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Abstract
Glutamate dehydrogenases (GDH; EC 1.4.1.2 and EC 1.4.1.4) play a pivotal role in fungal nitrogen metabolism by 
catalyzing the reversible conversion of 2-ketoglutarate to L-glutamate. In fungi, NAD- as well as NADP-dependent 
GDHs function at the interface of ammonia assimilation and glutamate catabolism, contributing to growth, 
differentiation, and morphogenesis. The evolution of fungi to adapt and occupy various ecological niches is closely 
aligned to the diversity of regulations of the functions of GDHs, their localisation and biochemical characteristics. 
This review explores the biochemical, molecular, and structural studies on fungal GDHs, emphasizing their catalytic 
diversity, coenzyme specificity, and regulatory mechanisms, including phosphorylation, thiol modulation, and 
allosteric control. Structural elucidations of NADP-GDHs from Aspergillus niger, Aspergillus terreus, and Candida 
albicans provide new insights into cofactor binding, substrate recognition, and inhibitor interactions. Molecular 
analyses reveal distinct evolutionary trajectories for NAD- and NADP-GDHs across fungal taxa, with GDH-mediated 
transitions linked to morphogenetic processes such as the yeast-to-hypha (Y-H) switch, highlighting GDHs as 
promising antifungal drug targets. The comprehensive survey of fungal GDHs presented here emphasises their 
biochemical versatility, evolutionary significance, and translational potential in agriculture, biosensor development 
and in industry. The review also highlights gaps in our understanding of fungal GDHs and potential areas for 
further research.
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​​Introduction
Glutamate dehydrogenases (GDHs) are found in archaea, 
protozoans and eukaryotic organisms. These enzymes 
play a role in balancing and harmonising carbon and 
nitrogen metabolism in living systems. Based on coen-
zyme specificity, GDHs fall into three categories: (1) 
NADP-GDHs, which use NADPH as cofactor and are 
involved in reductive amination, converting 2-ketogluta-
rate to L-glutamate, (2) NAD-GDHs, which use NAD as 
cofactor and catabolize oxidative deamination, convert-
ing glutamate to 2-ketoglutarate, and (3) GDHs with dual 
specificities, which can use both NADH and NADPH as 
cofactors.
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The third category of GDHs is present in archaea and 
vertebrates [1]. In animals, the expression of ammonia 
assimilating enzymes is tissue specific [2]. Ammonia 
assimilation is different in higher plants and bacteria. 
In 1974, glutamate synthase was discovered in higher 
plants, and soon NAD-GDH was considered the major 
route for ammonia assimilation in higher plants and in 
yeasts. Subsequently, it was suggested that a glutamine 
synthetase/glutamate synthase (GS/GOGAT) system is 
the main, if not the sole, pathway of ammonia assimila-
tion in higher plants. The GS/GOGAT pathway plays a 
significant role in bacteria as well [3].

Fungal carbon and nitrogen metabolism is connected 
via ammonia assimilation. The participating enzymes 
are NAD-dependent (EC 1.4.1.2) and NADP-dependent 
(EC 1.4.1.4) glutamate dehydrogenase (GDH), glutamate 
synthase (GOGAT; EC 1.4.1.13), and glutamine synthe-
tase (GS; EC 6.3.1.2). An interconnection between these 
nitrogen metabolizing enzymes that regulate ammonia 
assimilation in fungi is depicted in Supplementary Figure 
S1.

The significant contribution of the NAD- and NADP-
GDH pathway to ammonia assimilation has been 

highlighted in fungi such as Saccharomyces cerevisiae [4], 
Mucor racemosus [5], Benjaminiella poitrasii [6, 7], Can-
dida boidinii [8], Candida utilis [9] and Aspergillus niger 
and Aspergillus nidulans [10, 11].

In this review, we focus on NAD- and NADP-depen-
dent GDHs in fungi. These enzymes catalyse the revers-
ible reaction depicted in the lower portion of Fig. 1 and 
also as Supplementary Fig. S1. Since this reaction is 
central to carbon and nitrogen metabolism in fungi, we 
argue that controlling these enzymes can change the cel-
lular functioning of fungi and help us not only in medi-
cal applications but also to develop fungal cell factories 
for agriculture and for industrial use. To substantiate this 
argument, we first explore the diversity of physiological 
roles that GDHs play besides nitrogen assimilation. We 
provide evidence of their roles in redox homeostasis, 
secondary metabolism, and morphogenesis. We then 
proceed to examine the evolution of fungal GDHs and 
available information on the localisation of GDHs in fun-
gal cells. We then argue that the localisation of specific 
GDHs and their biochemical properties are inter-related. 
We summarise available literature on the kinetics of 
GDHs, molecular and structural studies on GDHs as well 

Fig. 1  Scheme representing the interconnection of ammonia-assimilating pathways in fungi. Glutamine synthetase (GS) converts L-glutamate to L-
glutamine using ammonium. Glutamate synthase (GOGAT) regenerates L-glutamate from L-glutamine and 2-ketoglutarate. NADP-dependent glutamate 
dehydrogenase (NADP-GDH) catalyzes the reductive amination of 2-ketoglutarate to form L-glutamate. NAD-dependent glutamate dehydrogenase 
(NAD-GDH) mediates the oxidative deamination of L-glutamate to 2-ketoglutarate. In fungi, these interconnected reactions act together to regulate am-
monia assimilation and maintain the metabolic flux between 2-ketoglutarate, L-glutamate, and L-glutamine.
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as the inhibition and regulation of GDHs. We stress the 
role of GDHs in the reversible dimorphic switch between 
yeast (Y) and hyphal (H) forms in fungi. Since the Y-H 
switch is associated with fungal pathogenesis in animals 
and plants, we proceed to explore GDHs as antifungal 
drug targets. We discuss possible uses of fungal GDHs 
in agriculture and in industries. This comprehensive 
account of what is known about the biochemical, struc-
tural and molecular properties of fungal glutamate dehy-
drogenases reveals gaps in our knowledge about fungal 
GDHs. Therefore, where appropriate, we point out areas 
that need further research.

Physiological significance of glutamate 
dehydrogenases in fungi
Fungal glutamate dehydrogenases catalyze the revers-
ible conversion of 2-ketoglutarate and glutamate, linking 
nitrogen assimilation, carbon flux, and energy balance. 
By maintaining equilibrium between amino acid pools 
and tricarboxylic acid intermediates, GDHs confer adap-
tive flexibility under variable nutritional and environ-
mental conditions.

Cofactor specificity distinguishes two major GDH 
types. NADP⁺-dependent GDH (NADP-GDH) functions 
primarily in the anabolic direction, assimilating ammo-
nia into glutamate to support biosynthetic pathways, 
whereas NAD⁺-dependent GDH (NAD-GDH) catalyzes 
oxidative deamination, releasing ammonia and replenish-
ing 2-ketoglutarate during nutrient limitation. In nitro-
gen-rich conditions, NADP-GDH activity predominates, 
promoting ammonia assimilation and anabolic metabo-
lism [12]. But, in nitrogen-limited or carbon-deficient 
states, NAD-GDH becomes dominant, enabling amino-
nitrogen recycling and energy generation [11]. This recip-
rocal regulation allows fungi to switch between growth 
and maintenance phases. In S. cerevisiae and Candida 
utilis, for example, GDH isoenzymes complement each 
other in the glutamine synthetase–glutamate synthase 
pathway depending on nitrogen source availability [13].

Mara et al. (2018) extensively reviewed the roles of the 
NADP-GDH isoforms, GDH1 and GDH3, beyond their 
anabolic function in glutamate biosynthesis in S. cere-
visiae. These GDH isoforms modulate multiple cellular 
processes including gene regulation, stress responses, 
metabolic adaptation, and cytoskeletal organization, 
highlighting the crucial role of GDH-mediated glutamate 
homeostasis in yeast physiology [14].

