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Abstract 1 

 2 

Potassium is a macroelement essential to many aspects of plant life, such as photosynthesis, phloem 3 

transport or cellular electrochemistry. Many enzymes in animals or microbes are known to be stimulated 4 

or activated by potassium (K+ ions). Several plant enzymes are also strictly K+-dependent, and this can 5 

be critical when plants are under K deficiency and thus intracellular K+ concentration is low. Although 6 

metabolic effects of low K conditions have been documented, there is presently no review focusing on 7 

roles of K+ for enzyme catalysis or activation in plants. In this mini-review, we compile the current 8 

knowledge on K+-requirement of plant enzymes and take advantage of structural data to present 9 

biochemical roles of K+. This information is instrumental to explain direct effects of low K+ content on 10 

metabolism and this is illustrated with recent metabolomics data.11 



3 

 

Introduction 12 

Potassium (K) is a major nutrient representing up to ≈5% of plant matter. K is essential for plant 13 

stomatal conductance and photosynthesis, phloem transport and cellular ion balance (Wang and Wu, 14 

2013). In many cultivated areas where K availability is naturally low, K fertilisation is required, 15 

representing a global market of $12.6 billion per year (More, 2020). K fertilisation is of importance for 16 

high K-demanding crops such as oil palm, since some tropical soil types are relatively K-poor and 17 

waterlogging can limit further K assimilation (Cui et al., 2019b). In the past decade, intense efforts have  18 

been devoted to understanding molecular response mechanisms to K deficiency. Low K sensing 19 

involves CBL1/9 (calcineurin B like 1/9) and CIPK23 (CBL interacting protein kinase 23) via a Ca2+ 20 

signal triggered by low K (Ródenas and Vert, 2020, Tagliani et al., 2020, Tang et al., 2020). CIPK23 in 21 

turn phosphorylates and activates the voltage-gated channel AKT1 (Lan et al., 2011, Sánchez-Barrena 22 

et al., 2020), and the transporter HAK5 (Ródenas et al., 2021) thereby enhancing K+ absorption. Other 23 

targets of CIPK23 include KUP4 (K+ uptake transporter) and the vacuolar channel TPK (two pores K+) 24 

(reviewed in Ródenas and Vert, 2020).  25 

Importantly, downstream events associated with low K conditions also include a reorchestration 26 

of metabolism, due to both indirect (regulatory mechanisms) and direct effects (use of K+ as a cofactor) 27 

of K+ scarcity. Indirect (regulatory) mechanisms seem to involve the central metabolic regulator mTOR, 28 

which interacts effectively with CIPK23 (Deng et al., 2020). Direct effects result from K+ being 29 

involved in the activation of a myriad enzymes with a wide range of functions, a phenomenon that has 30 

been recognized for a long time (Suelter, 1970). Of course, not all of the enzymes exhibit strict K+ 31 

dependency, since other monovalent cations such as Na+, Li+, Rb+, NH4
+ can replace K+ (Gohara and 32 

Di Cera, 2016). However, as noticed early on by (Miller and Evans, 1957), the replacement of K+ by 33 

other univalent cations on enzyme activation has generally been tested in vitro without considering 34 

natural ion concentrations in plant cells (where K+ is the major cation) or their physiological relevance 35 

(in particular, Rb+ and Li+ are not naturally present at significant concentration).  36 

K+ activates enzymes by providing proper ionic strength (medium effect) or participating 37 

somehow to catalysis (e.g. forming a proper electrostatic environment in the active site for reactants, 38 

with a K+-binding site) thus playing the role of a cofactor. In this case, K+ coordination to the enzyme 39 

benefits to enzyme-substrate interactions and catalysis via either (i) K+ direct contact with enzyme 40 

amino acid residues (like aspartate or glutamate) and/or the substrate within the active site, or (ii) 41 

binding to a separate site which in turn influences kinetic properties (Di Cera, 2006, Page and Di Cera, 42 

