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Abstract

Per-Arnt-Sim (PAS) kinase (PASK, PASKIN, and PSK) is a member of the group of nutrient

sensing protein kinases. These protein kinases sense the energy or nutrient status of the cell and

regulate cellular metabolism appropriately. PAS kinase responds to glucose availability and

regulates glucose homeostasis in yeast, mice, and man. Despite this pivotal role, the molecular

mechanisms of PAS kinase regulation and function are largely unknown. This review focuses on

what is known about PAS kinase, including its conservation from yeast to man, identified

substrates, associated phenotypes and role in metabolic disease.
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Introduction

A cell’s ability to accurately coordinate its metabolism with nutrient availability is essential

for proper health. Metabolic diseases are becoming a pandemic with more than one in 10

adults in the world being obese (World Health Organization), often leading to further

disease such as diabetes, heart disease and cancer [National Cancer Institute, (1–3)]. Glucose

metabolism is central to these metabolic diseases (4) making it crucial to understand the

cellular mechanisms behind glucose allocation. Protein kinases are a key cellular mechanism

for proper glucose allocation by enabling the simultaneous control of multiple proteins to

direct glucose away from some pathways while stimulating others.

An individual cell may express hundreds of different protein kinases. It is estimated that

there are 122 protein kinase homologs in yeast (5), 540 in mice (6), and 518 in humans (7),

which phosphorylate over 30% of the proteome (8). Thus, it is not surprising that aberrant

kinase function is associated with several human diseases and that protein kinases are one of

the top drug targets for treating disease (9).

Per-Arnt-Sim (PAS) kinase (PASK, PASKIN, and PSK) has recently been shown to play

pivotal roles in glucose homeostasis in yeast, mice, and man. This review will discuss what
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is known about PAS kinase activation and function, including its conservation from yeast to

man, identified substrates, associated phenotypes and role in metabolic disease.

Conservation and Functional Domains of PAS Kinase

Nutrient sensing protein kinases regulate multiple targets in response to nutrient status,

enabling a single enzyme to facilitate the appropriate cellular response. PAS kinase is a

member of the group of nutrient sensing protein kinases and contains both a sensory PAS

domain and a serine/threonine catalytic kinase domain (10,11). Both the PAS and kinase

domains of PAS kinase are highly conserved from yeast to man (10,11), displaying

significant amino acid conservation among organisms (Fig. 1). Saccharomyces cerevisiae is

the only organism in which two orthologs of PAS kinase have been identified, namely Psk1

and Psk2 (10). Duplications of genes are common in yeast due to a whole genome

duplication that occurred in an early ancestor (12–16). Most duplicate genes were eventually

lost, while a few acquired accessory functions that allowed for their selection and

maintenance, suggesting differential functions for the Psk1 and Psk2 proteins. Blast

alignment of the yeast Psk1 protein with human PASK (hPASK) indicates 27% identity and

56% similarity for the PAS domain and 38% identity and 56% similarity for the kinase

domain, arguing the evolutionary importance of these two domains. As the only reported

mammalian protein to contain both a sensory PAS and protein kinase domain, it is no

surprise that PAS kinase plays a key role in metabolic regulation in response to nutrient

status.

The mechanism by which PAS kinase activity is regulated is unknown, but it is likely

through its N-terminal PAS domain. PAS domains often play important roles in mediating

protein-protein interactions, signal transfer, and subcellular localization by regulating an

attached functional domain (17). They are known to react to a variety of intracellular stimuli

including light, oxygen, redox state, or metabolites and can bind small ligands to trigger

appropriate downstream responses (18). As expected for a regulatory domain, removal of

the hPASK PAS domain increases catalytic activity (10) while addition of purified PAS

domain inhibits the activity in trans (10,19). The NMR structure of the hPASK PAS domain

is similar to the oxygen sensor FixL (11), which is able to sense oxygen through a heme

ligand. Amezcua et al. screened over 750 organic compounds and found that the hPASK

PAS domain selectively bound nine related but nonbiologically relevant small molecules

with high affinity within its hydrophobic core (19). They provide evidence that hPASK PAS

domain binds directly to the kinase domain and that ligand binding disrupts this interaction.