In C. albicans, GDH2 (NAD-dependent) and GDH3 
(NADP-dependent) mutants show distinct metabolic 
and morphological defects, including impaired amino-
acid use and disrupted redox homeostasis [15, 16]. In  A. 
terreus, NADP-GDH exhibits unique kinetic regulation, 
including noncompetitive ammonia inhibition, suggest-
ing fine-tuning at the carbon–nitrogen interface [11]. 

In the rice blast fungus, Magnaporthe oryzae, MoGDH2 
participates in nitrogen metabolism, conidiation, and 
virulence [17]. Similarly, the disruption of gdh1 in Peni-
cillium chrysogenum significantly affected morphology 
and reduced penicillin biosynthesis, linking NADP-GDH 
activity with morphology and with central carbon flow 
and secondary metabolite production [18, 19]. In B. poi-
trasii, gdh1 and gdh3 (coding for NADP-GDH isoforms) 
and gdh2 (coding for NAD-GDH) are differentially 
expressed during the yeast–hypha transition, establish-
ing a cause-effect relationship of GDH genes in dimor-
phism [20, 21]. Elevated gdh1 drives yeast development, 
while gdh2 and gdh3 support the hyphal phase, corrob-
orating earlier enzymatic observations by Amin et al. 
(2004) [22]. In the insect-pathogenic fungus, Metarhi-
zium robertsii, NAD-GDH (MrGDH2) induces environ-
mental alkalization during growth on the host cuticle 
and hemolymph, and its loss leads to impaired mycelial 
growth, reduced conidiation, defective hemolymph alka-
lization, and markedly attenuated virulence [23]. Notably, 
MrGDH2 has no role in appressorium formation but is 
essential for colonization in the insect hemocoel, partly 
through the modulation of the pH responsive transcrip-
tion factor, PacC, suggesting a GDH-dependent pH-regu-
latory mechanism distinct from plant and human fungal 
pathogens.

Collectively, these results suggest that fungal GDHs 
function not merely as metabolic enzymes but as integra-
tive regulators as well. They coordinate nitrogen assimi-
lation, redox homeostasis, secondary metabolism, and 
morphogenesis, aligning metabolic flux with develop-
mental and environmental cues.

Evolution of fungal glutamate dehydrogenases
GDHs from fungi of different classes have been studied 
and characterized extensively [10–12, 24–28]. More than 
forty species of early-diverging fungi, including Mucoro-
mycetes, Chytridiomycetes, Blastocladiomycetes, were 
found to possess only a NAD-linked glutamate dehydro-
genase while higher fungi, belonging to the Deuteromy-
cetes, Ascomycetes and Basidiomycetes classes, showed 
two distinct enzymes, a NAD-linked and a NADP-linked 
glutamate dehydrogenase. The Hypochytridiomycetes 
class exhibits an atypical NAD-GDH, allosterically regu-
lated by NADPH, representing an evolutionary interme-
diate between the two enzyme classes [29].

Le John (1971) reported the significant contribution 
of NAD-GDH to the understanding of the evolution of 
fungi, especially from the phycomycetes genera [29]. 
Comparative studies of enzyme evolution indicate that 
GDHs serve as valuable molecular markers for tracing 
fungal diversification. The observed similarity between 
plant and archaeal GDHs [30] and the regulatory 
diversity among phycomycete GDHs [29], collectively 
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the tree reflects lineage-based clustering and evolution-
ary relationships among fungal gdh1 sequences (Fig.  2). 
A similar pattern was observed in the phylogenetic tree 
constructed based on amino acid sequences derived from 
fungal gdh2 nucleotides. The minimum-evolutionary tree 
constructed in MEGA11 showed class-specific clustering 
of fungi belonging to Ascomycetes, Basidiomycetes, and 
Zygomycetes, classes (Supplementary Fig. S2).

To further examine the evolutionary relationships 
in fungal GDHs, a phylogenetic analysis was per-
formed using representative gdh1 (NADP-GDH) and 
gdh2 (NAD-GDH) sequences from different fungal 
classes, with two representatives from each group wher-
ever available (Supplementary Fig. S3). Due to limited 
sequence availability, only a single gdh1 sequence from 
zygomycetes was included. The tree was rooted using the 
gdh1 sequence from E. coli as an outgroup. The resulting 
topology showed a primary separation based on cofac-
tor specificity, with fungi forming two distinct clusters 
based on gdh2 and gdh1 sequences (Supplementary Fig. 
S3). Within each of these groups, fungi further clus-
tered according to their respective taxonomic classes, 
including Ascomycetes, Basidiomycetes, and Zygomyce-
tes (Supplementary Fig. S3). This pattern suggests that 

demonstrate the conserved, yet evolutionarily adaptable 
nature of this enzyme family, reflecting both fungal phy-
logeny and metabolic specialization. Lateral gene trans-
fer has further contributed to GDH diversification across 
kingdoms [31]. Gene duplication events likely gave rise 
to yeast gdh1 and gdh3, supporting their use as ancient 
paralogs for rooting the universal tree of life [32].

For the purpose of this review, we analysed the NADP-
GDH gene sequences (gdh1) to understand evolutionary 
relationships among fungi. The minimum-evolution tree 
based on gdh1 sequences showed grouping of fungal spe-
cies broadly consistent with their taxonomy. Ascomycota 
species, including S. cerevisiae, C. albicans, P. guillier-
mondii, D. hansenii, P. chrysogenum, A. niger and oth-
ers, with moderate sequence variation observed within 
the group, formed a well-defined cluster, while Basid-
iomycetous fungi such as C. cinerea, H. cylindrosporum 
and L. bicolor formed a separate but related group. This 
separation reflects inter-class gdh1 sequence divergence 
among the studied fungi. Notably, C. neoformans, a 
Basidiomycetous fungus, occupied an intermediate posi-
tion between the two clusters, while B. poitrasii branched 
distinctly from both Ascomycetes and Basidomycetes 
fungi, consistent with its early-diverging lineage. Overall, 

Fig. 2  The evolutionary history of different classes of fungi was inferred based on NADP-GDH1 (gdh1) nucleotides, translated into amino acid sequences 
using the minimum-evolution method in MEGA11. The fungi from different classes, Ascomycetes (filled green circle), Basidiomycetes (filled yellow circle) 
and Zygomycetes (filled maroon circle), branched separately from each other on a phylogenetic tree. The tree was rooted with an E. coli NADP-GDH se-
quence. The numbers (in maroon) on the branches indicate bootstrap values and the text in parentheses represents the accession numbers.
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divergence based on cofactor specificity is a major evo-
lutionary feature of fungal GDHs, followed by lineage-
specific diversification within fungal taxa. Overall, the 
analysis highlights both functional and taxonomic diver-
sification of GDHs evolution in fungi.

Localization of fungal glutamate dehydrogenases
The evolutionary diversity of glutamate dehydrogenases 
is reflected in the localization of the enzyme within fun-
gal cells. Glutamate dehydrogenases in fungi are reported 
to be in the cytosol, nucleus or in mitochondria.

Le John (1971) [29] reported that, in Chytridiomycetes, 
Blastocladiella, and Achlya as well as Saprolegnia, most 
GDH activities are in mitochondria. Cytosolic GDHs 
have been reported in ascomycetes, such as Neurospora 
[33] and Candida [34]. In the zygomycetes fungus, B. poi-
trasii, major activities of NAD- and NADP-GDHs were 
observed in the cytosol [22]. The model yeast, S. cerevi-
siae, contains three GDHs: one using NADH as cofactor 
(GDH2) and two isoenzymes using NADPH as cofactor 
(GDH1 and GDH3). The GDH1 of S. cerevisiae is local-
ized in the nucleus and cytosol, whereas GDH3 is local-
ized in mitochondria and in the nucleus [35, 36].

Since the localization of GDHs affects their bio-
chemical activity and physiological significance, fur-
ther research is needed to understand the relationship 
between the evolution of the diversity and distribution 
of GDHs within fungal cells. However, the biochemical 
properties of fungal dehydrogenases provide clues about 
their localisation, as the next section reveals.