2006, Gohara and Di Cera, 2016). In the past years, some progress has been made in the role of ions in 43 

the structure of enzymes, especially from Mammals and bacteria, shedding light on molecular 44 

mechanisms of binding and activation by K+. For example, intense effort has been devoted to examining 45 

the well-known K+-dependence of pyruvate kinase or arginase, the activity of which is considerably 46 

affected under K deficiency (see below). In this mini-review, we briefly describe K+-dependent 47 

enzymes relevant for plant primary metabolism, mention the K+ requirement for translational activity 48 

by the protein synthesis machinery and summarize the impact of K+-dependence on metabolism when 49 

plants face low K availability, or K deficiency. Key K+-dependent enzymes of primary C, N or S 50 

metabolism are replaced in their metabolic context in Fig. 1. In what follows, we shall focus on enzymes 51 

that bind K+ and thus are affected by low K+ concentration. K+ binding sites of selected enzymes are 52 

compiled in Figs. 2 to 4. 53 

K+-dependent enzymes in catabolism 54 

Pyruvate kinase 55 
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In the glycolytic pathway, pyruvate kinase (EC 2.7.1.40) catalyses the conversion of 56 

phosphoenolpyruvate (PEP) and adenosine di-phosphate (ADP) to pyruvate and ATP. Pyruvate kinase 57 

from rat muscle is the first enzyme reported to be activated by K+ (Boyer et al., 1942, Lardy and Ziegler, 58 

1945). It was later demonstrated that the activity of this enzyme depends on univalent cations together 59 

with magnesium (Mg2+) or manganese (Mn2+) (Kachmar and Boyer, 1953, Mesecar and Nowak, 1997a, 60 

b). Pyruvate kinase from different plant species were also activated by K+, with activation effect of K+ 61 

saturating at about 50 mM (Miller and Evans, 1957, McCollum et al., 1958). The K+-dependence of 62 

pyruvate kinase across lineages has been reviewed previously, and with the exception of some 63 

prokaryotic forms, all pyruvate kinase forms require a monovalent cation for catalysis (Muñoz and 64 

Ponce 2003). First structural studies of pyruvate kinase from yeast complexed with a substrate analogue 65 

phospho-glycolate and catalytic metal ions, manganese (Mn2+) and K+, has revealed that K+ interacts 66 

closely with residues of the active site as well as substrates (Jurica et al., 1998). The structure of the 67 

enzyme with K+ has also been resolved recently in Plasmodium falciparum (Fig. 2a) (Zhong et al., 68 

2020). The active site of the enzyme is situated at the extremity of a β-barrel, and at least 5 oxygen 69 

atoms appear to be involved in the K+ coordination sphere: -OH groups of two Ser and one Thr, -COOH 70 

group of Asp and critically, the γ-phosphate group of ATP (which is also coordinated to Mg2+). This 71 

explains not only why K+ is essential for the structure of the active site but also for stabilisation of the 72 

product (ATP). Interestingly, the structure of the Na+-bound pyruvate kinase complex is similar to that 73 

with K+ (Larsen et al.,, 1997), while the kcat of pyruvate kinase with Na+ activation is about 8% only of 74 

that with K+ (Kayne, 1971), suggesting K+ either has function(s) other than the overall geometry of the 75 

active site, or that the active site is well suited for the ion radius of K+ and not Na+. 76 

Pyruvate dehydrogenase 77 

Pyruvate decarboxylase (subunit E1) together with dihydrolipoyl transacetylase (subunit E2) and 78 

dihydrolipoyl dehydrogenase (subunit E3) form the pyruvate dehydrogenase complex (PDC; EC 79 

1.2.4.1). PDC catalyses the conversion of pyruvate to acetyl-CoA and CO2 (coupled to the reduction of 80 

NAD+ to NADH). It links glycolysis to the citric acid cycle. High potassium concentration (100 mM 81 

KCl) can increase pyruvate decarboxylation activity by 50−100% compared to low K (5 mM KCl) (Lai 82 

and Sheu, 1985). A stimulating role of K+ in catalysis is supported by the fact that a pair of symmetrical 83 

K+ binding sites, similar to branched chain ketoacid dehydrogenase (see below), have been found in the 84 

crystal structure of human and bacterial pyruvate dehydrogenase subunit E1 (Ciszak et al., 2003, Frank 85 

et al., 2004, Kato et al., 2008). K+ plays a key role in structuring a loop between an α-helix and a β-86 

sheet. The two K+-binding sites are positioned perpendicularly to the substrate (thiamine binding sites) 87 

and are important for the overall conformation of the protein during catalysis.  88 

Succinyl-CoA thiokinase 89 

Succinyl-CoA thiokinase (EC 6.2.1.5 (ATP-dependent form) and EC 6.2.1.4 (GTP-dependent form); 90 

also known as succinyl coenzyme A synthetase, or succinate thiokinase) is an essential enzyme in 91 

tricarboxylic acid cycle catalysing the reversible conversion of succinyl-CoA to succinate. It requires 92 

Mg2+ and is also activated by univalent cations, with K+ being the most effective (Bush, 1969, Besford 93 

and Maw, 1976). K+ appears necessary to facilitate magnesium binding and promote the reaction in the 94 

forward direction (succinyl-CoA cleavage to succinate, producing GTP in animals or ATP in plants) 95 