Together, these results suggest small organic molecules bind to the inhibitory PAS domain,

releasing it from the kinase domain. However, the exact biologically relevant ligand is yet to

be determined.

The C-terminal end of PAS kinase contains a catalytic serine/threonine kinase domain that

belongs to the CAMK family based on both amino acid sequence and protein structure (20).

Most protein kinases require phosphorylation of at least one amino acid within the activation

loop of their kinase domain to be activated (21). hPASK contains an activation loop

threonine (T1116) that is not conserved in yeast (see Fig. 1). In addition, biochemical assays

and crystallographic evidence indicate that activation loop phosphorylation is not necessary
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for hPASK activation (20). Together this data led to an investigation of the structural

features of PAS kinase that enable activation in the absence of activation loop

phosphorylation (20). The kinase domain of hPASK adopts the classical two-lobe structure

typical of eukaryotic protein kinases but contains a unique additional β-hairpin replacing

part of the αC helix. Other kinases that do not require activation loop phosphorylation

typically have a negatively charged or nonpolar residue in their activation loop, whereas

hPASK has a phosphorylatable threonine residue. Although not necessary for activation,

hPASK auto-phosphorylation within the activation loop has been shown to increase catalytic

activity (10). Hence, activation loop phosphorylation may regulate activity in certain cellular

contexts or in response to particular substrates.

These biochemical and structural investigations into the role of the PAS and kinase domains

have led to the current model for PAS kinase regulation summarized in Fig. 2. The PAS

domain binds to the kinase domain and inhibits catalytic activity. Under activating

conditions, a small metabolite binds to the PAS domain causing a conformational change,

releasing PAS domain binding and activating the kinase domain. In addition,

autophosphorylation or transphosphorylation of PAS kinase could lead to stable activation

by disrupting the PAS and kinase domain interaction.

Activation and Regulation of PAS Kinase

While the underlying molecular mechanisms behind PAS kinase regulation are yet to be

determined, growth conditions that activate both yeast and mammalian PAS kinase have

been reported (Table 1). In yeast, PAS kinase is activated by two different pathways, the cell

integrity stress pathway or the glucose repression pathway (22). Although the precise

mechanisms of activation by the cell integrity pathway are unknown, both Psk1 and Psk2 are

activated by cell wall or membrane stress as well as overexpression of the cell integrity

sensor-transducer WSC1. In contrast, only one of the two PAS kinase homologs, Psk1, is

activated by the glucose repression pathway. The yeast homolog of (AMP)-activated protein

kinase (AMPK), otherwise known as SNF1, is the master commander of the glucose

repression pathway and controls the shift from fermentation to respiration when glucose

levels are low. SNF1 is necessary and sufficient for Psk1 activation by nonglucose carbon

sources that either require or favor respiration. This activation is both transcriptional as well

as post-transcriptional. The second yeast homolog, Psk2, is transcriptionally downregulated

and thus inactivated by carbon sources that stimulate respiration, suggesting differential

roles for Psk1 and Psk2.

Similar to yeast PAS kinase, hPASK is activated by conditions that stimulate high

respiration in Min-6 pancreatic β-cells suggesting a conserved pathway of activation. In

contrast to yeast, high glucose levels trigger high respiration rates in these cells, with an

increase in both hPASK mRNA and protein (23). Further support is provided in a recent

study by Hurtado-Carneiro et al., in which PASK is activated by glucose and glucagon-like

peptide-1 (GLP-1), a peptide whose levels increase after a meal to signal nutrient

availability to the central nervous system (24). Conversely, hPASK decreased in pancreatic

islets of type 2 diabetics where high glucose may be expected (25). These differences could
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be due to differing genetic backgrounds including the low level of hPASK mRNA in normal

tissue verses cell lines (26) or altered hPASK levels in a disease state.

In addition to activation by growth conditions that stimulate respiration, mammalian PASK

has been shown to be activated through the binding of different phospholipids (27).

Monophosphorylated phosphatidylinositols proved to be the strongest binding phospholipids

and caused the highest auto-phosphorylation of PASK. In contrast, diphosphorylated and

triphosphorylated phosphatidylinositols inhibited PASK auto-phosphorylation. Also

important to note is that rather than binding to the sensory PAS domain,

monophosphorylated phosphatidlyinositols bind to the kinase domain. These results suggest

a multi-ligand regulation of PASK activity through the interaction of phospholipids with the

kinase domain and an unidentified metabolite with the PAS domain.