Biochemical properties of fungal glutamate 
dehydrogenases
In most fungi, NAD-GDHs have been reported to cata-
lyze the oxidative deamination of glutamate, optimally at 
alkaline pH (8–10), while the optimum pH for reductive 
amination was 7.0–7.5 [26, 27].

Purified NAD-GDH of the zygomycete fungus, B. 
poitrasii, showed an optimum pH of 8.5 for oxida-
tive deamination and 8.0 for the reductive amination of 
2-ketoglutarate [27]. On the other hand, NADP-GDH 
isoenzymes of S. cerevisiae were reported to have an opti-
mum pH of 6.8 but were active in the pH range of 4.5–9.5 
[25]. However, NADP-GDHs from A. niger, A. terreus, 
A. bisporus and Schizosaccharomyces pombe catalyzed 
the reductive amination of 2-ketoglutarate optimally at 
pH 7.5–8.5, whereas the oxidative deamination of L-glu-
tamate was catalyzed optimally at slightly alkaline pH 
(9.0–9.75) [10, 11, 37, 38]. The preliminary biochemical 
characterization of NADP-GDH isozymes from a crude 
extract of B. poitrasii showed optimum activity of both 
isoenzymes at pH 7.0 [22]. However, purified BpNAD-
PGDH I and II catalyzed the reductive amination of 
2-ketoglutarate optimally at pH 7.0 and 8.0, respectively, 

while the optima for oxidative deamination were pH 7.5 
and 8.5, respectively. While BpNADPGDH I remained 
stable in the pH range of 6.0–9.0, purified BpNADPGDH 
II remained stable in the pH range of 7.0–9.5 [28].

In Saccharomyces cerevisiae, GDH1 and GDH3 catalyze 
the reductive amination of 2-ketoglutarate with optimal 
activity near pH 6.8–7.0, while GDH2 catalyzes oxidative 
deamination most effectively at alkaline pH (8.5–9.0) [25, 
39]. The distinct pH optima of these isoenzymes reflect 
their metabolic roles, with cytosolic NADP-GDHs func-
tioning under neutral conditions during biosynthetic 
growth, and mitochondrial NAD-GDH operating prefer-
entially under alkaline or nitrogen-limited conditions to 
support catabolic flux. Thus, the variations in the optimal 
pH for different GDHs in fungi likely reflect the diversity 
of the intracellular microenvironments in which they 
function. The slightly alkaline mitochondrial matrix and 
near-neutral cytosol may differentially favor deamination 
and amination reactions, linking GDH activity to sub-
cellular compartmentalization and metabolic state. This 
interpretation is consistent with in vivo measurements 
in Saccharomyces cerevisiae, which demonstrate distinct 
cytosolic (~ 7.2) and mitochondrial (~ 7.5) pH values 
and their modulation in response to nutrient availability 
and growth conditions [40]. However, direct evidence for 
the dynamic relocalization of GDHs or the differential 
expression of mitochondria-targeted isoforms remains 
limited. To strengthen this observation, further studies 
on GDH localization and role of pH in their regulation 
are required.

Data on the temperature optima of various fungal 
GDHs show similar variations. Most fungal NAD- and 
NADP-GDHs show maximum activity in the tempera-
ture range of 25 °C-35 °C [10, 11, 37]. However, NADP-
GDH from S. pombe showed reductive amination of 
2-ketoglutarate optimally at 56 °C [38]. The optimum 
temperature for the reductive amination of 2-ketogluta-
rate by B. poitrasii-purified NAD-GDH was 30 °C and, 
for oxidative deamination, it was 25 °C [27]. In contrast, 
the temperature optima of NADP-GDHs showed differ-
ences: 32 °C for the yeast form and 28 °C for the hyphal 
isoform [22, 28].

To interpret this data on the variations in temperature 
optima of the enzymes, we may need to consider dif-
ferences in their functions. The reductive amination of 
2-ketoglutarate to glutamate is an exothermic process 
in the direction of oxidation but can be an endother-
mic process in the direction of synthesis. The reaction 
catalyzed by glutamate dehydrogenase is reversible. It 
can proceed in either direction depending on the needs 
of the organism. Thus, temperature optima may reflect 
nanoscale local temperature conditions under which the 
enzymes work within the fungal cells and/or microscale 
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local temperature provided by the environmental condi-
tions in which the fungi grow.

Kinetic studies of fungal GDHs
Although glutamate dehydrogenases from many sources 
have been studied, the kinetics of only a few have been 
characterized in detail [1, 41, 42].

In Blastocladiella emersonii, the K m of NAD-GDH 
towards L - glutamate and NAD+ was significantly lower 
than the Km of 2-ketoglutarate and NADH [43]. Km val-
ues for NAD-GDH from fungi, such as N. crassa and A. 
bisporus, towards 2-ketoglutarate were 4.6 and 3.5 mM, 
respectively, and, for glutamate, they were 5.5 and 37.1 
mM, respectively. On the other hand, NADP-GDHs 
reported from a variety of sources (yeast and filamen-
tous fungi) showed greater affinity towards 2-ketogluta-
rate (Km, 2–6 mM) and NADPH (Km, 0.011–0.074 mM) 
than towards L-glutamate (Km, 6.36–34.6 mM) and 
NADP+ (Km, 0.01–0.11 mM) [10, 11, 37, 38, 44–46]. For 
most substrates, Walvekar et al. (2014) observed a slight 
increase in the Km and Vmax values for A. niger NADP-
GDH, heterologously expressed and purified from E. coli 
[46].

These variations in the kinetics of GDHs can be under-
stood when we consider that GDHs function in both 
directions, i.e., they can use both 2-ketoglutarate and 
L-glutamate. NADP-specific GDH is a biosynthetic 
enzyme, while NAD-GDH serves a catabolic function. 
According to Smith et al. (1975), the Kms for 2-ketogluta-
rate, NADP+ and NADPH tend to be similar for enzymes 
from a variety of sources [1], whereas the Kms for L-glu-
tamate, ammonia and NAD(P)H may differ widely [26]. 
From a thermodynamic point of view, it would, there-
fore, be interesting and necessary to explore if there are 
any correlations of the kinetic data with variations in the 
temperature optima of the GDHs.

Having examined the physiological roles, biochemical 
properties, and kinetics of the GDHs, let us explore how 
the enzymes are coded, structured and regulated to play 
their crucial roles in fungi.

Molecular studies of fungal GDHs
Fungal GDH genes follow the characteristic fungal exon-
intron organization, with introns occurring mainly in 
filamentous fungi belonging to the Ascomycetes and 
Basidiomycetes classes, while yeasts often harbour 
intron-less genes. Based on comparative genomic and 
protein sequence analyses, we observed that fungal 
NAD-GDH genes are usually large (2.5–3.5 kb) and typi-
cally contain 2–6 introns, whereas fungal NADP-GDH 
genes are relatively short (1.4–1.6 kb) with 0–2 introns 
[20]. NAD-GDHs possess an N-terminal Rossman-fold 
with a glycine-rich motif (VIGLGPGXG) and a con-
served Lys crucial for NAD⁺ binding [47, 48]. On the 

other hand, NADP-GDHs contain three distinct con-
served motifs viz., PSVNL, KFLGFEQ, and RPEATGY/F, 
and a characteristic NADP-binding region (GSGN-
VAQYAALKVIELG). The Lys residue between positions 
110 and 120 serves as a catalytic residue in fungal NADP-
GDHs [20, 49].

Gene sequence translation yields putative enzymes 
of ~ 1000 amino acids for NAD-GDH and ~ 450 amino 
acids for NADP-GDH. Both enzymes maintain the con-
served structural, catalytic, and oligomerization elements 
required for the efficient interconversion of L-glutamate 
and 2-ketoglutarate. A graphical representation of fungal 
NAD- and NADP-GDH gene sequences, along with their 
transcribed mRNAs and translated polypeptides, are 
summarized in Fig. 3.