(Lynn and Guynn, 1978). Since K+ binds succinate and succinyl-CoA very weakly, these old kinetics 96 

studies suggest that K+ rather binds an enzyme amino acid residue and/or phosphate groups of the 97 

nucleotide. To date, only two structures with K+ are available and are associated with the (GDP-98 

dependent) pig enzyme (Fraser et al., 2006). K+ binds to the enzyme at a site that is different from that 99 



5 

 

binding Mg2+ and appears to coordinate phosphate groups of GTP as well as an aspartate residue of the 100 

protein (Asp 220). Therefore, K+ seems to play an important role in stabilizing the formation the product 101 

(GTP) and thus to facilitate the equilibrium towards succinate + CoA-SH + GTP. 102 

Asparaginase 103 

The K+-dependence of asparaginase is now very well documented. Asparaginase (EC 3.5.1.1) is an 104 

important enzyme for nitrogen metabolism since asparagine contains a high N-to-C ratio (one of the 105 

highest after arginine) and thus plays the role of a major nitrogen transport and storage compound in 106 

many higher plants, especially in carbon-limiting conditions or in Legumes (Lam et al., 1995, Lea et 107 

al., 2007). In leaf phloem exudates of Arabidopsis, from dark-grown or dark-adapted plants, asparagine 108 

is the major amino acid exported (Schultz, 1994). Asparagine is hydrolysed by asparaginase into 109 

aspartate and ammonia, and the latter can be subsequently reassimilated by glutamine synthetase thus 110 

forming glutamine. Therefore, it has been proposed that asparaginase play an important role in 111 

providing nitrogen to sink tissues including under N deficiency conditions, by processing asparagine 112 

into available ammonium (Curtis et al., 2018). Accordingly, asparaginase gene expression is mainly 113 

observed in developing tissues including apical meristems, expanding leaves, inflorescences and seeds 114 

(Grant and Bevan, 1994, Lea et al., 2007). Two classes of asparaginase exist in plants: K+-dependent 115 

and K+-independent. The presence K+-dependent asparaginase was first shown in developing seeds of 116 

various plant species (Sodek et al., 1980). In the absence of K+, asparaginase activity was hardly 117 

detectable in cotyledons and/or testa of Pisum sativum, Pisum arvense, Phaseolus multiflorus, Lupinus 118 

albus, L. mutabilis and Zea mays (Sodek et al., 1980). In these species, K+ activation of asparaginase 119 

saturated at about 20 mM. Na+ can activate asparaginase as well but it is much less effective, since 27 % 120 

only of enzyme activity can be achieved (relative to that with K+) in the testa of Pisum sativum (Sodek 121 

et al., 1980). In Arabidopsis, recombinant K+-dependent asparaginase (encoded by At3g16150) displays 122 

80-fold higher catalytic efficiency with asparagine than that of the K+-independent isoform (encoded 123 

by At5g08100), suggesting the former may metabolize asparagine more effectively in planta (Bruneau 124 

et al., 2006).  125 

The mechanistic basis of K+ activation in asparaginase catalysis has been studied in detail 126 

with the French bean (Phaseolus vulgaris) enzyme. Two studies using recombinant K+-dependent 127 

asparaginase PvAspG1 from Phaseolus vulgaris showed that the addition of K+ leads to an increase in 128 

the apparent Vmax and a decrease in the apparent Km, although the two studies exhibit numerical 129 

differences in fold changes of Vmax and Km (Bejger et al., 2014, Ajewole et al., 2018). Overall, K+ 130 

increases more than ten-fold the catalytic efficiency of PvAspG1 (Bejger et al., 2014, Ajewole et al., 131 

2018). Crystal structures of PvAspG1 in the presence of K+ or/and Na+ revealed the mechanism of 132 

requirement of K+ for activation of enzyme (Bejger et al., 2014). There are four metal binding sites in 133 

PvAspG1 with two in stabilization loops (residues Leu58–Arg68) and two in activation loops (residues 134 

