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 20 

Highlights 21 

 Petroselinum crispum (parsley) SDH follows an ordered reaction mechanism with 22 

three dead-end complexes. 23 

 Gallic acid and quinate are not direct bypass products of parsley SDH. 24 

 Tannic acid, chlorogenic acid, and caffeic acid effectively inhibit SDH. 25 

 Parsley SDH also forms protocatechuic acid in an irreversible reaction. 26 
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Abstract  27 

Inhibitors of the shikimate pathway are widely used as herbicides, antibiotics, and anti-28 

infectious drugs. However, the regulation of the shikimic pathway is complex, and little is 29 

known about the feedback regulation of the shikimate dehydrogenase (SDH, EC 1.1.1.25) in 30 

plants. Thus, the aim of this study was to elucidate the kinetic mechanism of SDH purified 31 

from the root of Petroselinum crispum (parsley), to determine all possible reaction products 32 

and to identify phenylpropanoid compounds that affect its activity. Our results showed that 33 

the bisubstrate reaction catalyzed by P. crispum SDH follows a sequential ordered 34 

mechanism, except for three dead-end complexes. The main and lateral reactions of SDH 35 

were monitored by mass spectrometry, thereby detecting protocatechuic acid as a byproduct. 36 

Gallic acid was formed non-enzymatically, whereas quinate was not detected. Several 37 

polyphenolic compounds inhibited SDH activity, especially tannic, caffeic and chlorogenic 38 

acids, with IC50 0.014 mM, 0.15 mM, and 0.19 mM, respectively. The number of hydroxyl 39 

groups influenced their inhibition effect on SDH, and p-coumaric, t-ferulic, sinapic, syringic 40 

and salicylic acids were less effective SDH inhibitors. Nevertheless, one branch of the 41 

phenylpropanoid pathway may affect SDH activity through feedback regulation. 42 

 43 

Keywords: Petroselinum crispum; Apiaceae; chlorogenic acid; dehydroshikimate; gallic acid; 44 

hydroxycinnamic acids; simple phenols; tannic acid. 45 

 46 

Abbreviations: AMP, 2-amino-2-methyl-1-propanol; DHD, 3-dehydroquinate dehydratase 47 

DHS, 3-dehydroshikimate; DHQ, 3-dehydroquinate; GA, gallic acid; PCA, protocatechuic 48 

acid; SA, shikimic acid; SDH, shikimate dehydrogenase; QA, quinate. 49 

  50 
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1. Introduction 51 

The shikimate pathway is well known for the synthesis of aromatic amino acids in bacteria, 52 

fungi, apicomplexan parasites, and plants. In turn, this pathway is absent in animals. For this 53 

reason, inhibitors of individual enzymes were identified as antimicrobial agents and 54 

herbicides (Carrington et al., 2018; Deng and Lu, 2017; Tzin and Galili, 2010). The key 55 

enzyme of the shikimate pathway is shikimate dehydrogenase (SDH, EC 1.1.1.25). In plants, 56 

SDH is a bifunctional enzyme that catalyzes steps three and four. The N-terminal domain 57 

functions as 3-dehydroquinate dehydratase (DHD, EC 4.2.1.10), the C- terminal domain 58 

catalyzes the reduction of 3-dehydroshikimate (DHS) to shikimate (SA) in the presence of 59 

NADPH. The regulation of the shikimate pathway in plants is more complex than in bacteria 60 

and yeast (Carrington et al., 2018; Deng and Lu, 2017; Heldt et al., 2011; Tzin and Galili, 61 

2010). The products of the shikimate pathway include not only phenylalanine, tyrosine, and 62 

tryptophan but also a wide range of polyphenolic compounds, such as phenolic acids, lignans, 63 

lignin, flavonoids, stilbenes and tannins. These compounds can protect plants against 64 

oxidative stress and UV radiation, impregnate cell walls and have antimicrobial properties. 65 

Thus, secondary metabolites are often synthetized and accumulated in plants in response to 66 

various stress conditions and can be associated with increased SDH activity (Belonoznikova 67 

et al., 2020; Cabane et al., 2004; Hyskova et al., 2017; Kovacik et al., 2009; Moura et al., 68 

2010). 69 

Another reaction catalyzed by SDH was proposed in walnut (Juglans regia) and Escherichia 70 

coli, in which 3-DHS was identified as the substrate of SDH in the presence of NADP. In the 71 

proposed SDH reaction mechanism, 3-DHS is oxidized to 3,5-didehydroshikimate, and gallic 72 

acid is formed after enolization, thereby continuously generating both shikimate and gallic 73 

acid (Muir et al., 2011). Therefore, this reaction is important for plants such as grapevine 74 
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(Vitis vinifera) that produce derivates of gallic acid, epicatechin 3-gallate and β-glucogallin, 75 

(Bontpart et al., 2016).  76 

Guo et al. (2014) and Tahara et al. (2021) also described the synthesis of quinate (QA) from 77 

3-dehydroquinate (DHQ) by DHD/SDH from poplar (Populus trichocarpa), and from 78 

Eucalyptus camaldulensis, respectively. However, only some members of the gene family 79 

catalyzed this reaction in which NADH is used for reduction instead of NADPH (Guo et al., 80 