Molecular investigations into nitrogen metabolism in 
fungi reveal the multifaceted roles of glutamate dehy-
drogenases (GDHs) in ammonium assimilation and glu-
tamate biosynthesis. In Saccharomyces cerevisiae, three 
distinct pathways contribute to glutamate formation: the 
NADP-GDH encoded by GDH1, the glutamate synthase 
(GLT1)-dependent GS-GOGAT route, and a third path-
way involving GDH3, which encodes an isozyme func-
tionally related to GDH1 [4, 20, 25, 50, 51].

In Kluyveromyces lactis, NADP-GDH and GS-GOGAT 
activities have been confirmed through null mutations 
[52, 53]. In Neurospora crassa, molecular analyses delin-
eated distinct anabolic functions for NADP-GDH and 
catabolic functions for NAD-GDH, with the am gene 
encoding NADP-GDH extensively characterized at bio-
chemical and genetic levels [54, 55]. Further, the NAD- 
and NADP-GDH genes in N. crassa were concurrently 
regulated by a repression-derepression mechanism. In 
the presence of glutamate, NADP-GDH was repressed 
while NAD-GDH was simultaneously de-repressed [54, 
55].

In Aspergillus nidulans, NADP-GDH (encoded by 
gdhA) plays a pivotal role in nitrogen metabolism and 
regulation [56]. The enzyme is strongly expressed in the 
presence of glucose and inorganic nitrogen, reflecting 
its importance in ammonium assimilation [57]. Mutants 
deficient in gdhA exhibit slow, leaky growth, while gltA–
gdhA double mutants fail to use ammonium, confirming 
the indispensable role of GDH in nitrogen assimilation 
[58]. In Aspergillus awamori, the transcriptional regu-
lation of gdhA is strongly influenced by nitrogen source 
availability, consistent with its involvement in extracel-
lular protein secretion [59]. In Penicillium chrysogenum, 
the disruption of the NADP-GDH gene adversely affected 
penicillin biosynthesis and cell morphology, linking GDH 
function to secondary metabolism [18].

In B. poitrasii, NAD- and NADP-dependent GDHs are 
strongly correlated with the yeast–hypha transition [22]. 
Molecular characterization revealed one NAD-GDH 
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(BpNADGDH) and two NADP-GDH genes (BpNAD-
PGDH I and II) [20]. BpNADPGDH I was yeast-form 
specific, while BpNADPGDH II was hyphal-form spe-
cific. In B. poitrasii, the expression of BpNAD- and 
BpNADP-GDH genes was affected by dimorphism trig-
gering factors, such as glucose, temperature, glycerol and 
serum [20, 60]. The expression of BpNADPGDH I was 
induced in the presence of glucose and glycerol at 37 °C, 
whereas, under similar conditions, BpNADPGDH II was 
repressed. On the other hand, serum induces the expres-
sion of BpNADGDH and BpNADPGDH II, and represses 
the BpNADPGDH I levels [60].

Collectively, these findings establish GDHs as central 
regulators of nitrogen metabolism, metabolic adaptation 
and morphogenesis in fungi.

Structural studies of fungal GDHs
Fungal glutamate dehydrogenases are multimeric pro-
teins. NAD-GDHs are generally reported to be homo-
tetramers while NADP-GDHs are homohexamers. 
NAD-GDHs from Agaricus bisporus, B. poitrasii, C. uti-
lis, N. crassa, S. cerevisiae have a native MW of around 
350–500 kDa with a subunit MW of 90–120 kDa [25, 27, 
34, 61–63]. However, it has been reported that the NAD-
GDH from Phycomyces had an exceptionally low subunit 

Fig. 3  The generalized molecular structure of fungal NAD-dependent (A) and NADP-dependent (B) glutamate dehydrogenase genes, mRNAs, and pro-
teins. Gene architecture, cofactor binding sites, conserved domains and catalytically important amino acids are highlighted. The numbers in parentheses 
indicate the tentative amino acid positions.
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MW of 54 kDa and was dimeric with a native MW of 98 
kDa. This deviation from the typical tetrameric organiza-
tion highlights gaps in our understanding of the struc-
tural diversity of GDHs.

Homo-hexameric NADP-GDHs, reported in (A) niger, 
(B) poitrasii, P. chrysogenum, S. cerevisiae and Tuber bor-
chii, have a native MW of 270–350 kDa with a subunit 
MW 46–58 kDa [10, 12, 24, 25, 28]. However, it remains 
unclear why such a large subunit molecular weight dif-
ference exists between the NAD- and NADP-GDHs – 
despite the fact that the two enzymes catalyze essentially 
the same reversible chemistries. This unexplained dis-
parity suggests fundamental structural or evolutionary 
divergences that remain insufficiently addressed.

Each subunit of the tetrameric NAD-GDHs and hexa-
meric NADP-GDHs enzymes has one cofactor and 
one substrate binding site as per the structural models 
derived from a limited number of species. The first high-
resolution crystal structure of a fungal NADP-dependent 
glutamate dehydrogenase (NADP-GDH) was reported 
from A. niger [49]. The apo form (PDB ID: 5XVI; 2.8 
Å) and the ternary complex with 2-ketoglutarate and 
NADPH (PDB ID: 5XVX; 1.8 Å) revealed a hexameric 
‘dimer of trimers’ assembly, with each subunit composed 
of two domains: domain I for substrate recognition and 
domain II for coenzyme binding. The catalytic residues, 
Lys78, Gln99, Lys102, Lys114, Asp154, Arg193, and 
Asn346, interact directly with 2-ketoglutarate, whereas 
Ser253, Lys277, and Gln282 stabilize the 2′-phosphate 
of NADPH. The 2.8 Å proximity between the carbonyl 
carbon of 2-ketoglutarate and the hydride-donating car-
bon of NADPH supports an efficient hydride transfer 
chemistry. These observations largely reinforce estab-
lished catalytic mechanisms rather than provide novel 
mechanistic insights. The asymmetric arrangement of 
three open and three partially closed subunits suggest an 
allosterically coordinated catalytic mechanism consis-
tent with a Monod–Wyman–Changeux (MWC) model. 
Direct experimental validation of this proposed allosteric 
mechanism in fungal GDHs, however, remains limited.

High-resolution structures of A. terreus NADP-GDH 
(AtGDH; PDB IDs 7ECR, 7ECS, 7ECT) complexed with 
NADPH and dicarboxylic acid inhibitors, such as suc-
cinate, malonate, and tartrate, revealed nearly identical 
conformations [64]. Each subunit contains 16 α-helices 
and 13 β-strands organized into two major domains 
connected by a hinge-like helix, facilitating interdomain 
motion during catalysis. The AtGDH structure closely 
resembles that of A. niger NADP-GDH (RMSD 0.34 Å), 
reinforcing structural conservation among filamentous 
fungal GDHs. Such high structural conservation suggests 
functional redundancy, but this has not been critically 
evaluated.

Building on these crystallographic insights, recent 
Cryo-EM-based structural analyses of A. niger and A. 
terreus NADP-GDHs revealed distinct conformational 
states associated with enzyme cooperativity [65]. The 
cooperative A. niger NADP-GDH exhibited a wider open-
ing (~ 21 Å) at the active site for substrate binding than 
observed in the non-cooperative A. terreus GDH (~ 17 Å) 
in an open conformation, demonstrating how structural 
flexibility governs catalytic behavior. A R246S substitu-
tion in domain II was shown to modulate this flexibility, 
converting the A. terreus NADP-GDH into a cooperative 
enzyme similar to the A. niger NADP-GDH. While these 
findings shed light on the role of conformational flexibil-
ity in enzyme cooperativity, the molecular basis of this 
modulation remains unclear calling for further investi-
gation into long-range structural dynamics. Collectively, 
however, these findings provide insight into the alloste-
ric regulation and structural determinants of functional 
diversity in fungal NADP-GDHs.

Similarly, the Candida albicans NADP-GDH isoen-
zyme, CaGdh3 [66], exhibits a comparable hexameric 
architecture, with domain II rotated by ~ 10° relative to 
AnGDH, indicating conformational flexibility and pos-
sible allosteric regulation. The binding of 2-ketoglutarate 
and NADPH within the interdomain cleft induces the 
closure of the catalytic site, suggesting substrate-driven 
conformational transitions. This conformational flex-
ibility is central to the enzyme’s catalytic behavior. Yet 
the specific triggers for these transitions in vivo, beyond 
simple ligand binding, remain underexplored.