Val111–Ser118). One of the loops is also present in K+-independent asparaginases (“stabilization” 135 

loop), while the latter is not (“activation” loop). K+ binding sites are outside the enzyme active site, 136 

suggesting the activation of K+ is not via K+ facilitating direct interaction of the active site with 137 

substrates. The binding of Na+ or K+ in the stabilization loop does not influence the enzyme active site, 138 

consistent with the fact they are present in both K+-dependent and -independent asparaginases. The 139 

enzyme active site is located between the two loops.  140 

K+ binding in the activation loop (illustrated in Fig. 2b) changes the conformation, thereby 141 

allowing the binding or anchoring reaction substrate/products in the active site (by contrast, Na+ binding 142 

does not allow such a motion). The importance and sufficiency of the activation loop for K+ activation 143 
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of plant asparaginase is also supported by the effect of mutating Ser 118 to Ile in the K+-dependent 144 

asparaginase (PvAspG1) or the corresponding residue (Ile-117) to Ser in the K+-independent 145 

asparaginase (PvAspGT2) (Ajewole et al., 2018): in fact, changing Ile-117 in PvAspGT2 to Ser results 146 

in turning PvAspGT2 into a K+-dependent asparaginase with catalytic efficiency increased 45-fold in 147 

the presence of K+. Conversely, changing Ser to Ile in PvAspG1 abolishes K+ activation. 148 

Branched-chain α-keto acid dehydrogenase 149 

The branched-chain α-keto acid dehydrogenase complex (BCKDC; EC 1.2.4.4) is involved in the 150 

catabolism of branched-chain amino acids (isoleucine, valine, and leucine). The activity and stability 151 

of BCKDC from rat liver strictly depends on K+ (Shimomura et al., 1988). The presence of four K+ 152 

binding sites has been shown in the crystal structure of human branched-chain α-keto acid 153 

dehydrogenase (BCKD) (Ævarsson et al., 2000); Wynn et al., 2004). BCKD is one of the subunits of 154 

BCKDC and resembles E1 of PDC. Two K+ binding sites are perpendicular to thiamine binding sites 155 

and are very similar to that found in E1 of PDC. The two other K+ binding sites are nearly in the same 156 

plane as thiamine binding sites at about 10 Å only. Here, K+ maintains a loop (that comprises Thr 166 157 

that coordinates K+) that faces directly bound thiamine, and this allows good positioning of Leu 164 158 

and Ser 162 side chains, which bend towards thiamine. Unsurprisingly, impeding K+ binding by 159 

mutating the K+ binding site (using a Thr 166-to-Met mutant) in human BCKD results in total loss of 160 

enzyme activity (Wynn et al., 2001). 161 

K+-dependent enzymes in sugar metabolism 162 

Fructose-1,6-bisphosphatase 163 

Fructose 1,6-bisphosphatase (EC 3.1.3.11) is a key enzyme in glycolysis and catalyses the hydrolysis 164 

of D-fructose 1,6-bisphosphate to D-fructose 6-phosphate and inorganic phosphate. K+ functions as an 165 

activator of the enzyme. In fact, it has been shown that K+ increases maximal velocity (Vmax) of 166 

mammalian fructose 1,6-bisphosphatase (Hubert et al., 1970). Crystallographic structures of the enzyme 167 

from pig showed that three K+ binding sites are present in each subunit, thus leading to a stoichiometry 168 

of twelve K+ ions per homotetramer (Villeret et al., 1995). K+ helps structuring the active site (which is 169 

close to the interface between subunits) since it binds Asp and Glu residues (Fig. 2c). Also, using a 170 

fructose 1,6-bisphosphate analogue (2,5-anhydro-1,6-di-O-phosphono-D-glucitol, APG), it was found 171 

that a phosphate group of APG directly participates in the coordination sphere of K+. A similar structure 172 

has been found in the enzyme of Leishmania crystallised with K+ and inorganic phosphate (Yuan et al., 173 

2017). These results strongly suggest that K+ facilitates the nucleophilic attack on the phosphorus centre 174 

and thus allows cleavage of the phospho-ester during catalysis. 175 

Starch synthase 176 

Th K+-dependence of starch synthase (EC 2.4.1.21) is critical for plant metabolism. In fact, starch is 177 

one of the most important storage carbohydrate in plants, in particular in leaves, where the degradation 178 

of transitory starch provides carbon and energy to support sucrose export and plant growth at night 179 

(Graf and Smith, 2011). Also, in starchy seeds, it provides carbon and energy for germination and 180 

seedling establishment (Zeeman et al., 2010). Starch synthase catalyses the biosynthesis of starch by 181 

adding glucose from ADP-glucose to the pre-existing glucose chains via α-1,4-linkage (glycosyl-182 

transferring activity). K+ stimulates the activity of starch synthase from a wide range of plants including 183 

maize, Legumes (bush beans, peas, soybeans), wheat, and potatoes (Nitsos and Evans, 1969). The 184 

optimum K+ concentration for starch synthase activity is equivalent to concentrations normally found 185 
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in plant cells, about 75-100 mM (Nitsos and Evans, 1969). Na+ and Li+ can also activate starch synthase 186 

but are less effective than K+. Surprisingly, the mechanism of potassium activation is still rather unclear. 187 