2014; Tahara et al., 2021). These reactions were described in plants with more than one gene 81 

for DHD/SDH, which could be separated into groups with “classical” SDH activity and 82 

groups that produce quinic acids (Bontpart et al., 2016; Guo et al., 2014; Muir et al., 2011). 83 

Moreover, another SDH side reaction – DHS dehydration to protocatechuic acid (PCA) – is 84 

also considered (Bontpart et al., 2016; Muir et al., 2011). 85 

As with other enzymes of the shikimate and phenylpropanoid pathways, SDH is localized in 86 

chloroplasts where the reducing equivalents of NADPH and ATP from photosynthesis are 87 

available. On the other hand, in non-photosynthetic plastids, the reducing equivalents of 88 

NADPH required for synthetic pathways are provided by the oxidative pentose phosphate 89 

cycle, i.e., glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase 90 

(Esposito et al., 2003). Although the shikimate pathway is a very important metabolic flow in 91 

plants, the regulation of its key enzyme (SDH) by phenylpropanoid compounds and possible 92 

SDH products are less studied, especially in non-photosynthetic tissues. 93 

Considering the above, this study aimed to find a plant source with naturally high SDH 94 

activity and to study the kinetic properties of SDH from non-photosynthetic tissue. Root 95 

tissue of Petroselinum crispum (Mill.) Fuss (Apiaceae) (parsley) was identified as suited to 96 

this purpose. The mechanism of reaction was characterized in both directions, thus gaining 97 

insights into dead end complexes involved in the regulation of SDH activity. The effect of 98 
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phenolic compounds as potential inhibitors was tested, and the results show that not only 99 

tannic acid but also caffeic acid and chlorogenic acid function as SDH strong inhibitors. 100 

2. Results  101 

2.1. Characterization of P. crispum root SDH: typical high pH optimum and 61.5 kDa 102 

molecular weight  103 

SDH activity was screened in crude extracts from 8 different vegetables. Onion and 104 

broccoli crude extracts had low SDH activity, whereas crude extracts from P. crispum root 105 

and zucchini were identified as the richest sources of SDH among all plants tested. A high 106 

SDH activity per gram of fresh weight correlates with a low total phenolics content and vice 107 

versa (Fig.1). SDH was purified by ion exchange and gel chromatography from P. crispum 108 

(Petroselinum crispum) root to a final specific activity of 470 ± 18 nmol.min-1.mg-1.  109 

SDH activity was pH-dependent, with a pH optimum between 7-8.5 and 9.5- 10 in the 110 

physiological and reverse reactions, respectively (Table 1). The molecular weight was 63 kDa 111 

when determined by red native electrophoresis (Fig. 2A) and 60 kDa when assessed by gel 112 

chromatography (Fig. 2B). The isoelectric point of P. crispum SDH was 4.5 (Fig. 2C). Only 113 

one protein band with SDH activity was detected after native red electrophoresis and 114 

isoelectric focusing. During gel chromatography, SDH was eluted as a single peak. Thus, only 115 

one isoform of SDH is present in P. crispum root.  116 

2.2. The kinetic properties of P. crispum SDH differ from those of other dehydrogenases 117 

The kinetic parameters of the reaction catalyzed by P. crispum root SDH were studied 118 

in both directions, i.e., in the physiological (shikimate pathway) direction: NADPH + DHS  119 

SA + NADP, and in the reverse direction: SA + NADP  NADPH + DHS (Fig. 3). The 120 

Michaelis constants and maximal velocities are summarized in Table 1. The maximal reaction 121 

rate for the reverse reaction from SA to DHS was 4.6-fold higher than in the shikimate 122 

pathway direction (DHS reduction). Because the saturating concentrations of NADP and SA 123 
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were high, we also determined the apparent Michaelis constant at approximate conditions 124 

(Table 1). Furthermore, excess substrate DHS inhibited the reaction (Fig. A.1) with a 125 

substrate inhibition constant of KSS = 0.12 ± 0.07 mM (Table 1).  126 

2.3. Product inhibition analysis confirmed the ordered mechanism of the SDH-catalyzed 127 

reaction in both directions  128 

The kinetic mechanism of the bisubstrate SDH reaction was analyzed in both 129 

directions. To identify the type of mechanism, we constructed Lineweaver-Burk diagnostical 130 

plots (Fig. 3), a Hanes plot and an Eadie-Hofstee plot (data not shown) and performed product 131 

inhibition assays (Fig. 4, Table 2). All kinetic parameters including Vmax, Km, KA, Kic, Kiu, Ki, 132 

V*
max, KSS, S0.5 were calculated from non-linear regression using Eqs. 1-7. 133 

The initial rate of the reaction in the physiological direction was measured using 134 

several concentrations of DHS and NADPH, showing the typical Lineweaver-Burk plot of a 135 

sequential mechanism: straight lines with an intercept left to the ordinate (Fig. 3) and KA 0.25 136 

± 0.13 mM. In this direction, the free enzyme binds to NADPH, which allows DHS, but not 137 