To investigate the structural fold and ligand binding site 
of fungal NADP-GDHs, the available crystal structures 
were obtained from the RCSB Protein Data Bank (PDB 
ID: 5XVX [49], 7ECR [64], 7F79 [66]) and were superim-
posed (Fig. 4). The volume of the substrate and cofactor 
binding site is observed to be ~ 504.67 Å3. The cofactor 
NADP(H) is lined by several polar residues that stabilize 
the cofactor through hydrogen bond interaction (Fig. 
4). The phosphate group attached to the adenine moi-
ety of NADP(H) is stabilized by Lys274NZ and Lys121NZ 
through hydrogen bond interaction where the distances 
are ~ 2.96 to 2.56 Å, respectively. Further, the substrate 
(2-ketoglutarate) is stabilized through Lys114 and Lys102 
on one carboxyl terminal and Lys78 and Arg193 on the 
other terminal, forming a salt-bridge interaction (Fig. 4).

The structural data provide valuable insights into the 
NADP-GDH reaction mechanism in closely related 
Aspergillus species and in the yeast, C. albicans. These 
findings offer a foundation for understanding the struc-
tural basis of fungal NADP-GDH regulation. However, 
available structural information remains limited, particu-
larly regarding the enzyme’s allosteric communication 
and long-range conformational dynamics - a research gap 
that needs to be closed sooner than later.
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In the absence of structural data on fungal NAD-GDH, 
we modeled the tetrameric structure of NAD-GDH 
from Candida albicans (Uniprot ID: XP_716032.2) using 
AlphaFold 3 (Fig.  5). The four different colors indicate 
four different chains of the tetrameric protein. Each 
subunit contains two main domains, and the active site 
(where the substrate and coenzyme bind) is located in 

the cleft between these domains. Domain I is primarily 
involved in binding the glutamate substrate and facili-
tating the assembly of the subunits into the tetrameric 
structure. Domain II is structurally analogous to the con-
served dinucleotide-binding fold, specifically designed to 
bind the coenzyme (NADH). The binding of the coen-
zyme within the cleft positions the nicotinamide moiety 

Fig. 5  Modeled tetrameric structure of apo-NAD-glutamate dehydrogenase (GDH2) from Candida albicans. Each of the four chains is shown in a different 
color.

 

Fig. 4  The structural arrangement of fungal NADP-glutamate dehydrogenases (NADP-GDHs). The superimposed crystal structure of NADP-GDHs with 
PDB ID: 5XVX (green), 7ECR (cyan), 7F79 (magenta) from A. niger, A. terreus and C. albicans, respectively. The active site and cofactor binding residues are 
shown in cyan. The substrate (2-ketoglutarate) and cofactor (NADP) are shown in green. The yellow dotted lines indicate hydrogen bond interactions.
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deep within the active site, facilitating the stereospecific 
hydride transfer during the catalytic cycle.

Though AlphaFold 3 has shown remarkable accuracy, 
experimental corroboration of the structure of NAD-
GDH is advisable.

Typically, fungal tetrameric NAD-GDHs are larger 
than the corresponding NADP-GDHs. Therefore, to fur-
ther explore the basis of cofactor specificity, we examined 

the structural relationships between NADP- and NAD- 
GDHs from C. albicans, as well as between mamma-
lian GDH (where the same enzyme uses NADP as well 
as NAD as cofactor) and fungal NADP-GDHs. For this 
purpose, the respective structures were superimposed, 
allowing direct comparison of conserved and divergent 
features. As shown in Fig.  6A, an extra arm domain is 
observed in NAD-GDH, connecting the palm and finger 

Fig. 6  A Superimposition of the modeled monomer of NAD-GDH (purple) from C. albicans (Uniprot ID: XP_716032.2) over its monomeric NADP-GDH 
(magenta) crystal structure (PDB ID: 7F79). B Superposition of fungal NADP-GDHs (PDB ID: 5XVX (green), 7ECR (cyan), 7F79 (magenta)) from A. niger, A. 
terrius and C. albicans, respectively, with human GDH1 (PDB ID: 8KGY (orange)) showing the conservation of the core fold and the presence of a distinct 
antenna domain in mammalian GDH, which is absent in fungal enzymes.
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domains. The palm and finger domains, forming a deep 
cleft for substrate and coenzyme binding, characterized 
by the presence of a Rossman fold, were found to be con-
served in all fungal GDH.

Together, these observations suggest that, while the 
overall catalytic architecture is conserved, the additional 
arm domain in NAD-GDH may contribute to functional 
specificity, cofactor preference and regulatory interac-
tions. This suggests that the evolution of the arm domain 
may be linked to cofactor specificity, but experimental 
studies on the role of this domain in vivo are crucial to 
confirm this hypothesis. As mentioned earlier, the avail-
ability of structural data on fungal NAD-GDHs will be 
crucial to fully elucidate the evolutionary and functional 
implications of this domain variation between the GDH 
isoenzymes.

In human GDH a unique “antenna” domain (a helix-
random coil structure) in the coenzyme-binding region 
is observed (Fig. 6B). This antenna extends from each 
subunit and is essential for subunit-subunit communi-
cation and allosteric regulation, allowing the hexamer 
to coordinate its response to inhibitors like GTP. How-
ever, as mentioned earlier, fungal GDHs lack the com-
plex antenna-mediated allosteric machinery found in 
mammalian GDH, as their regulation is primarily tran-
scriptional and allosteric regulation is operative through 
domain interactions [49].

We will examine the regulation of fungal GDHs after 
describing their catalytic sites and summarising available 
information on their activators and inhibitors.

Catalytically important amino acid residues of 
fungal GDHs
Lysine was implicated as the most conserved catalyti-
cally important residue in GDHs from a large number 
of organisms. Some examples include - K126 in the beef 
liver enzyme [67], K113 in NADP-specific GDH from 
N. crassa [68], brain GDH iso-proteins [69] and K128 in 
NAD-GDH from Clostridium symbiosum [70]. Besides 
lysine, histidine was reported to be important in the 
phosphorylation-mediated regulation of Escherichia coli 
GDH [71]. In B. poitrasii, chemical modification data 
about histidine and lysine implicated their involvement 
in the activity of purified NAD-GDH [27]. Cysteine resi-
due, present at position 141 in A. niger NADP-GDH, was 
important for its covalent modification, converting an 
anabolic enzyme into a catabolic enzyme [49]. Though 
it was not found to be catalytically essential, it may be 
important for the regulation of the enzyme, as suggested 
later, in Sect. ''Thiol-mediated regulation'', in this review.

Activators and inhibitors of fungal GDHs
GDH activity is induced by specific environmental and 
nutritional molecules across different fungal species. 
In N. crassa, ammonium and nitrate strongly activate 
NADP-GDH synthesis [72]. A. nidulans NAD-GDH is 
induced by glutamate and glucose deprivation [73]. In T. 
borchii, glutamate potently induces NADP-GDH activity 
and gdh expression, while urea, nitrate, and alanine pro-
mote 10-12-fold higher activity than ammonium [12].

In M. oryzae, NAD-GDH is activated by glutamate to 
release ammonia during infection [17]. Osmotic stress 
(high NaCl) induces NADP-GDH in D. hansenii [44], 
while glucose and glycerol activate yeast-specific NADP-
GDH and hyphal form specific NADP-GDH was induced 
by serum in B. poitrasii [60].

In Coprinus cinereus, NAD-GDH is induced under 
nitrogen-limiting conditions by specific carbon sources 
(e.g., pyruvate, glucose, acetate), with acetyl-CoA act-
ing as a key intracellular metabolic signal. Evidence from 
acetyl-CoA synthetase mutants demonstrates that acetyl-
CoA synthesis is required for GDH induction, linking 
carbon metabolism to nitrogen assimilation [74].

