosomal protein L10 was used as constitutive expression control.

TABLE 1 Promoter activities of selected genes involved in
D-glucose degradation via the spED pathway in Haloferax volcanii.

p-galactosidase activity

(mU/mg)
Induction

Promotor of Strain CAS CAS+D-glucose (fold)
gad (HVO_1488)  wt 48+18 471+84 9.8

AgfcR 47 +22 58+30 1.2
gapl (HVO_0481) wt 218+21 585+191 2.7

AgfcR  220+44  221+60 1.0
pykA (HVO_0806) wt 65+24 141+26 2.2

AgfcR  58+15 72+8 1.2
pgml (HVO_2516) wt 28+10 26+4 0.9

AgfcR 17 x1 13+3 0.8

Note: Promotor activities were measured in a -galactosidase assay in
wild-type and AgfcR cells grown on casamino acids (CAS, 0.2%) and
after induction by 5mM D-glucose (CAS+D-glucose). All experiments
were carried out in triplicates.

We also examined whether GfcR regulates expression of gapl
and pykA in the presence of D-fructose. The promoter activities
of gapl and pykA in wild-type cells were 3.4- and 1.4-fold higher,
respectively, in cells induced by D-fructose compared to casamino
acid-grown cells. No induction was observed in the AgfcR mutant,
indicating that GfcR functions as a transcriptional activator of genes
encoding GAPDH and PK in the presence of both D-fructose and
D-glucose (Tables 1 and 2).

We then analyzed whether GfcR regulates steps in the upper
part of the modified EM pathway for D-fructose uptake and degra-
dation by measuring the promoter activities of ptfC and fba, encod-
ing the PTS component EIIC and fructose-1,6-bisphosphate aldolase
(FBA), respectively, in both wild-type and AgfcR mutant cells. The
promoter activity of ptfC was five-fold higher in wild-type cells
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FIGURE 5 Growth of Haloferax volcanii H555 and the AgfcR
mutant on D-fructose, D-galactose and glycerol. Wild-type (circles)
and AgfcR mutant (squares) were grown in synthetic medium with
25mM D-fructose (a), 25mM D-galactose (b) or 20mM glycerol (c).

grown in the presence of D-fructose compared to those grown on
casamino acids (Table 2). This D-fructose-specific induction was ab-
sent in the AgfcR mutant. Since fba is essential for gluconeogenesis
(Pickl et al., 2012), we measured the basal promoter activity of fba
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TABLE 2 Promoter activities of selected genes involved in D-
fructose degradation via modified EM pathway in Haloferax volcanii.

p-galactosidase activity

(mU/mg)
CAS+D- Induction

Promotor of Strain CAS fructose (fold)
ptfC (HVO_1499) wt 43+19 214+98 5.0

AgfcR  39+10 44+7 1.1
fba (HVO_1494) wt 22.0+1* 52+7° 24

AgfcR  7.0+0? 8+2° 1.1
gapl (HVO_0481) wt 218+21 736+159 3.4

AgfcR 220+44  185+55 0.8
pykA (HVO_0806)  wt 65+24 91° 1.4

AgfcR  58+15  41° 0.7

Note: Promotor activities were measured in a -galactosidase assay in
wild-type and AgfcR cells grown on casamino acids (CAS, 0.2%) and
after induction by 5mM D-fructose (CAS+D-fructose).

?Basal promotor activity of fba was measured in cells grown on 5mM
D-glucose rather than on casamino acids. Experiments were carried out
in triplicates.

bSingle measurements.

TABLE 3 Promoter activities of the ptfC gene measured in
AgfcR, AglpR mutants and in the respective double deletion mutant
in comparison to the wild type.

B-galactosidase activity

(mU/mg)
CAS+D- Induction
Promotor of Strain CAS glucose (fold)
ptfC (HVO_1499) wt 49.2+6.3 98.6+13.2 2.0
AgfcR 55.0+6.3 43.6+5.7 0.8
AglpR 409.1+27.8 1047.6+51.6 2.6

AgfcRAGIpR  424.1+24.4  397.6+29.5 0.9

Note: Promotor activities were measured in a -galactosidase assay in
cells of wild-type and of mutants grown on casamino acids (CAS, 0.2%)
and after induction by 5mM D-glucose (CAS+D-glucose). Experiments
were carried out in triplicates.

using D-glucose instead of casamino acids. We found that promoter
activity was 2.4-fold higher in D-fructose-grown cells compared to
those grown in D-glucose and induction was not observed in AgfcR
cells. Together, these experiments indicate that GfcR transcription-
ally activates the degradation of D-fructose by activating genes of
the upper half of the EM pathway, in addition to gapl and pykA in the
lower half (Table 2).