PAS Kinase Phenotypes and Substrates

Since the discovery of PAS kinase in 2001 (10,11) studies in humans, mice, and yeast have

been performed to better understand its regulation and function. Both phenotypic analysis

(summarized in Table 2) and substrate discovery (summarized in Table 3) have been used to

elucidate its role and cellular importance, however, the underlying molecular mechanisms

behind its function are largely unknown.

In humans, a rare mutation in hPASK (hPASK G1117E) may be a genetic modifier of

Maturity-Onset Diabetes of the Young (MODY) since it was found in one of eighteen

patients with MODY (28). This mutation was found to cause increased basal insulin

secretion from pancreatic cells when transfected into mouse islets. In addition, activated

hPASK is involved in the regulation of glucose induced preproinsulin and pancreatic

duodenum homeobox-1 (PDX1) gene expression, a key transcription factor involved in both

pancreatic development and insulin gene expression (23,29). In human islets, overexpression

of hPASK also causes an inhibition of glucagon secretion at various glucose concentrations

(25). Glucagon is a hormone that is secreted by the pancreas to stimulate glucose secretion

when blood glucose is low. Together these findings suggest that hPASK may play a key role

in the pathophysiology of type 2 diabetes.

In addition to the rare hPASK G1117E mutation being associated with diabetes, several

PASK-deficiency phenotypes have been associated with symptoms of metabolic syndrome

and diabetes in mice (25,30). Initial studies indicate no abnormalities in development,

growth, or reproductive functions in PASK knockout mice (26). However, when placed on a

high fat diet, PASK knockout mice gain less weight, are hypermetabolic, and display

reduced insulin and triglyceride levels when compared to their wildtype littermates (30).

Furthermore, they are more insulin sensitive and glucose tolerant. Additional studies found

increased glucose and glucagon levels following 16 H of fasting, as well as decreased

insulin levels in knockout mice (25). Besides these phenotypes associated with diabetes, a

recent study showed that female PASK-deficient mice have an increased ventilatory

response to acute hypoxia treatment; however, they are unable to reach ventilatory

acclimatization after chronic hypoxia exposure (31). A major regulator of glucose

consumption is the availability of oxygen, with glucose consumption being higher in
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hypoxic tissues (32–34). This suggests a potential link between oxygen sensing and PASK,

resulting in altered regulation of glucose metabolism.

In addition to knockout phenotypes, the identification of bona fide PAS kinase substrates is

critical to understanding its cellular role as well as contribution to metabolic disease. Four

mammalian PASK substrates have been reported, namely pancreatic duodenal homeobox-1

(Pdx-1), glycogen synthase (Gsy), eukaryotic translation elongation factor 1A1 (eEF1A1),

and ribosomal protein S6 (S6).

The mammalian substrate, Pdx-1, was identified by da Silva et al. as a direct in vitro

substrate for hPASK and there is evidence that hPASK also controls Pdx-1 expression

(23,29). Pdx-1 is an essential transcription factor found in β-cells that plays a key role in

regulating genes crucial for glucose sensing and insulin gene expression (35). Accordingly,

mutations in Pdx-1 have been associated with the development of MODY (36).

Glycogen metabolism is an important process that is tightly regulated to maintain proper

glucose and energy homeostasis. PAS kinase has been shown to negatively regulate Gsy, the

enzyme responsible for glycogen synthesis, in both yeast (37) and mammals (38). Rutter et

al. provided the first evidence by showing direct in vitro phosphorylation of yeast Gsy2, and

decreased Gsy activity in vivo (37). Wilson et al. then demonstrated the in vitro

phosphorylation of Gsy by mammalian PASK and provided in vivo evidence for its negative

regulation (38). Finally, Gsy was identified in a large scale peptide microarray assay for

hPASK substrates, along with other proteins central to glycogen metabolism and glycolysis

(27). Together, these results provide compelling evidence for conserved PASK-dependent

phosphorylation and regulation of Gsy.