Inhibiting fungal GDHs is a useful strategy to under-
stand their role in various physiological processes 
involved in fungal growth as evidenced by some stud-
ies [27, 28, 75–77]. Most inhibitors used in these studies 
were the competitive inhibitors or analogues of the sub-
strates, 2-ketoglutarate and L-glutamate. Isophthalate is 
the most reported inhibitor of both NAD-GDH [62, 77, 
78] and NADP-GDH [79, 80] in fungi.

Rogers (1971) reported the inhibition of bovine GDH 
by structural analogues of L-glutamate, such as glutaric 
acid, thiodiglycolic acid, oxydiglycolic acid and imino-
diacetic acid [81]. Analogues of 2-ketoglutarate, such as 
2-methyleneglutarate, 2,4-pyridinedicarboxylate, and 
3,5-pyrazoledicarboxylate, were screened for the inhi-
bition of NADP-GDH from A. niger [10]. The purified 
NADP-GDH from A. niger was strongly inhibited by 
isophthalate, 2-methyleneglutarate, and 2,4-pyridinecar-
boxylate [10]. The presence of two carboxylate groups 
and the planarity of the molecules were common prop-
erties reported for effective GDH inhibitors. Haberland 
et al. (1980) reported the complete inhibition of the 
NAD-GDH of N. crassa at 10− 3 M concentrations of the 
nucleotides, guanosine triphosphate (GTP), guanosine 
monophosphate (GMP) and inosine monophosphate 
(IMP) [82]. Furthermore, in Fusarium sp., ethylenediami-
netetraacetic acid (EDTA) was found to inhibit NADP-
GDH, with no effect on NAD-GDH [83].

Recently, Godsora et al. (2022) showed that dicarbox-
ylic acids (fumarate, maleate, malonate, succinate, and 
tartrate) independently inhibit A. terreus NADP-GDH 
(AtGDH) to various extents [64]. Structural studies sug-
gest that these dicarboxylic acids partially occupy the 
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AtGDH substrate-binding site and involve various polar 
interactions [64]. As shown in Fig. 7, malonate occupies 
the active sites of hexameric A. terreus NADP-GDH and 
forms conserved hydrogen-bonding interactions with key 
coordinating residues, demonstrating the competitive 
mode of inhibition. Similarly, p-chloro-mercuribenzoate 
(PCMB) also inhibited NADP-GDH, while NAD-GDH 
was not inhibited. This observation reflects the role 
of -SH groups in the enzyme activity of GDH. Clues to 
structural aspects of this inhibitory activity emerge in 
the next section where thiol-mediated regulation is 
discussed.

Regulation of fungal glutamate dehydrogenases
GDH gene expression and enzyme activity are tightly 
regulated to maintain an efficient carbon-nitrogen bal-
ance in fungal cells. This regulation operates at both the 
transcriptional level, which controls GDH gene expres-
sion in response to metabolic cues, and the post-transla-
tional level, which modulates enzyme activity.

Transcriptional regulation
Carbon and nitrogen catabolite repression (CCR and 
NCR) coordinately regulate glutamate dehydrogenase 
(GDH), ensuring effective integration of carbon utili-
zation and ammonia assimilation in fungi [84, 85]. This 

Fig. 7  Aspergillus terreus NADP-GDH (PDB ID: 7ECS; resolution 1.74 Å), complexed with malonate, a competitive inhibitor. The trimeric face of the hexa-
meric enzyme is shown with chains A (cyan), B (gray), and C (blue). Malonate molecules (yellow) occupy active sites, where key coordinating residues are 
highlighted in orange-red. Green dotted lines indicate hydrogen bonds between malonate and surrounding residues. Insets A–C (black boxes) zoom in 
on each monomer’s binding site, illustrating conserved ligand-residue interactions across the trimer.
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regulation reflects a tightly interconnected CCR-NCR 
network, in which carbon availability influences nitrogen 
metabolism both directly and indirectly.

In filamentous fungi such as A. nidulans, N. crassa, and 
Trichoderma reesei, CCR is primarily mediated by CreA/
Cre1, which represses genes required for the utilization 
of alternative carbon sources under glucose-rich condi-
tions [86, 87]. This repression depends on CreA nuclear 
localization and is regulated through post-translational 
mechanisms involving CreD-HulA and CreB-CreC com-
plexes, as well as signaling pathways such as SnfA and 
cAMP-PKA [88, 89]. Through interactions with nitrogen 
regulatory systems, particularly the GATA factor AreA, 
CCR indirectly suppresses ammonium assimilation and 
amino acid metabolism, repressing GDH activity; this 
repression is relieved under carbon limitation [88].

In N. crassa, CCR also directly regulates GDH isoforms. 
Glucose strongly represses gdh2, with rapid de-repres-
sion upon depletion of the carbon source, promoting 
glutamate catabolism. In contrast, gdh1 is induced under 
carbon-rich conditions, supporting ammonia assimila-
tion and maintaining metabolic balance [90].

In S. cerevisiae, GDH regulation integrates both NCR 
and CCR pathways. Early studies demonstrated that 
GDH1 must be in its catalytically active conformation to 
mediate NCR, functioning as a nitrogen sufficiency sen-
sor that represses alternative nitrogen catabolic pathways 
independently of glutamate levels [91]. Subsequent work 
showed that GDH1 modulates NCR signaling via GATA 
transcription factors such as Gln3 and Gat1, influencing 
their nuclear localization and downstream gene expres-
sion [14]. Additionally, gdh2 (NAD-dependent) is pri-
marily controlled by CCR, mediated by the Cyc8-Ssn6/
Tup1 co-repressor complex, and exhibits strong glu-
cose repression, up to ~ 450-fold compared to the case 
with non-fermentable carbon sources [92]. Regulation 
is further integrated through UASNTR elements, where 
GATA factors activate gdh gene expression under nitro-
gen limitation and are sequestered by Ure2 under nitro-
gen-rich conditions [93]. Moreover, gdh transcription is 
influenced by additional nutrient-responsive regulators 
such as Gcn4 and Hap4, linking gdh gene expression to 
broader metabolic states [94].

In the dimorphic fungus B. poitrasii, the morphol-
ogy-associated expression of genes encoding NADP-
GDH isoenzymes was reported. The yeast-form-specific 
BpNADPGDH I is induced in the presence of glucose, 
whereas the hyphal-form-specific BpNADPGDH II is 
repressed under the same conditions [20]. Other dimor-
phism-triggering factors, including temperature, glycerol, 
and serum, also modulate BpNAD and BpNADPGDH 
gene expression, highlighting the integration of meta-
bolic and morphological regulatory networks in B. poi-
trasii [20, 60]. Importantly, these differential expression 

patterns are consistent with enzyme activity data, 
wherein BpNADPGDH I exhibits higher affinity toward 
2-ketoglutarate, while BpNADPGDH II shows more 
affinity toward L-glutamate. This suggests functional 
specialization of the isoenzymes, with BpNADPGDH I 
favoring reductive amination and ammonia assimilation 
in the Y-form, whereas BpNADPGDH II inclined toward 
oxidative deamination and nitrogen mobilization during 
H-form growth.

In P. pastoris, the transcription factors, Rtg1 and RtgX, 
regulate the expression of gdh2 at the post-transcrip-
tional level by stabilizing the GDH2 protein. Experiments 
deleting either Rtg1 or RtgX suggest that these factors 
function as a single regulatory unit, highlighting an addi-
tional layer of GDH regulation beyond transcription [95].

Beyond transcriptional control, GDH function is 
closely integrated with nutrient-responsive signaling 
pathways and autophagy. In Magnaporthe oryzae, the 
serine/threonine kinase, Rim15, regulates autophagy-
glutaminolysis coupling by modulating NAD-GDH, with 
glutamate to α-ketoglutarate conversion contributing to 
the reactivation of TOR signaling and the suppression 
of autophagy upon nutrient recovery [96]. Similarly, in 
P. pastoris, gdh2 expression is associated with carbon 
starvation-induced autophagy, mediated via a post-
transcriptional mechanism that also activates phospho-
enolpyruvate carboxykinase (PEPCK). Moreover, gdh2 
expression was inhibited in Δatg1 mutants, indicating 
dependence on autophagy, and its deletion reduces sur-
vival under starvation conditions [97].