2.4 | PtfCisindependently regulated by
GfcR and GIpR

We also investigated whether GfcR affects ptfC transcription in the
presence of glucose. A two-fold induction of ptfC was observed in
wild-type cells but not in AgfcR cells, indicating that GfcR activates

ptfC in the presence of glucose as well as fructose (Tables 2 and 3).
It has been reported that in H. volcanii, the ptfC gene is repressed by
the transcriptional regulator GlpR during growth on glucose (Martin
et al., 2018). To elucidate the interplay between GfcR and GIpR in
ptfC regulation, we generated AgIpR single- and AgfcRAgIpR double-
deletion mutants and measured ptfC promoter activity on casamino
acids and after addition of glucose, i.e., under conditions in which
ptfC is repressed by GIpR and activated by GfcR (Table 3). When
cells were grown on casamino acids, basal promoter activity was
about 10-fold higher in both mutants compared to wild-type and
AgfcR cells (Table 3), likely reflecting derepression of ptfC caused by
the glpR deletion. This higher level of ptfC activity was also found in
the presence of glucose. For the AglpR mutant, the addition of glu-
cose resulted in a 2.6-fold increase of ptfC activity and was similar
to wild-type. This induction was abolished in the AgfcRAgIpR double
mutant. These results show that both regulators, GfcR and GIpR, in-
dependently affect the promoter activity of ptfC.

2.5 | GfcRregulates D-galactose and glycerol
degradation by activating GAP dehydrogenase and
pyruvate kinase

It has been shown that H. volcanii degrades D-galactose via the
Deley-Doudoroff pathway (Tastensen et al., 2020) (Figure 6). To test
whether GfcR activates genes of the DeLey-Doudoroff pathway, we
analyzed the promoter activity of HYO_A0330, which encodes ga-
lactose dehydrogenase. Activity increased by about 3.5-fold in both
wild-type and AgfcR mutant cells in the presence of D-galactose but
not casamino acids, demonstrating that GfcR is not involved in the
activation of galactose dehydrogenase (Table 4). For gapl and pykA,
promoter activities increased 3.8- and 1.6-fold, respectively, in wild-
type cells after addition of D-galactose, but not in the AgfcR mutant
(Table 4). These data show that GfcR functions as a transcriptional
activator of gapl and pykA in the presence of D-galactose in the same
way as it does with D-glucose and D-fructose (Tables 1 and 2).

The DelLey-Doudoroff enzymes, e.g., galactose dehydrogenase,
have been shown to be transcriptionally activated by the IcIR-like
regulator GacR (Tastensen et al., 2020). To determine whether GacR
provides additional regulatory control to the expression of GAPDH,
an enzyme of the lower part of the pathway, we made a AgacR mu-
tant and examined the promoter activation of gapl in the presence
of D-galactose. The promoter activity increased to the same extent,
about 2-fold, in both wild-type and AgacR mutant strains, thus ex-
cluding GacR as an activator of GAPDH (Table S1).

To investigate whether GfcR is also a regulator of glycerol catab-
olism, we next analyzed the effect of its deletion on the promoter
activity of glpK (encoding glycerol kinase). Promoter activity was
stimulated to the same extent in both wild-type and the AgfcR mu-
tant strains after addition of glycerol (Table 4), indicating that GfcR
does not regulate glpK transcription. However, analyses of promoter
activity of gapl revealed 1.6-fold higher activity in the wild-type as
compared to the mutant, thus indicating a transcriptional activation
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FIGURE 6 Pathways of D-glucose, D-fructose, D-galactose and glycerol catabolism of Haloferax vocanii transcriptionally regulated by
GfcR. Enzymes encoded by genes activated by GfcR are highlighted in green, while enzymes encoded by non-activated genes are marked

in gray. Inducer molecules of GfcR are boxed. See Figure 1; G3PDH, glycerol-3-phosphate dehydrogenase; GalD, galactonate dehydratase;
GalDH, galactose dehydrogenase; GK, glycerol kinase; KDGal, 2-keto-3-deoxygalactonate; KDGalK, KDGal kinase; KDPGal, 2-keto-3-deoxy-

6-phosphogalactonate; KDPGalA, KDPGal aldolase.

of gapl by GfcR during growth on glycerol. This adds glycerol to the
list of growth substrates that activate GAPDH expression in a GfcR-

dependent fashion.
2.6 | GfcR binds intermediates of sugar and of
glycerol degradation pathways

To identify possible inducer molecules of GfcR, we performed ther-

mal shift assays for the purified protein (Figure S2) with intermediates

of the degradation pathways for D-glucose, D-fructose, D-galactose
and glycerol. In the absence of putative ligands, the melting tem-
perature (T, ) of GfcR was 70.0°C. Among the intermediates tested,
only the addition of 2-keto-3-deoxy-6-phosphogluconate (KDPG),
fructose-1,6-bisphosphate (FBP), 2-keto-3-deoxy-6-phosphogalact
onate (KDPGal) and glycerol-3-phosphate (G3P) resulted in an in-
crease of the melting temperature of 1.5 to 3.7 in comparison to the
T, values of GfcR without effector (70.0°C) and with other interme-
diates tested (Table 5). This indicates a complex formation of GfcR

with these four metabolites.
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TABLE 4 Promoter activities of selected genes involved in D-galactose and glycerol degradation in Haloferax volcanii.