Crystal structures of starch synthase from Arabidopsis, the glaucophyte Cyanophora paradoxa and 188 

barley (Hordeum vulgare) have been resolved (Cuesta-Seijo et al., 2013, Nielsen et al., 2018), but these 189 

proteins were crystallized in the absence of K+, thereby no structural direct information about the role 190 

of K+ can be obtained for these structures. A very similar enzyme, glycogen synthase from Pyrococcus 191 

abyssi, has been crystallised with K+ (Diaz et al., 2011). Three K+ ions have been found, among which 192 

two are at the protein surface, and one coordinated to a Glu residue (Glu 339). When superposed to the 193 

structure of glycogen synthase from E. coli crystallised with glucose (Sheng et al., 2009), it appears 194 

clearly that K+ binds within the active site at a very close distance of glucose, and thus is probably 195 

involved (along with Mg2+ or Mn2+) in the coordination of phosphate groups of the ADP moiety of 196 

ADP-glucose, thus facilitating catalysis (Fig. 3). 197 

β-amylase 198 

Starch degradation plays important roles in plant growth and development and in the stress response 199 

(Lloyd et al., 2005, Sulpice et al., 2009, Zeeman et al., 2010, Streb and Zeeman, 2012). A series of 200 

enzymes mediates the degradation of starch, among which β-amylase (BAM; EC 3.2.1.2) is crucial 201 

(Stitt and Zeeman, 2012). BAM is an exohydrolase, hydrolyzing the α-1,4 glucosidic linkage of starch 202 

from non-reducing ends to liberate successive β-maltose units. BAM2 is one of the nine BAMs in 203 

Arabidopsis (Monroe and Storm, 2018). BAM2 was initially shown to have negligible activity without 204 

K+ (Fulton et al., 2008, Li et al., 2009), and Monroe et al., (2017) demonstrated that BAM2 requires K+ 205 

for activity with maximal activity, at 80 mM and above. That is, the use of β-amylase assays without 206 

addition of salts in previous reports probably explains the observed low activity of BAM2. Other 207 

univalent cations such as Li+, Na+, Rb+ and Cs+ have a similar effect as K+. In addition, monovalent ions 208 

are not present in any crystallized plant BAMs (where the active site residues are well-conserved across 209 

species). These led Monroe et al., (2017) to propose that the role of K+ may be limited to providing 210 

sufficient ionic strength for BAM2 activity. Still, it is possible that K+ forms part of the enzyme 211 

structure: K+ may not bind to the active site, like other K+-activated enzymes that are stimulated by K+-212 

binding outside the active site (Gohara and Di Cera, 2016). This is typically the case for asparaginase 213 

(discussed above), where K+ binding to the activation loop affects the overall conformation of enzyme 214 

thereby affecting catalytic activity (Bejger et al.,, 2014). Also, the absence of ion(s) in published BAMs 215 

crystal structures may not be representative of the situation in BAM2, which requires K+ for maximal 216 

activity. Future studies of the crystal structure of BAM2 in the presence of univalent cations will shed 217 

light on whether K+ forms part of the structure of BAM2 or simply provide ionic strength. 218 

K+ dependency in methylation: S-adenosylmethionine synthase 219 

S-adenosylmethionine (SAM) is the major methyl donor in myriads biochemical reactions, such as 220 

DNA methylation, or phospholipid synthesis. In addition, SAM functions in the aminopropylation 221 

pathway and transulfuration pathway (S assimilation) which are involved in the synthesis of polyamines 222 

and glutathione, respectively. This pathway is in turn of importance under K+ deficiency since low K 223 

availability leads to polyamine accumulation and affects sulphur metabolism (Cui et al., 2020; Cui et 224 

al., 2021). The formation of SAM from methionine and ATP is catalysed by SAM synthase (EC 2.5.1.6; 225 

also referred to as methionine adenosyltransferase), which absolutely requires K+ (Mudd and Cantoni, 226 

1958). The study of the crystal structure of E. coli SAM synthase in the presence of an ATP analogue 227 

and methionine, Mg2+ and K+ has shown that K+ is present in the active site and plays a key role in 228 

maintaining the active site geometry (Komoto et al., 2004). In fact, K+ is coordinated to two acidic 229 
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residues (Asp 238 and Glu 42) as well as phosphate groups of pyrophosphate (often abbreviated as PPi) 230 

coming from ATP, as suggested by the proximity to the PPi analogue (diphosphono)aminophosphonic 231 

acid (Fig. 4a). The structure of the plant enzyme has been resolved recently in Medicago truncatula 232 