Collectively, these findings establish GDH as both a 
metabolic enzyme and a key regulatory node integrating 
carbon and nitrogen metabolism with cellular signaling 
and adaptive responses.

 Post-translational regulation
The activity of fungal GDHs is known to be influenced 
by at least three major mechanisms: phosphorylation-
dephosphorylation, thiol-mediated regulation, and 
allosteric regulation, collectively ensuring rapid and 
coordinated metabolic adaptation in fungi.

 Phosphorylation-dephosphorylation
Protein phosphorylation and dephosphorylation were 
recognized as critical mechanisms for controlling the 
activity of regulatory enzymes in eukaryotic cells [98]. 
The NAD-GDH of the yeasts, S. cerevisiae and C. utilis, 
were regulated by a phosphorylation-dephosphorylation 
system catalyzed by protein kinases (E.C 2.7.1.37) and 
alkaline phosphatases (E.C 3.1.3.1). In S. cerevisiae, the 
conversion of active NAD-GDH to the inactive form 
was regulated by the phosphorylation of the enzyme by 
cAMP-dependent as well as cAMP-independent pro-
tein kinases [7, 61, 99]. Joshi et al. (2013) described the 



Page 14 of 21Pathan et al. Fungal Biology and Biotechnology            (2026) 13:6 

involvement of cAMP-dependent protein kinases in the 
regulation of NAD- and NADP-GDH activities in the 
crude extract of B. poitrasii. The purified NAD-GDH of 
B. poitrasii was regulated by cAMP-dependent revers-
ible phosphorylation-dephosphorylation of His residues 
[27]. Recently, we observed that purified isoenzymes 
of NADP-GDH in B. poitrasii were also regulated by 
phosphorylation-dephosphorylation, but through differ-
ent kinases. BpNADPGDH I was regulated through the 
cAMP-dependent kinase and BpNADPGDH II through 
the Ca-CaM dependent protein kinase [28].

Thiol-mediated regulation
Thiol-mediated reversible regulation of NADP-GDH 
activity was reported in A. niger [46]. However, there is 
no evidence that such a mechanism could operate in vivo. 
Interestingly, this disulfide-modified NADP-GDH only 
slowed the forward activity (2-ketoglutarate to L-glu-
tamate) without affecting the reverse activity. The key 
residue involved in mixed disulfide formation resulting in 
the inhibition of forward NADP-GDH activity in A. niger 
was identified as Cys141 [46]. This may perhaps explain 
the mechanism behind the inhibition of AnGDH using 
p-chloro-mercuribenzoate, discussed earlier in the sec-
tion on activators and inhibitors of fungal GDHs.

Allosteric regulation
Allostery is a rapid and efficient way for enzymes to 
respond to changes in the concentration of ligands in the 
cell. In the case of Yarrowia lipolytica, two distinct genes 
code for NADP-dependent (GDH1) and NAD-dependent 
(GDH2) enzymes [100]. NADP-GDH helps with ammo-
nium assimilation, while NAD-GDH is essential for gluta-
mate catabolism. The Gdh1p and Gdh3p of S. cerevisiae, 
with 87% amino acid sequence identity, differ in their 
allosteric behaviour [25]. Both enzymes show a slight 
degree of substrate inhibition (~ 5%) when saturated with 
2-ketoglutarate, with Gdh1p being more sensitive. At pH 
7.2, the Km of the two enzymes for 2-ketoglutarate show 
remarkable differences: 0.29 for Gdh1p and 1.27 mM 
for Gdh3p. They show different sigmoidal responses to 
2-ketoglutarate, with the Hill coefficient (nH) being 1.3 
for Gdh1p and 1.5 for Gdh3p.

NADP-GDH from Neurospora crassa has been exten-
sively studied and is under allosteric regulation by 
various effectors [101]. NADP-GDHs from A. niger 
(AnGDH) and A. terreus (AtGDH), despite sharing 88% 
sequence identity, show distinct kinetic properties [10, 
11]. AnGDH exhibits a sigmoidal response to 2-ketoglu-
tarate, while AtGDH displays a typical Michaelis-Menten 
saturation. Both enzymes experience competitive inhibi-
tion by isophthalate, but to a significantly different extent. 
The Ki value for isophthalate is 6.9 µM for AnGDH and 
250 µM for AtGDH [76]. AnGDH selectively loses its 

reductive amination (forward) activity while retaining 
full oxidative deamination (reverse) activity on treatment 
with 2-hydroxyethyl disulfide (2-HED) [46]. This prop-
erty is not exhibited by AtGDH, though the concerned 
residue (C141) is conserved in both enzymes. Subse-
quently, Agarwal et al. (2019) showed that 2-ketogluta-
rate cooperativity and ammonium biphasicity in A. niger 
NADP-GDH are structurally coupled [102].

GDHs characterized in other Aspergillus species (A. 
nidulans, A. oryzae, A. awamori) also showed sigmoid 
kinetics with 2-ketoglutarate [10]. It would be interesting 
to see whether this 2-ketoglutarate cooperativity is also 
coupled with ammonium biphasicity in these species.

Role of glutamate dehydrogenases in fungal 
morphogenesis
Glutamate dehydrogenases (GDHs) play a key role in 
fungal dimorphism, particularly in the yeast–hypha 
(Y–H) transition.

In M. racemosus, NAD- and NADP-dependent GDHs 
were identified, and the CO₂/N₂-dependent hypha–yeast 
transition correlated with decreased NAD-GDH activ-
ity [5, 103]. In B. poitrasii, the NADP-/NAD-GDH ratio 
determined morphogenesis [6], and three isoenzymes, 
one NAD-GDH and two NADP-GDHs, were character-
ized [22]. At the molecular level, BpNADGDH and two 
NADP-GDH genes (BpNADPGDH I and BpNADPGDH 
II) were identified [20]. BpNADPGDH I was yeast-form 
specific, whereas BpNADPGDH II was hyphal-form spe-
cific. The disruption of BpNADPGDH II abolished hyphal 
development, whereas its heterologous expression in the 
Y5 mutant of B. poitrasii or in C. glabrata induced germ 
tube formation, demonstrating that BpNADPGDH II is a 
critical determinant of morphogenetic transition [20, 60].

In S. cerevisiae, GDH1 and GDH3 encode NADP-
GDHs, and GDH2 encodes NAD-GDH, with expression 
modulated by carbon source [25, 104]. In C. albicans, 
CaGdh3 expression increases during Y-H transition, and 
∆CaGdh3 or ∆CaGdh2 mutants fail to use proline or 
arginine as nitrogen sources [15]. These findings firmly 
establish the role of GDHs in the regulation of fungal 
morphogenesis (Fig. 8).

  

Glutamate dehydrogenases as antifungal drug 
targets
Pathogenic fungi change morphology to a suitable veg-
etative form (unicellular yeast or filamentous hyphae), for 
their survival and proliferation as well as to defeat the cel-
lular and physiological defences of the host. The micro-
environment of the pathogen triggers different molecular 
and biochemical processes, finally leading to differen-
tiation. These molecular and biochemical correlates of 
morphological change from saprophytic/less virulent to 
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pathogenic form are potential targets to develop novel 
antifungal agents. Since NAD- and NADP-GDHs show 
biochemical and molecular correlation with the yeast-
hypha transition [15, 20, 27], they can be explored as 
antifungal drug targets.

Joshi et al. (2013) identified 1,2,3 triazole linked 
β-lactam-bile acid conjugates (B18, B20) as potent inhibi-
tors of purified NAD-GDH. These inhibitors also affected 
Y-H transition in B. poitrasii as well as in C. albicans 
strains [27]. Choudhury and Punekar (2007) reported 
that isophthalate and 2-methyleneglutarate (structural 
analogue of 2-ketoglutarate), are effective inhibitors of A. 
niger NADP-GDH [76]. Choudhury et al. (2008) reported 
the in vivo inhibition of A. niger growth in a disc diffusion 
assay, by the dimethyl ester of isophthalate (DMIP) [75].