B-galactosidase activity (mU/mg) Induction (fold)
CAS+D-

Promotor of Strain CAS galactose CAS+glycerol D-galactose Glycerol
HVO_A0330 wt 76+14 260+54 n.d. 34

AgfcR 78+18 287+38 n.d. 3.7
glpK (HVO_1541) wt 106° n.d. 2027 1.9

AgfcR 121° n.d. 1807 1.5
gapl (HVO_0481) wt 218+21 822+128 344+48 3.8 1.6

AgfcR 220+44 263+37 147 +29 1.2 0.7
pykA (HVO_0806) wt 65+24 102° n.d. 1.6

AgfcR 58+15 357 n.d. 0.6

Note: Promotor activities were measured in a B-galactosidase assay in wild-type and AgfcR cells grown on casamino acids (CAS, 0.2%) and after
induction by 5mM D-galactose (CAS+D-galactose) or 5mM glycerol (CAS+glycerol). Experiments were carried out in triplicates.

Abbreviation: n.d., not determined.

Single measurements.

TABLE 5 Identification of inducer molecules of GfcR by

differential scanning fluorimetry (DSF).

Effector ATm (°C)

No effector 0+0.4
D-Glucose -0.8+1.4
D-Gluconate -0.01+0.8
2-Keto-3-deoxygluconate -1.0+1.7
2-Keto-3-deoxy-6-phosphogluconate +3.1+0.7
D-Fructose -0.2+0.3
Fructose-1-phosphate +0.06°
Fructose-1,6-bisphosphate +1.5+0.6
D-Galactose +0.4+0.26
2-Keto-3-deoxy-6-phosphogalactonate +3.7°
Glycerol +0.01+0.02
Glycerol-3-phosphate +2.8+0.25
Glyceraldehyde-3-phosphate -0.4°

DHAP +0.3+0.06
3-Phosphoglycerate -0.15+0.07
PEP -0.7¢
Pyruvate -0.3+0.2

Note: GfcR (1-5uM) and 5mM of ligand were used. Melting temperature
(T,, value) of GfcR without ligand corresponds to 70.0+0.4°C. AT,
values indicate a shift of melting temperature of GfcR in the presence

of ligand; values are given with standard deviations (SD).

Single measurements.

2.7 | GfcR binds to promoters of gdh-gfcR,

gad and ptfC

Our observation that GfcR increases expression of several genes of
sugar degradation pathways, as well as the presence of a putative
helix-turn-helix (HTH) DNA-binding motif at the N-terminal end of

the protein, led us to examine whether GfcR can bind directly to
promoters of the regulated genes. To do this, we performed electro-
phoretic mobility shift assays (EMSASs) using the promoters of genes
implicated in glucose (gdh-gfcR and gad) and fructose (ptfC) degrada-
tion. For these analyses, GfcR was purified as fusion protein contain-
ing a C-terminal Strepll tag. Size exclusion chromatography indicated
the protein is a homotetramer in solution (Figure S3).

The promoters tested were gdh-gfcR, gad and ptfC; the rad3b
promoter served as negative control. The experiments were con-
ducted in the presence and absence of 10pM KDPG and increas-
ing concentrations of GfcR-Strepll (Figure 7a). At concentrations of
GfcR-Strepll higher than 31 nM gel shift bands appeared in the sugar
regulated promoters rather than in the control rad3b.

We also examined the dependence of promoter binding in the
presence of increasing concentrations of KDPG. Commensurate
with the role of this intermediate as an inducer that binds GfcR, we
observed that the intensity of the gel-shifted band increased with
KDPG concentration (Figure 7b). Overall, these data indicate direct
binding of GfcR to the promoters of at least three genes involved
in glucose or fructose catabolism and that binding increases in the

presence of the inducer KDPG.

2.8 | Homology modeling of GfcR

GfcR is a member of the PRT-like superfamily and shows homol-
ogy to orotate phosphoribosyltransferases (OPRTs). These enzymes
catalyze the formation of orotidine-5-monophosphate (OMP) from
orotate and phosphoribosyl pyrophosphate (PRPP) as part of the
pyrimidine biosynthesis pathway. To understand how ligands might
bind the protein, we downloaded a model of GfcR from the AlphaFold
Protein Structure Database server (code AF-Q8NKQ2-F1) (Jumper
et al., 2021; Varadi et al., 2021) and superimposed onto the crys-
tal structure of orotidine-5-monophosphate synthase (OMPS) from
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Salmonella typhimurium in complex with PRPP and orotate (PDB
1LHO; Grubmeyer et al., 2012). This structure was selected because
it has the highest sequence identity with GfcR (23% for residues 48-
208 of OMPS). The superimposition shows that many residues of
OMPS that are involved in binding PRPP are also present in GfcR
(Figure S4). These include a stretch of residues (159-162, GfcR num-
bering) that form amide-mediated contacts with the 5-phosphate
(Thr-Ser-Gly-Thr in GfcR vs Thr-Ala-Gly-Thr in OMPS) and two as-
partates (155-156, GfcR numbering) that form hydrogen bonds with
the ribose hydroxyls. By contrast, residues that contact the pyroph-
osphate of PRPP are not present in GfcR. This is because the cata-
lytic loop of OMPS is structured very differently in GfcR (i.e., the
right-hand side of the binding site as viewed in Figure S4). For this
reason, GfcR would not be expected to bind PRPP and this may ex-
plain why GfcR does not exhibit orotate phosphoribosyltransferase
activity (Bitan-Banin et al., 2003).