(Sekula et al., 2020). Homologous acidic residues are present (Asp 249, Glu 46) and the position of the 233 

potential substrate binding pocket might accommodate a coordination bond of the -COOH group of 234 

SAM with K+ or, like in the bacterial enzyme, PPi coordination to K+ (Fig. 4b). Although the specific 235 

role of K+ during catalysis remains to be established, its strategic position at the centre of the active site 236 

and coordination to PPi suggests that it facilitate ATP cleavage and thus the formation of the C-S bond 237 

to form SAM. 238 

K+ requirement for protein synthesis 239 

K+ is required for protein synthesis (Blaha et al., 2000). In plants, K+ has been shown to be required 240 

both in vitro (ribosome-mediated GTP hydrolysis), and in vivo (15N-incorporation into proteins) protein 241 

synthesis (Amberger, 1975). As such, when plants are under K-deficient condition, protein synthesis is 242 

disturbed despite high nitrogen (N) availability. As a result, protein precursors such as amino acids, 243 

amides and nitrate accumulate (Armengaud et al., 2009, Wang et al., 2012), and K+ deficiency tends to 244 

inhibit nitrogen assimilation. Similarly, in E. coli, it has been first suggested that decreased cell K+ limits 245 

the rate of cell growth by a specific effect on protein synthesis (Lubin and Ennis, 1964). In fact, K+ is 246 

primarily required for ribosome structure: hundreds of potassium ions have been shown to be present 247 

in Thermus thermophilus 70S ribosomes structure and many were in crucial positions within the 248 

ribosome such as codon-decoding and peptidyl transferase domains (Rozov et al.,, 2019). K+ ions 249 

associated with ribosomes are believed to be essential to stabilize mRNA binding so as to maintain 250 

the correct frame position during elongation, stabilize tRNA ligands, and reinforce rRNA–protein 251 

interactions (Rozov et al., 2019).  252 

Direct consequences for metabolism 253 

The effect of low K+ availability on metabolism has been examined for a long time, with the discovery 254 

of typical metabolites accumulated under K deficiency, like putrescine (which was found decades ago). 255 

However, the analysis of the broad picture is relatively recent, with detailed metabolomics analyses in 256 

Arabidopsis (Armengaud et al., 2009), sunflower (Cui et al., 2019a) and oil palm (Cui et al., 2019b). 257 

To date, oil palm is certainly the best characterized species for the description of metabolomics under 258 

K deficiency, including the interaction with plant age (Cui et al., 2019b). A summary of metabolomics 259 

results is provided in Fig. 5 and metabolic pathways are shown in Fig. 6. As mentioned above in the 260 

Introduction, some of the effects of low K conditions on metabolism are due to the direct effect of 261 

decreased K+ concentration in the cytosol, which has effectively been shown to be lower (Armengaud 262 

et al., 2009). These direct effects will be discussed here since they illustrate the K+-dependency of 263 

enzymes described above. 264 

The most important effect seems to be on pyruvate kinase activity, leading to a restriction of 265 

the flux through glycolysis. This leads to the induction of alternative pathways: PEP carboxylation to 266 

oxaloacetate, reduction to malate and malate decarboxylation to pyruvate (in Arabidopsis), or 267 

parapyruvate shunt (in oil palm). In addition, the restriction on succinate thiokinase leads to an increase 268 

in citrate metabolism, with the accumulation of itaconate and/or citramalate produced from aconitate. 269 

As a result, several organic acids of the Krebs cycle tend to accumulate, and they appear in the cluster 270 

of metabolites generally more abundant under low K (group B, Fig. 5a). It is possible that aconitase 271 

itself is impacted by low K+ conditions via oxidative stress and possible production of NO and H2O2 272 
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which are both aconitase inhibitors (in practice, they inhibit the second step of the reaction, preventing 273 

aconitate from being converted to isocitrate, thereby causing aconitate build-up). An important direct 274 

effect of low K conditions also concerns sugar metabolism. First, starch degradation is slowed down 275 

due to β-amylase K+-dependency and thus starch content in leaves tends to be higher. In oil palm, the 276 

increased starch content is the most visible symptom of K deficiency in leaflet sugars (major soluble 277 

sugars are not significantly affected) (Fig. 5b). Conversely, there is a very clear impact on soluble sugars 278 

in oil palm rachis, suggesting a decrease in phloem movement velocity (Fig. 5b). This is a consequence 279 

of the well-known dependence of active transport driven by both H+ and K+ across phloem cell 280 

membranes (Dreyer et al., 2017). This restriction leads to the induction of raffinose and galactose 281 

metabolism in leaflet, which represents an alternative pathway to export sugars (group B, Fig. 5a; and 282 

top reactions, Fig. 6). Finally, the well-known low K biomarker, putrescine, is accumulated due to the 283 

induction of arginine decarboxylase (Arabidopsis) and/or ornithine decarboxylase (other species). The 284 

accumulation is also maybe caused by the inhibition of SAM synthase (discussed above), since SAM 285 

is required to convert putrescine into other polyamines (spermidine, spermine). 286 