In line with these findings, twenty different deriva-
tives of DMIP with side-chain modifications were syn-
thesized and screened for NADP-GDH inhibition [28]. 
DMIP compounds containing amide side chains were the 
most potent NADP-GDH inhibitors. These compounds 
also inhibited the Y-H transition in B. poitrasii, C. albi-
cans strains, and the dimorphic ascomycete, Yarrowia 

liopolytica [28]. The lead DMIP compounds showed anti-
fungal potential against most tested human pathogenic 
yeasts and filamentous fungi at much lower concentra-
tions than those of currently used antifungal drugs, such 
as fluconazole [28]. Thus, there is potential to develop 
more effective and safer antifungals by exploring the vari-
ous derivatives of the inhibitors that target specific fungal 
GDHs.

In considering GDHs as antifungal targets, both 
specificity and metabolic flexibility must be taken into 
account. Fungi use multiple ammonium assimilation 
pathways, including GDH and the GS-GOGAT system, 
with the latter often predominating during active growth, 
while GDH becomes more relevant during differen-
tiation. This allows GDH-targeted strategies to focus on 
processes linked to pathogenicity, such as the yeast-to-
hypha transition in fungi like Candida albicans, rather 
than broadly inhibiting growth. In plant-associated fungi, 
including many mycorrhizal species, the GS-GOGAT 
pathway is predominant, suggesting the limited impact 
of GDH inhibition on beneficial interactions. GDHs in 
bacteria and mammals differ from fungal enzymes in 

Fig. 8  Proposed signaling pathway involving the regulation of NAD- and NADP-GDH enzymes that determine the morphological outcome in fungi. 
Host environmental cues, such as glucose, pH, serum, glycerol and temperature, lead to a series of events ending in the activation/deactivation of GDH 
enzymes via a reversible phosphorylation/dephosphorylation mechanism. This mechanism directly regulates the flux towards chitin and mannan (cell 
wall polysaccharides), which in turn affects the morphological outcome in fungi [20, 28, 60, 105, 106]
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distribution, cofactor specificity, and regulatory features; 
notably, mammalian GDHs are dual cofactor-specific and 
structurally distinct. These differences provide a basis 
for selective targeting, as supported by studies showing 
that fungal NADP-GDH inhibitors are effective at low 
concentrations against fungi but exhibit minimal effects 
on human cells [28]. Although alternative pathways may 
compensate for GDH inhibition, targeting GDH during 
differentiation may still impair pathogenic development. 
The inhibition of such morphogenetic transitions has 
been linked to apoptosis-like responses in fungi, offering 
a potential strategy to control infections while minimiz-
ing selective pressure for resistance [60].

Utility of fungal glutamate dehydrogenases
Besides being targets for developing antifungals, fungal 
GDHs have important applications in agriculture, medi-
cine, downstream processing, and for the industrial pro-
duction of metabolites.

Microbial NADP-dependent glutamate dehydroge-
nases (GDHs), particularly those from fungi, exhibit 
high affinity for ammonium and can enhance nitrogen 
availability to plants [107–109]. The introduction of fun-
gal gdhA into rice improved grain yield, photosynthetic 
rate, and salt tolerance through increased aminating and 
deaminating activities [110, 111]. GDHs from Eurotium 
chevalieri and Trichurus spp. increased nitrogen assimi-
lation and yield in rice under low-nitrogen conditions 
[112, 113]. The expression of the gdhA of Aspergillus 
candidus enhanced ammonia assimilation and reduced 
photorespiration [114–116]. Enhanced GDH expression 
in maize, soybean, and tobacco also promoted biomass 
accumulation [115, 116]. The overexpression of the gdhA 
of Magnaporthe grisea conferred drought tolerance and 
improved survival under water deficit [108]. Collectively, 
these results demonstrate the potential use of fungal 
GDHs in agriculture.

Due to high substrate specificity and coenzyme-depen-
dent redox activity, fungal GDHs can act as biocatalysts 
in biosensor technology. Biosensors employ a biological 
recognition element that interacts with the target mol-
ecule and a transducer that converts this interaction into 
a measurable signal [117]. GDH-based biosensors have 
been developed for the detection of L-glutamate, ammo-
nium, and related metabolites in food and environmental 
samples. Co-immobilization of GDH with L-glutamate 
oxidase enables accurate determination of monoso-
dium glutamate [118, 119], while immobilization within 
sol–gel matrices or on carbon paste electrodes provides 
high sensitivity and reproducibility [120, 121]. The incor-
poration of GDHs with multiwalled carbon nanotubes 
or chitosan films further enhances signal stability and 
selectivity [122, 123]. Thermophilic GDH and rare-earth 
metal activation have also improved electrochemical 

performance at elevated temperatures and enhanced 
electron transfer efficiency [124]. The intrinsic stabil-
ity and catalytic efficiency of fungal GDHs make them 
promising components for developing next-generation 
biosensors for food analysis, clinical diagnostics, and 
environmental monitoring.

A deeper understanding of GDHs is useful for indus-
tries. GDHs can be exploited to simplify downstream 
processing in fermentation industries. NAD-dependent 
glutamate dehydrogenase regulates flocculation and cell 
surface properties in B. poitrasii. Modulating GDH activ-
ity through substrates or inhibitors alters cell wall com-
position and aggregation behaviour [125]. The presence 
of multiple GDH isoenzymes supports nitrogen assimi-
lation and glutamate homeostasis during fermentation 
by yeast [14]. Fructose-6-phosphate, which serves as a 
precursor for mannan and chitin biosynthesis, provides 
a metabolic link between GDH activity and carbon-nitro-
gen metabolism via the reversible conversion of gluta-
mate and 2-ketoglutarate [28, 39, 126]. 2-ketoglutarate 
and isophthalate enhance, while glutamate suppresses 
flocculation in correlation with intracellular NAD-GDH 
levels [125]. Thus, an understanding of fungal GDHs is 
useful in fermentation industries.

Ammonia produced through glutamate dehydrogenase 
activity serves as a precursor for amino acids, nucleo-
tides, and proteins [127]. Industrially, ammonia is widely 
used in fertilizer production, refrigeration, and as car-
bon-free chemical feedstock [128]. Glutamate, another 
key GDH product, functions as a substrate for glutathi-
one synthesis and is commercially used as monosodium 
glutamate (MSG), an umami flavour enhancer [129, 130]. 
Beyond primary metabolism, glutamate provides precur-
sor units for non-ribosomal peptide and polyketide bio-
synthesis, contributing to secondary metabolites such 
as macrolactams and streptolydigin [131–133]. Fungal 
GDHs represent ideal candidates for the production of 
ammonia and L-glutamate due to their high catalytic 
activity in the reductive amination direction, desirable 
kinetic characteristics, operational stability, and ease in 
scalability. These results suggest the potential for the use 
of fungal GDHs in chemical industries.

Epilogue
Glutamate dehydrogenases in fungi exemplify a unique 
convergence of metabolic, regulatory, and evolution-
ary complexity. Beyond their canonical roles in nitro-
gen metabolism, fungal GDHs regulate a broad range 
of physiological processes, including morphogenesis, 
stress adaptation, and secondary metabolism. Advances 
in molecular and structural characterization have eluci-
dated the catalytic architecture and cofactor interactions 
that underpin their functional diversity. The integration 
of biochemical, genetic, and structural data enables the 
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identification of conserved residues critical for regula-
tion and inhibition, providing an avenue for antifungal 
drug discovery. The translational applications of fungal 
GDHs in crop improvement, biosensor development, and 
metabolic engineering emphasize their biotechnological 
importance.

Despite the potential for multifaceted applications, our 
understanding of fungal GDHs has many gaps, as high-
lighted in this review. Future investigations focusing on 
allosteric communication, post-translational regulation, 
and cross-talk with signalling pathways will throw more 
light on the structure and functions of GDHs in fungal 
biology and biotechnology.
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