2.9 | Molecular docking of GfcR ligands

The four molecules that bind GfcR are all sugar phosphates (or sugar
alcohol phosphates in the case of glycerol phosphate) and are there-
fore expected to bind to the region of GfcR that is homologous to
the PRPP-binding site of OMPS. To examine potential interactions
made by the effector molecules, we manually docked KDPG, FBP,
KDPGal and G3P into the GfcR model using PRPP bound to OMPS
as a guide. Emphasis was placed on positioning the 6’ phosphate of
KDPG, FBP, KDPGal and 3’ phosphate of G3P into the pocket oc-
cupied by the 5’ phosphate of PRPP. Each model was then subjected
to energy minimization and 5ns of molecular dynamics simulations.

The models show there is ample space in the putative binding
site for all four molecules and that most of the contacts involve the
6'/3" phosphate forming hydrogen bonds with residues 157-163
of GfcR. For most of the intermediates, there are also hydrogen

bonds with Asp155. The exception is FBP, where the presence of
the furanose ring has produced a slightly different mode of bind-
ing. As noted above, residues 155-162 are highly conserved in the
PRT superfamily. By contrast, there are relatively few contacts
involving residues at the right side of the binding site (as viewed
in Figure 8), consistent with the variability of effector molecules
occupying these regions. Only Lys124 is consistently involved in
binding via electrostatic contact with the negatively charged car-
boxylate or phosphate groups of the intermediates. Consistent
with the 6’/3’ phosphate being present in all effectors, residues
around this group exhibit relatively minimal differences in position
after the MD simulations, whereas those on the right-hand side
of the binding site vary more in structure. Together, these mod-
els provide a plausible framework to explain how the regulation of
four different glycolytic pathways can be achieved by the binding
of the four specific effector molecules to the same transcriptional
regulator, GfcR.

3 | DISCUSSION

In this study, we report the identification and functional characteri-
zation of GfcR as an activator of four different catabolic pathways in
the haloarchaeon Haloferax volcanii; namely, the degradation path-
ways for the sugars D-glucose, D-fructose and D-galactose, and of
the non-sugar substrate glycerol. Regulation is achieved through
activation of specific steps in the upper part of the pathways for
glucose and fructose, and also through activation of the common
enzymes of the lower part of all four pathways. EMSAs demonstrate
direct binding of GfcR to promoters and thermal denaturation exper-
iments suggest that the mechanism of activation is by direct bind-
ing of intermediates of the four catabolic pathways to GfcR. Overall,
these data reveal a new transcriptional regulator of archaeal sugar
metabolism.
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FIGURE 8 Molecular docking of effector molecules into the homology model of Haloferax volcanii GfcR. Only the region of GfcR
corresponding to the PRPP-binding site of OMP synthase is shown where the effector molecules are predicted to bind. The panels are as
follows: (a) Fructose-1,6-bisphosphate (FBP), (b) 2-keto-3-deoxy-6-phosphogluconate (KDPG), (c) 2-keto-3-deoxy-6-phosphogalactonate
(KDPGal) and (d) Glycerol-3-phosphate (G3P). Potential hydrogen or electrostatic bonds are shown as dashed lines. Effector molecules are
colored in yellow bonds and the GfcR residues in the binding site are gray.

The degradation pathways of the three hexoses regulated by
GfcR each comprise an upper half that is specific for the hexose
and a common lower pathway commencing with GAP (Figure 6).
Through activation of both GAP dehydrogenase and pyruvate kinase
in the lower half of the pathways, GfcR regulates the catabolism of
all three hexoses and also of glycerol. GfcR also regulates specific
steps in two of the upper pathways. In the modified EM pathway for
D-fructose, these are the transport of D-fructose into cell catalyzed
by PTS (via upregulation of ptfC) and the subsequent cleavage of
FBP (via upregulation of FBA). In the spED pathway, GfcR regulates
the dehydration of gluconate into KDG catalyzed by gluconate dehy-
dratase. By contrast, GfcR does not apparently regulate any steps in
the DelLey-Doudoroff pathway for D-galactose or steps in the con-
version of glycerol to DHAP. This might be due to the fact that these
pathways are controlled by different regulators, GacR for galactose
and GIpR for glycerol (Martin et al., 2018; Tastensen et al., 2020).

Overall, it appears that GfcR is both a global regulator of hexose ca-
tabolism and a local regulator of specific steps in the pathways for
D-glucose and D-fructose.

Having established GfcR as an inducer of the hexose catabolic
pathways in H. volcanii, we then investigated the molecular mecha-
nism of regulation. Differential scanning fluorimetry of purified GfcR
against a panel of intermediates from the four pathways revealed
four molecules that bind the protein: 2-keto-3-deoxy-6-phosphoglu
conate (KDPG), fructose-1,6-bisphosphate (FBP), 2-keto-3-deoxy-6
-phosphogalactonate (KDPGal) and glycerol-3-phosphate (Table 5).
Notably, this corresponds to one intermediate from each of the four
pathways regulated by GfcR, suggesting coordinated control of all
four catabolic pathways. The strongest binding effect was observed
with intermediates of glucose and galactose degradation, KDPG and
KDPGal, which are C-4 epimers of each other. These experiments
also revealed that GfcR is activated by binding of intermediates in
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the pathways under its regulatory control, rather than by an indirect
mechanism. Furthermore, the underlying mechanism is one of feed-
forward stimulation, where intermediates in the regulated pathways
increase expression of enzymes or transporters within the pathways.
In this context, the activation by GfcR of the fructose transport com-
ponent ptfC on glucose can be explained by binding of KDPG, an
intermediate in the spED pathway, although this activation has no
physiological relevance for growth on glucose.