Conclusions and perspectives 287 

Taken as a whole, several enzymes that are crucial for primary carbon and nitrogen metabolism depend 288 

on K+. The requirement for K+ of enzyme catalysis participates in explaining the multiple effects of K+ 289 

deficiency. However, several aspects are still awaiting further clarification, such as specific mechanisms 290 

of K+ activation in enzymes where available crystal structure do not comprise K+ ions (like BAM2 in 291 

Arabidopsis). Also, uncertainty remains as to whether enzymes that do not depend on K+ for catalysis 292 

nevertheless require K+ in the reactional medium to provide the proper electrostatic environment (ion 293 

strength effect). Also, potential isotope fractionation in K+ binding is not documented yet. In fact, 294 

potassium is present in the form of three natural stable isotopes, 39K (93.26%), 40K (0.01%) and 41K 295 

(6.73%). It is well-known that K+ coordination and crystallisation in minerals fractionate between K 296 

isotopes, with changes in δ41K (41K natural abundance) of about 1‰ between minerals and seawater 297 

and furthermore, weathering of silicates fractionates between K isotopes (Li et al., 2019). In plants, in 298 

has been recently shown that tissues are 41K-depleted compared to the nutrient solution, suggesting a 299 

fractionation of about 0.8‰ during K uptake by roots (Christensen et al., 2018). It is also likely that K+ 300 

coordination in enzyme active sites also fractionates between isotopes since it involves desolvation and 301 

formation of K+---O– bonds (typically with Glu or Asp residues). The knowledge of 39K/41K isotope 302 

effect in K+ binding by enzymes would not only help to understand the isotope composition in plants, 303 

but also provide insights on the chemical mechanism of K+ strong binding by active sites. 304 
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Figure 1. Overview of K+-requiring enzymes in metabolic pathways. Plant enzymes that were shown 
to require K+ are shown in green boxes. Enzymes in blue boxes are ubiquitously present in animals, 
bacteria and plants and were shown to require K+ for activation in animal or bacteria but K+ activation 
has not yet been shown experimentally in the plant enzyme. Abbreviations: ASNase, asparaginase; 

BAM, β-amylase; BCAT, branched-chain aminotransferase; BCKDC, branched-chain α-keto acid 
dehydrogenase complex; FBPase, fructose 1,6-bisphosphatase; PDC, pyruvate 

dehydrogenase complex; SAMS, S-adenosylmethionine synthetase (also known as methionine 
adenosyltransferase); SCS, succinyl-CoA thiokinase (succinyl coenzyme A synthetase). 
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Figure 2. Potassium binding sites in pyruvate kinase, asparaginase and fructose 1,6-

bisphosphatase. Enzyme structures shown here are (a) pyruvate kinase from Plasmodium falciparum 
(PDB number 6KSH) bound to ATP, Mg2+, K+ and oxalate, (b) asparaginase from French bean 
(Phaseolus vulgaris) bound to aspartate and K+ (4PU6) and (c) fructose 1,6-bisphosphatase from pig 
(Sus scrofa) bound to AMP, 2,5-anhydro-1,6-di-O-phosphono-D-glucitol (APG; fructose 1,6-
bisphosphate analogue) and K+ (1FPI). Note that in the latter, the potassium binding site comprises 
three K+ ions. Amino acid residues involved in K+ binding are indicated in ellipses. This figure has been 
generated using structures published in (Zhong et al., 2020, Bejger et al., 2014, Villeret et al., 1995). 
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Figure 3. Superposition of glycogen synthase structures, from E. coli (PDB number 2QZS, green) 
with that from Pyrococcus abyssi (PDB number 3L01, grey). The region of ADP binding is shown with 
a dotted red ellipse, and glucose (Glc) position appears as a dark turquoise ball. The K+ ion appears as 
purple disc. In the enzyme, it is probably coordinated not only to Glu 339 (which would appear just 
behind Glc in this representation) but also a phosphate group of ADP, which is at a short distance of a 
few Å. Small red balls represent solvent water. This figure has been generated using structures published 
in (Sheng et al., 2009, Diáz et al., 2011). 
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Figure 4. Comparison of K+ binding sites in SAM synthase: structure of the bacterial (Escherichia 