The role of PAS kinase in glucose homeostasis is expanded in yeast through its well-

characterized substrate Ugp1 (UDP-glucose pyrophosphorylase). Ugp1 is responsible for the

production of UDP-glucose, which is the primary glucose donor for most glucose-dependent

cellular reactions. In yeast, the two major storage forms of glucose are glycogen and treha-

lose. Phenotypes associated with PAS kinase deficiency are centered on hyperaccumulation

of each of these storage molecules. Surprisingly, PAS kinase-dependent phosphorylation

does not affect the enzymatic activity of Ugp1 (39) but rather partitions UDP-glucose to be

used towards structural components at the expense of glycogen storage (22). PAS kinase-

deficient yeast accumulates excess glycogen in a phospho-Ugp1 dependent manner (37). In

addition, they are unable to grow on nonglucose carbon sources at high temperatures (i.e.,

Galactose, 39 °C) due to a defect in cell wall structural components (37,39). To determine

potential pathways that might be involved with the PAS kinase-deficient growth phenotype,

a high-copy suppressor screen was performed (37). A number of different genetic

suppressors were found including genes involved in glucose metabolism such as

phosphoglucomutase (PGM1, PGM2) and the glucose derepression gene SIP1, as well as

genes involved in translational control.

A role for PAS kinase in translational control is also suggested by both mammalian and

yeast substrates. Yeast and mammalian two-hybrid screening as well as copurification

studies identified translation elongation factor 1 alpha 1 (eEF1A1) as a binding partner of
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hPASK (40). hPASK phosphorylates eEF1A1, colocalizes in HeLa and sperm cells, and

increases translation efficiency. Additionally, Schlafali et al. show ribosomal protein S6 as

an in vitro and in vivo target of PAS kinase (27). Finally, several ribosomal proteins

appeared to be phosphorylated by PAS kinase in a high throughput screen [website

publication only (41)], further substantiating a role of PAS kinase in translational regulation.

S. cerevisiae has proved to be a valuable model organism in searching for PAS kinase

substrates, providing additional support for the role of PAS kinase in translation. The Caf20,

Tif11, and Sro9 proteins, all of which are involved in translational regulation, were shown to

be phosphorylated by Psk2 in vitro (37). In addition, when overexpressed, Psk2 is able to

rescue growth of a stm1 mutant, which encodes for translation initiation factor eIF4B (37).

The abundance of evidence from both yeast and mammalian studies strongly supports a role

for PAS kinase in the regulation of translation.

Besides glucose and translational regulation, recent studies have suggested the involvement

of yeast PAS kinase in the Target of Rapamycin TOR2 pathway (42). Tor2 is a well-studied,

essential nutrient responsive protein kinase that regulates growth and cell-cycle dependent

polarization of the actin cytoskeleton. A tor2ts mutant can be rescued by overexpression of

its downstream substrate Rho1, or Rho1 activating GDP/GTP exchange factors such as

Rom2 (43). In addition, overexpression of yeast PAS kinase, either Psk1 or Psk2, is also

able to suppress the tor2ts mutant (42). This suppression is dependent on the

phosphorylation of Ugp1, which forms a complex with Rom2. Although the downstream

pathways activated through this association are unknown, this suppression of the tor2ts

mutant supports novel roles for PAS kinase in the regulation of cell proliferation. Previous

studies indicate that activation of AMPK or mTOR signaling pathways was not dependent

on PASK function in mammalian cells (30). In contrast, recent studies show that knockdown

of PASK mRNA impairs AMPK and mTOR/S6K1 response to glucose in neuroblastoma

cells (24), supporting an overlap of PASK and TOR function.

Although numerous PAS kinase substrates have been identified, the in vivo effects of

phosphorylation of these proteins are largely unknown. In addition, these proteins are not

likely to explain the pleiotropic effects seen in PASK-deficient mice, including reduced

triglyceride accumulation and weight gain as well as increased metabolism and insulin

sensitivity. In looking for a consensus sequence for PAS kinase phosphorylation targets,

studies show that hPASK prefers basic residues at the −3 and −5 positions upstream of the

serine or threonine phosphoacceptor in substrate peptides (20), and shows a strong

preference for arginine at −3 position (20,27). The Ugp1 serine 11 phosphorylation site,

which is the one bona fide in vivo phosphorylation target of yeast PAS Kinase, matches this

consensus sequence found for hPASK, providing a basis for predicting in vivo

phosphorylation site preferences 20).