Another element of regulation in the GfcR system is the cotrans-
cription of gfcR and gdh. This is not unique to H. volcanii because we
also identified GfcR homologs in other haloarchaea, e.g., in Haloferax
mediterranei, Halorubrum lacusprofundi and Haloterrigena turkmen-
ica, whose encoding genes are also adjacent to the gene encoding
glucose dehydrogenase (Figure S5). In Haloarcula species, GfcR ho-
mologs were also found in genomic vicinity to their respective glu-
cose dehydrogenase genes but separated by nine genes (including
four genes encoding components of a putative ABC transporter)
(Figure S5). Thus, we propose that these GfcR homologs show a sim-
ilar regulatory function in these haloarchaea in activating the catab-
olism of D-glucose and D-fructose, and of D-galactose and glycerol.

Sequence analysis of GfcR suggests that the protein belongs to
the phosphoribosyl transferase (PRT) superfamily. This is a group of
enzymes with well-known functions in purine, pyrimidine, and amino
acid biosynthesis. A common feature of these enzymes is a central
5-stranded beta sheet surrounded by 5 alpha helices and many bind
phosphoribosyl pyrophosphate (PRPP) as a donor of phosphoribo-
syl. PRTs are homologous to bacterial PurR regulators present in a
few Gram-positive bacteria, i.e., Bacillus subtilis and Lactobacillus lac-
tis (Hove-Jensen et al., 2017; Kilstrup & Martinussen, 1998; Sinha
et al., 2003). Each of the four intermediates shown to increase the
Tm of GfcR could be plausibly docked into an AlphaFold model of
the protein. These models suggest that recognition of the 6’ phos-
phate of FBP, KDPG, and KDPGal or the 3'-phosphate of glycerol-
3-phosphate by a conserved loop of mostly serines and threonines
(residues 128-131 in GfcR) is the key for binding. On the other hand,
the lack of homology in the region of the binding site that contacts
the pyrophosphate moiety of PRPP in OMP synthase may explain
why GfcR shows no activity with PRPP (Bitan-Banin et al., 2003).

It has been speculated that the bacterial PurR regulators origi-
nated from catalytically active enzymes of the PRT family by gene
duplication followed by addition at the N-terminal of a DNA-binding
domain containing a helix-turn-helix motif (Sinha et al., 2003; Sinha
& Smith, 2001). This enables PurR to function as a transcriptional
regulator of purine biosynthesis genes. Consistent with this, a pu-
tative HTH domain is observed at the N-terminal region of GfcR,
and constructs lacking this motif no longer complement a GfcR de-
letion mutant, supporting the idea that GfcR binds DNA. This was
subsequently confirmed using EMSAs, where we observed that
GfcR binds to the promoters of gdh-gfcR, gad and ptfC. By analogy to
PurR, we therefore speculate that GfcR originated from an archaeal
PRT enzyme by fusing an HTH domain with a catalytically inactive
PRT domain to form a transcription factor for the regulation of sugar
catabolism.

GfcR of H. volcanii, formerly named PyrE1, is homologous to
PyrE2. PyrE2 is an enzyme with orotate phosphoribosyl transfer-
ase activity that is involved in pyrimidine biosynthesis (Bitan-Banin
et al., 2003). H. volcanii and many other haloarchaea, e.g., H. lacus-
profundi and H. turkmenica, contain both GfcR and a PyrE2 homolog,
and the same is true in a few other archaea, e.g., in methanogens and
Thermoplasmatales. However, most archaea contain only the PyrE2
enzyme in accordance with its universal involvement in pyrimidine
biosynthesis and lack a detectable GfcR.

In order to analyze the phylogenetic relationship of GfcR regulators
with catalytically active PyrE enzymes (orotate phosphoribosyl trans-
ferases), we constructed a phylogeny of GfcR and PyrE sequences
from bacteria and archaea (Figure 9). The phylogenetic tree also in-
cludes transcriptional regulators for purine (PurR) and for pyrimidine
(PyrR) biosynthesis of selected Bacillus/Firmicutes species. The se-
quences clustered into four distinct groups. Cluster 1 (orange) com-
prises GfcR from haloarchaea and its homologs from methanogens and
Thermoplasmatales. In Thermoplasmatales, the homologs might be in-
volved in regulation of sugar degradation since in these archaea, sugar
degradation has been reported via a non-phosphorylative ED path-
way involving glucose dehydrogenase as the first enzyme (Angelov
et al., 2005; Reher et al., 2010). By contrast, in methanogens, which do
not grow on sugars, a role in regulation of sugar catabolism is not likely.
Cluster 2 (light green) and Cluster 3 (dark green) includes bacterial PyrR
regulators that regulate pyrimidine synthesis via attenuation, and bac-
terial PurR regulators that regulate purine biosynthesis genes by acting
as DNA-binding regulators (Hove-Jensen et al., 2017). Cluster 4 (blue)
comprises sequences of the PyrE enzymes (orotate phosphoribosyl
transferases) from archaea and few bacteria. Most of these archaea,
with the exception of Pyrobaculum aerophilum and Desulfurococcus
amylolyticus, also contain a GfcR homolog that is present in cluster 1.
Together, the tree topology indicates that PyrE enzymes and the tran-
scriptional regulators, GfcR, PurR and PyrR and their homologs, form
distinct clusters that reflect different evolutionary lines according to
their distinct function.