coli) enzyme (a) and the plant enzyme (Medicago truncatula) (b). The plant enzyme (PDB number 
6VCW) has been crystallized without K+ and the presumed site based on homologous amino acid 
residues is shown (potential position of K+ labelled with a question mark). SAM has been added to the 
structure to show its hypothetical position. Homologous aspartate and glutamate residues essential for 
K+ binding are shown with ellipses. In both enzymes forms, the active site is situated between the 
extremity of a β sheet and a loop. The bacterial enzyme is bound to (diphosphono)aminophosponic acid 
(DPAP), which is an analogue of the leaving phosphate groups during the reaction of SAM synthesis 
from ATP. This figure has been generated using structures published in (Komoto et al., 2004, Sekula et 
al., 2020). 
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Figure 5. Metabolic effects of K availability: example of oil palm (Elaeis guineensis) leaves. Heat 
map showing leaflet metabolites significantly (P<0.01, two-way ANOVA) affected by K availability 
(a), and absolute content of sugars (in both leaflet and rachis) (b), in 11-month saplings. In (b) asterisks 
stands for statistical significance (P<0.01). In (a), note the important effect of sapling age on many 
metabolites (in particular group C where the effect of K varies with age). Groups A and B gather 
metabolites that are generally more (less) abundant at high (low) K availability, respectively. In (b), 
note the modest effect of K (only significantly more starch at low K) while the K effect on rachis 
concerns all soluble sugars showing the impact on sugar export from leaves. Redrawn from source data 
in Cui et al., 2020. 
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Figure 6. Summary of low K effects on metabolic pathways. This figure summarizes metabolic 
effects in oil palm, which is the best model plant documented so far by metabolomics under low K. In 
particular, in this species, pyruvate synthesis is achieved via parapyruvate while in Arabidopsis, it 
probably involves PEP carboxylase and malic enzyme. Key steps affected by K are shown in green. In 
addition to enzymes discussed in the present paper, export of sucrose and glucose, which depends on 
H+/K+ transport, is shown in green as being affected by low K. In red, metabolites that are more 
abundant at low K, in blue, metabolites less abundant at low K. The five most important effects of low 
K are: increase in polyamines metabolism (putrescine), alteration of sugar export and starch degradation 
leading to starch, raffinose and myoinositol accumulation; reconfiguration of the oxidative pentose 
phosphate pathway; changes in catabolism alleviating the inhibition of pyruvate kinase and Krebs cycle 
enzymes (aconitase, succinate thiokinase); and stimulation of tyrosine metabolism, which consumes 
PEP. Abbreviations: Aco, aconitase; Arg, arginine; CBB, Calvin Benson Bassham cycle; L-DOPA, L-
3,4-dihydroxyphenylalanine; E4P, erythrose 4-phosphate; F6P, fructose 6-phosphate; G6P, glucose 6-
phosphate; Gal, galactose; Glc, glucose; Glu, glutamate; Lac, lactose; OPPP, oxidative pentose 
phosphate pathway; Orn, ornithine; P2C, pyrrole-2-carboxylate; PEP, phosphoenolpyruvate; Pi, 
inorganic phosphate; PK, pyruvate kinase; Pro, proline; SCS, succinate thiokinase. Pathways that are 
certainly up-regulated appear in red. 

 

 

CHLOROPLAST

Triose phosphates E4PTriose phosphates

glycolysis

PEP PEP

Tyrosine

shikimate-

arogenate pathway

Tyrosine

Tyramine
L-DOPA

Dopamine

PyruvateAcetyl-CoA

Tricarboxylic

acid pathway

Citrate

2OG

Malate

Fumarate

Homovanillate

Acetoacetate

C5 branched

acid pathway

Parapyruvate

Hexose phosphates

Myoinositol

Sucrose

Raffinose

Aco?

PK

Homogentisate

Glu

Orn

Arg

Putrescine

Pro P2C Prolinol

Glycerol-3-phosphate

OPPP

2-oxoglyconate

Hexose 

phosphates

Starch

G6P, F6P

G6P, F6P

4-hydroxyphenylpyruvate

α-tocopherol

Citramalate

export

UDP-Gal

Galactinol

Lac

Gal
Glc

6-phosphogluconate

Pentoses

Pentitols

Galactitol

CBB cycle

FBPase

Phloem ion balance

CYTOSOL and MITOCHONDRIA

Phloem ion balance

Starch degradation

SCS