Conclusions

Nutrient sensing kinases play a critical role in controlling glucose metabolism by

simultaneously regulating interrelated metabolic pathways in response to glucose. Three

nutrient sensing kinases, AMPK, TOR, and PASK play key roles in proper glucose
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regulation. AMPK responds to cellular energy levels and upregulates energy producing

pathways while inhibiting energy consumption pathways [for a recent review see (44)]. TOR

responds to amino acids and other nutrients to regulate growth and proliferation [for a recent

review see (45)]. PAS kinase, the focus of this review, is regulated by glucose levels and is

necessary for glucose homeostasis. Integration of the AMPK, PASK, and TOR pathways

would link cellular energy status with glucose allocation and cell proliferation.

Recently, PAS kinase has been shown to integrate with the AMPK and TOR pathways in

both yeast and mammalian cells. In yeast, AMPK (SNF1) is necessary and sufficient for

Psk1 activation (22), and overexpression of either PSK1 or PSK2 rescues the tor2ts growth

defect (42). In mammalian cells, PAS kinase may integrate with the mTOR pathway through

phosphorylation of S6, a target of mTOR (27). The well-studied AMPK and mTOR

pathways are primary drug targets for the treatment of diabetes and cancer. Metformin, an

AMPK activator, has been the most commonly prescribed drug for the treatment of type 2

diabetes for almost 20 years and is currently in 60 clinical trials for treatment of a wide

variety of cancers [for a recent review see (46)]. mTOR inhibitors have also been shown to

be an effective treatment against a wide variety of cancers [for a recent review see (47)].

Since PAS kinase is regulated by AMPK and affects targets downstream of TOR in both

yeast and mammalian cells, it may prove to be a valuable nonessential target for the

treatment of diabetes and cancer. In support of PAS kinase as a therapeutic target, PAS

Kinase is implicated in the development of MODY (28), and phenotypes seen in the PASK-

deficient mice are directly related to development of obesity, diabetes, and cardiovascular

disease (30).

Despite its obvious importance, the molecular mechanisms behind PAS kinase function are

largely unknown, with few verified substrates reported. A better understanding of PAS

kinase regulation and function will not only increase our understanding of conserved, basic

pathways of metabolism, but may lead to novel therapeutic drug targets for the treatment of

metabolic disease.
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FIG 1.
Alignment of the PAS kinase PAS domain and kinase domain amino acid sequences from

various model organisms. The amino acid sequence from S. cerevisiae Psk1 (ScPsk1), S.

cerevisiae Psk2 (ScPsk2), D. melanogaster (DmPASK), G. gallus (GgPASK), B. taurus

(BtPASK), H. sapiens (HsPASK), P. troglodytes (PtPASK), R. norvegicus (RtPASK), D. rerio

(DrPASK), and M. musculus (MmPASK) were obtained from GenBank and aligned using

the Clustal Omega and Jalview software (49,50). The semiconserved phosphorylation loop

threonine is indicated by an asterisk. No discernable PASK homologs were found for the

model organisms A. thaliana, O. sativa, C. elegans, or A. mellifera. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIG 2.
A current model for PAS kinase regulation and function. The PAS domain binds to and

inhibits the kinase domain. Under activating growth conditions, such as growth that

stimulates respiration or cell integrity stress, a small metabolite (indicated by the star) may

bind the PAS domain, releasing it from the kinase domain. Auto or transphosphorylation

may also activate PAS kinase or stabilize transient metabolite activation. PAS kinase then

phosphorylates downstream targets to regulate glucose metabolism as well as cell

proliferation. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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TABLE 1

Cellular conditions known to activate PAS kinase in yeast and mammalian cells

Organism (cells) Activation pathway Cellular growth conditions Genetic modifiers Study

S. cerevisiae Cell integrity stress CW, CPZ, SDS, high temp (37 °C) WSC1OE (22)

Glucose repression Nonglucose carbon sources reg1
snf1

(22)