GfcR is not the first transcriptional regulator identified for the
spED and modified EM pathways in H. volcanii. The DeoR-type reg-
ulator, GIpR, has been identified as repressor of enzymes involved
in glucose and fructose catabolism, including phosphofructokinase,
FBA and KDGK (Martin et al., 2018; Rawls et al., 2010). Among genes
whose expression is altered by GIpR is ptfC. Similar to GfcR, GIpR
activates ptfC in the modified EM pathway caused by derepression
during growth on fructose. However, for the spED pathway at least,
GfcR appears to be the major transcriptional regulator because it elic-
its higher levels of activity compared to GIpR. Finally, we note that
GfcR differs from the recently characterized transcriptional activators
of sugar catabolism in haloarchaea, i.e., XacR for pentoses, RhcR for
L-rhamnose and GacR for D-galactose (Johnsen et al., 2015; Reinhardt
et al.,, 2019; Tastensen et al., 2020). All these haloarchaeal regulators
belong to the bacterial-type IcIR family that have likely been acquired
by Haloferax volcanii from bacteria via a lateral gene transfer event.

To conclude, we have identified a novel type of transcriptional
regulator that functions as an activator of sugar catabolic pathways
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FIGURE 9 Phylogenetic relationship of GfcR of Haloferax volcanii and archaeal homologs, PurR and PyrR regulators from bacteria and PyrE
enzymes from archaea and bacteria. UniProt and PDB entries as follows: GfcR archaea (orange, Cluster 1): Methanocaldococcus jannaschii,
Q59040; Methanosarcina mazei, Q8PVDO; Haloterrigena turkmenica, D2RW31; Haloarcula marismortui, Q5V3K1; Halorubrum lacusprofundi,
B9LUSO; Haloferax volcanii, QBNKQ2; Haloterrigena turkmenica, D2SOMS3; Thermoplasma acidophilum, Q9HJ11; Picrophilus torridus, Q6L1V2.
PyrR bacteria (light green, Cluster 2): B. subtilis, pdb 1A3C; B. caldolyticus, pdb INON; L. lactis, POA3Z9. PurR bacteria (dark green, Cluster

3): B. subtilis, pdb 1057; Lactococcus lactis, POA3Z9. PyrE archaea and bacteria (blue, Cluster 4): B. subtilis, P25972; Salmonella typhimurium,
pdb 1LHO; P. torridus, Q6L2K9; T. acidophilum, Q9HM15; M. mazei, Q8Q0J4; M. jannaschii, Q58509; H. turkmenica, D2RXD2; H. marismortui,
Q5UZH9; H. volcanii, D4AGZW?2; H. lacusprofundi, BOLTQ2; Desulfurococcus amylolyticus, I3XQY8; Pyrobaculum aerophilum, Q8ZTG3.

in haloarchaea by binding an intermediate from each pathway
under its regulatory control. GfcR likely originated in the archaeal
domain by fusion of an HTH motif containing a DNA-binding do-
main and an archaeal PRT domain. With the identification and
characterization of GfcR as a novel type of regulator, we expand
our knowledge of transcriptional regulation of central metabolic

pathways in archaea.

4 | EXPERIMENTAL PROCEDURES
4.1 | Growth of H. volcanii

Haloferax volcanii H555 and the AgfcR mutant were grown aerobi-
cally at 42°C on synthetic medium, as described (Sutter et al., 2016),
containing either D-glucose, D-fructose, D-galactose (each at
25mM), glycerol (20mM) or 1% casamino acids. This medium was
supplemented with uracil (50pg/mL); for growth of the AgfcR mu-
tant complemented with gfcR, the medium was supplemented with
100 uM L-tryptophan and growth was performed in the absence of
uracil for selection of the plasmid. Growth was monitored by meas-
uring optical density at 600nm.

4.2 | Reporter assays

Haloferax volcanii H555 transformed with promoter-reporter gene
constructs were grown on synthetic medium with 0.2% casamino

acids (except for the fba promoter analysis, 5mM D-glucose was
used) up to an optical density at 600nm of 1.0. Then, either D-
glucose, D-fructose, D-galactose or glycerol (each 5mM) was
added, followed by further incubation. -Galactosidase activity was
analyzed before and up to 150h after the addition of the sugar or
glycerol. For analysis of GfcR-dependent transcriptional regulation
of gad, the same growth condition was used and RNA was isolated
before (0h) and 2 h after the addition of D-glucose (5mM).

4.3 | Construction of deletion mutants

Deletions of gfcR and glpR were introduced in H. volcanii strain H555
using the pop-in/pop-out strategy (Allers & Mevarech, 2005; Bitan-
Banin et al., 2003). The upstream and downstream regions of gfcR
or glpR were amplified and the 0.5 kb-fragments were fused by PCR.
The fused fragments were each ligated into the vector pTA131 and
multiplied in E. coli XL1 Blue MRF'. After transformation of H. volcanii
H555 with the pTA131-AgfcR or pTA131-AglpR plasmids (Table S2),
pop-in clones were selected in uracil-free medium containing
casamino acids (1%) and passaged in liquid medium. For pop-out
selection, a pop-in culture was streaked on agar plates containing
uracil (50 pg/mL) and 5-fluoroorotic acid (50 ug/mL) followed by sev-
eral passages in liquid medium. Clones carrying the deletion were
identified by PCR and the deletion was verified by Southern hybridi-
sation using digested genomic DNA (EcoRV and Smal for AgfcR; Pcil
and EcoRV for AglpR). Probes were synthesized with the PCR DIG
Probe Synthesis Kit (Roche Diagnostic). The double deletion mutant
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AgfcRAgIpR was generated by transforming AgfcR with the pTA131-

AglpR plasmid following the procedure described above.

4.4 | RNA isolation and transcriptional analyses

For gdh-gfcR transcript analysis, RNA was prepared from expo-
nentially grown H. volcanii cells on D-glucose or casamino acids
(ODyyo~1.3). For gad transcript analysis, RNA was obtained from
stationary grown cells at the indicated times (see growth section).
The cells were centrifuged for 2min at 10,000g and suspended in
1mL TRI reagent (Sigma-Aldrich). RNA was prepared as described
previously by Johnsen et al. (2013). Northern blot analysis was per-
formed with 4 to 8pug RNA as described by Pickl et al. (2012). The
probe for gdh-gfcR transcript analysis was prepared using the PCR
DIG Probe Synthesis Kit (Roche Diagnostic).

The transcript of gad was analyzed by RT-PCR with DNasel-
treated RNA using the GoScript Reverse Transcription System
(Promega) as described by the manufacturer. First, 100ng of DNA-
free RNA was transcribed into cDNA using DNA hexamers of ran-
dom sequence (C1181, Promega) and the following PCR steps used
GoTaq G2 Flexi DNA polymerase (Promega) and a gad specific
primer. Ribosomal protein L10 gene (RibL) was used as a marker for
constitutive expression (Reinhardt et al., 2019).

4.5 | Construction of
promoter-reporter-gene fusions

Promoter fragments were amplified and ligated into the vector
pTA919, as described by Johnsen et al. (2015). By this cloning strat-
egy, the reporter gene bgaH (Holmes & Dyall-Smith, 2000) was con-
trolled by the respective promoter. The resulting plasmids (Table S2)
were multiplied in Escherichia coli XL1-Blue MRF’ and used for
transformation of wild-type H. volcanii H555 or of the AgfcR, AgacR,
AglpR and AgfcRAgIpRmutants.

4.6 | p-galactosidase assay

B-galactosidase activity was analyzed in cell lysates of transformed
H. volcanii H555 stains at 30°C using the o-Nitrophenyl-p-D-
galactopyranoside (ONPG) assay and a molar extinction coefficient
of 3.3mM/cm as described Johnsen et al. (2015). The reaction mix-
ture contained 50-200pL cell suspension, 1L p-mercaptoethanol,
0.1% SDS in 1 mL of 50mM Tris-HCI (pH 7.2) containing 2.5M NaCl
and 10uM MnCl,. The reaction was initiated by addition of 8mM
ONPG and the increasing absorbance was followed at 405nm. One
unit of enzyme activity is defined as 1 pmol product formed per min-
ute. For calculation of specific activities (U/mg), the protein content
of cells was estimated from the optical density of these cultures. An
optical density at 600 nm of 1.0 corresponds to a protein concentra-
tion of 0.28 mg/mL.

4.7 | Overexpression and purification of GfcR

GfcR was cloned into the plasmid pT963 (Table S2), a shuttle vec-
tor for E. coli and H. volcanii. The plasmid was multiplied in E. coli
XL1-Blue MRF’ and used for transformation of the expression
strain H. volcanii H1209. For expression of GfcR, cells were grown
in Hv-YPC medium (Allers et al., 2010) up to an optical density
at 600nm of 0.5 and expression was started by the addition of
2mM L-tryptophan. After 12h of further growth cells were har-
vested by centrifugation. For purification, cells were suspended in
50mM Tris-HCI, pH 8.2, containing 5mM imidazole and 2M KCl,
and disrupted by passaging a French pressure cell followed by a
centrifugation step. The supernatant was applied on a Ni-NTA
Superflow cartridge (Qiagen) and bound protein was eluted by in-
creasing the concentration of imidazole up to 250mM. This pro-
tein solution was applied on a Superdex 200 HiLoad 16/60 column
(Cytiva) and protein was eluted by an isocratic step in 50mM Tris-
HCI, pH 7.5, containing 2 M KCI. Purity of protein and estimation of
protein concentration was checked by SDS-PAGE and the method
of Bradford, respectively (Figure S2).