M. musculus (Min-6) High glucose High glucose (23)

hPASK In vitro Phospholipids In vitro assay (27)

Calcofluor white (CW) elicits cell wall stress, chlorpromazine (CPZ) elicits cell membrane stress while sodium dodecyl sulfate (SDS) elicits a
more general cell stress. Nonglucose carbon sources tested include ethanol, glycerol, galactose, and raffinose. Growth on these nonglucose carbon
sources as sole carbon source either requires or favors respiration in yeast, whereas high glucose favors high respiration rates in Min-6 cells. OE
stands for overexpression.
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TABLE 2

Phenotypes associated with PAS kinase in yeast, mice, and man

Organism Genotype Growth conditions Phenotypes Study

S. cerevisiae psk1− psk2− Galactose, 39 °C
Glucose (log and SP)

Growth inhibition
Glycogen hyperaccumulation
Trehalose hyperaccumulation

(37)

psk2− Galactose, 39 °C
Glucose (log and SP)

Limited growth
Intermediate glycogen hyperaccumulation
Intermediate trehalose hyperaccumulation

(37)

psk1− Glucose (log and SP) Intermediate glycogen hyperaccumulation
Intermediate trehalose hyperaccumulation

(37)

PSK2OEstm1− Glucose, 37 °C Rescues growth of stm1− mutant (37)

psk2−rom2− Glucose, 37 °C Exacerbates growth of rom2ts mutant (22)

PSK2OEtor2ts Glucose, 37 °C Overexpression rescues tor2ts (42)

PSK2OEUGP1OE Galactose, 37 °C Overexpression rescues UGP1OE toxicity (39,48)

M. musculus pask−/− 16 H fasting
Glucose (10 mM)
Insulin (20 mM)

Increased fasting plasma glucose and glucagon
Impaired inhibition of glucagon secretion
Decreased islet and whole pancreas insulin Increased glucagon secretion

(25)

hPASKOE Glucose (1 mM) Inhibited glucagon release in TC1–9 islets (25)

pask−/− Glucose (1 mM) Constitutive glucagon release in TC1–9 islets (25)

pask−/− Glucose (1mM)
High fat diet (45%)

Decreased insulin levels
Glucose tolerant
Insulin sensitive
Less weight gain
Hypermetabolic (higher O2 consumption, CO2 production and heat
generation)
Reduced liver triglyceride accumulation
Increased ATP production

(30)

pask−/− Acute hypoxia Higher hypoxic ventilatory response (31)

hPASK(KD)OE Decreased intracellular insulin in TC1–9 cells (25)

hPASK G1117E Hyperinsulin secretion in CD1 islets (28)

H. Sapiens hPASK G1117E MODY associated (28)

Log is log/exponential phase, SP is stationary phase, OE is overexpression and MODY is Maturity-Onset Diabetes of the Young.
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TABLE 3

Summary of PAS kinase substrates reported from studies of yeast and hPASK

Organism Substrate Evidence Study

S. cerevisiae
Ugp1
UDP-glucose Pyrophosphorylase

In vitro kinase assay with Psk2
PSK-dependent in vivo phosphorylation
UGP1-S11A mutant mimics psk1−psk2− mutant (22,37,39)

Caf20
Cap Associated Factor

In vitro kinase assay with Psk2 (39)

Tif11 (eIF1A)
Translation Initiation Factor

In vitro kinase assay with Psk2 (39)

Sro9
Suppressor of Rho3

In vitro kinase assay with Psk2 (39)

Gsy2
Glycogen Synthase

In vitro kinase assay with Psk2 (39)

H. sapiens Gsy
Glycogen Synthase

In vitro kinase assay with hPASK
Copurification

(38)

eEF1A1
Eukaryotic Translation Elongation Factor

Yeast and mammalian two-hybrid
Copurification
In vitro kinase assay with hPASK
Colocalization

(40)

S6
Ribosomal Protein S6

In vitro kinase assay with hPASK
In vivo phosphorylation assay

(27)

Pdx-1
Pancreatic Duodenal Homeobox-1

In vitro kinase assay with hPASK (29)

The protein abbreviation and description are given for each substrate.
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