4.8 | Site-directed mutagenesis

The plasmids pTA963-gfcRAal and pTA963-gfcRAalAa2 were gen-
erated using the Q5 Site-directed Mutagenesis Kit (New England
Biolabs) according to the manufacturer's instructions. Primers were
designed using the NEBaseChanger tool and pTA963-gfcR was used
as template (Table S2). These plasmids were used for complementa-
tion experiments of H. volcanii H555 AgfcR.

4.9 | Thermal shift assay

The thermal shift assay was performed as described (Martin
et al., 2018; Reinhardt et al., 2019). The assay mixture contained
1-5pM recombinant GfcR, 5mM ligand, SYPRO Orange (Sigma,
S$5692) and 2M NaCl in 50mM Tris-HCI, pH8.0. Melting curves
were measured between 25 and 95°C (scan rate of 1°C per minute)
using a Real-Time PCR System (Applied Biosystems). Melting tem-
peratures were calculated using the Boltzman equation with Origin
2018 software (OriginLab Corporation).

410 | Electrophoretic mobility shift assay (EMSA)

For EMSAs GfcR was fused with Strepll at its C-terminal end (GfcR-
Strepll). To make this construct, HVO_1082 was amplified by PCR
from H. volcanii genomic DNA using the primers HVO_1082-Ndel
(5’-tagcatATGAAGAACGTCGACGACCTCATCGCC) and HVO_1082-
Kpnl (5-aaggtaccCTGCTCGCCGACGCGGAC) and cloned into
pJAMB8O09, yielding pJAM3945 (Table S2). A plasmid constructed
using E. coli TOP10 (Invitrogen) was transferred to E. coli GM2163
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(New England Biolabs) prior to H. volcanii H26 transformation. GfcR-
Strepll was then expressed in the transformed H. volcanii strain. A
detailed description of the expression and the purification proce-
dure of GfcR-Strepll is given in Appendix S1.

EMSAs were performed as described previously by Mondragon
et al. (2022) with the following modifications: GfcR-Strepll pro-
tein was exchanged into binding buffer (50mM HEPES, pH7.5,
2M NaCl, 10% sorbitol, 15mM MgCl,, 2mM DTT, 1mM EDTA)
immediately prior to incubation with the 5-biotinylated dsDNA
probes. Reactions (10plL) included GfcR, 2nM biotinylated DNA
probe (Pgdh-gfcR, Pgad, PpftC or Prad3b, Figure S6), 50 mM HEPES,
pH7.5, 2M NaCl, 10% sorbitol, 15mM MgCl,, 2mM DTT, 1mM
EDTA, ultrapure sheared salmon sperm DNA at 0.1 mg/mL (Ambion
AM9680), and molecular biology-grade BSA at 0.25mg/mL (New
England Biolabs). Reactions were incubated for 30min at room
temperature. The effect of KDPG was examined by supplement-
ing the reactions with 2-keto-3-deoxy-6-phosphogluconic acid
lithium salt (KDPG, Sigma 79156). After incubation, samples were
applied without loading dye to 10% PAGE gels in 0.5x TBE buffer
pH8.3 (110 mM Tris, 90mM borate, 2.5mM EDTA) preequilibrated
with 0.5xTBE buffer pH8.3 at 20mA for 50min (4°C). Samples
were separated by electrophoresis at 4°C for 50min at 60V fol-
lowed by 2h at 120V. After electrophoresis, DNA and nucleopro-
tein complexes were transferred to a nylon membrane (BrightStar
Plus, Ambion) equilibrated in 0.5x TBE pH 8.3 using the trans blot
semidry system (Bio-Rad) at 20V for 20min. DNA and nucleopro-
tein complexes were cross-linked to the membrane via UV radiation
using the autocrosslink mode (UV Stratalinker 2400, Stratagene).
Signal was detected using a Chemiluminescent Nucleic Acid
Detection Kit (Thermo Scientific) with visualization using an iBright
FL1500 Imaging System (Invitrogen).

411 | Molecular modeling

A model for GfcR was obtained from the AlphaFold Protein
Structure Database (https://alphafold.com) and superimposed onto
the structure of Salmonella typhimurium OMP synthase in complex
with PRPP using the COOT program (Emsley et al., 2010). The posi-
tion of the PRPP 5-O-phosphonate was used to model fructose-1,6-
bisphosphate (FBP), 2-keto-3-deoxy-6-phosphogluconate (KDPG),
2-keto-3-deoxy-6-phosphogalactonate (KDPGal), and glycerol-
3-phosphate (G3P) into the binding site of GfcR. Each resulting
ligand-GfcR complex was subject to molecular dynamics (MD)
simulations using the Desmond Molecular Dynamics System (D. E.
Shaw Research) in the Maestro environment (Schrédinger Release
2021-1 Schrédinger) as follows: Models were prepared by charge-
neutralization at physiologic pH by addition of Na* ions, solvation
using the SPC water model, and application of the OPLS4 forcefield
(Lu et al., 2021). After energy minimization, each structure was then
subject to 5ns molecular dynamics simulation, maintained at 300K

and 1bar pressure using the NPT ensemble.
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