SA, binding in an ordered mechanism, thus partly explaining the mutual competition between 138 

NADPH and SA. NADPH binding apparently prevents NADP binding, and vice versa, 139 

leading to bilateral mutual competitive inhibition (Fig. 5, Table 2).  140 

The direction of SA oxidation confirmed the strong affinity between the free enzyme 141 

and NADP. The mechanism was sequential but with a very low, almost immeasurable, 142 

dissociation constant for the complex enzyme – substrate (KA), thus it seems to look like a 143 

ping-pong. Obviously, the complex enzyme-NADP is very thermodynamically stable (Fig. 3).  144 

NADP binding enables both DHS and SA binding. The latter follows a classical 145 

ordered mechanism in the direction of SA + NADP  NADPH + DHS; in contrast, the 146 

former results in the formation of a dead-end complex. Its origin explains the competitive 147 
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inhibition of DHS against the substrate SA. Thus, these findings further confirm the 148 

competition between NADP and NADPH (Fig. 5, Table 2).  149 

DHS binding to the free enzyme prevents NADPH binding by forming a dead-end 150 

complex (enzyme-DHS) that precludes a disordered mechanism in the direction of NADPH + 151 

DHS  SA + NADP. In addition, another dead-end complex (enzyme-DHS-NADP) is also 152 

formed when NADP binds to the enzyme-DHS (Fig. 5). 153 

SA binding to the free enzyme prevents both NADP and NADPH binding also by 154 

forming a dead-end complex, which, in the case of NADP, prevents a disordered mechanism 155 

in the direction of SA + NADP  NADPH + DHS. In the case of NADPH, the formation of 156 

the dead-end complex completes the explanation for the competitive inhibition by the SA 157 

inhibitor against the NADPH substrate. Thus, SA competes with NADPH to bind to free 158 

enzyme, but not the other way around, that is, NADPH does not compete with SA since SA 159 

binding to the enzyme leads to a dead-end complex. Therefore, we proposed an ordered 160 

mechanism of the bi-substrate reaction catalyzed by SDH in both directions with three dead-161 

end complexes (enzyme-DHS, enzyme-SA, and enzyme-NADP-DHS) (Fig. 5). 162 

2.4. Identification of all SDH products and cofactor specificity 163 

The activity of SDH was monitored by LC-MS (Table 3), focusing on side reactions. 164 

GA was formed non-enzymatically since it was also detected without SDH in the mixtures. 165 

PCA was produced from SA and DHS in the P. crispum shikimate pathway. No products 166 

were detected for DHQ with NADH and for QA with NAD as substrates. The P. crispum 167 

SDH active routes are shown in Fig. 6. 168 

2.5. Tannic acid and some phenylpropanoids, as well as Zn2+ and Cu2+ ions, inhibit SDH 169 

activity  170 

Various compounds that participate in phenylpropanoid metabolism and/or are related 171 

to SDH were studied as potential modulators of its activity in a screening performed at 172 
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inhibitor concentrations ranging from 0.006 to 3.5 mM. Aromatic amino acids (Phe, Tyr, 173 

Trp), which are synthesized in the shikimate pathway, had no effect on SDH activity. 174 

Concurrently, the first product of the phenylpropanoid pathway (t-cinnamic acid) and the 175 

potential SDH product (quinic acid) did not affect SDH activity, similarly to umbelliferone 176 

(7-hydroxycoumarine) and resveratrol (trans–3,4',5–trihydroxystilbene) (Fig. 7). One-way 177 

ANOVA confirmed that the effect of these compounds was non-significant (data not shown). 178 

In turn, salicylic, p-coumaric, t-ferulic, sinapic, syringic, caffeic, chlorogenic (caffeic acid and 179 

quinic acid ester) acids and the polyphenolic compound tannic acid had an inhibitory effect on 180 

P. crispum SDH activity, with tannic acid showing the lowest IC50 (Fig. 7). Caffeic acid and 181 

chlorogenic acid were also effective inhibitors. Hydroxycinnamic acids, such as p-coumaric, 182 

t-ferulic, sinapic, syringic and salicylic acids, showed much higher IC50 values (Fig. 7). In the 183 

irreversible inhibition test, the activity of the enzyme incubated with individual inhibitors did 184 

not decrease over time (data not shown). Therefore, all inhibitors mentioned above are 185 

reversible.  186 

Although gallic acid was also tested, it strongly interfered with the formation of color 187 

complexes, making it impossible to determine its effect. Furthermore, the color of flavanone 188 

or any representative of the flavonoids interfered with the colorimetric method, also 189 

precluding the analysis of their inhibitory activity.   190 

Table 4 summarizes the effects on SDH activity when adding different ions to the 191 

reaction mixture. Generally, among the ions tested in this study (Ca2+, Na+, K+, Mg2+, Mn2+, 192 

Zn2+, and Cu2+), only Zn2+ and Cu2+ had a significant effect on SDH activity. At 0.1 mM and 193 

0.01 mM, Zn2+and Cu2+ decreased SDH activity to 10 and 21 %, respectively.  194 

 195 
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3. Discussion 196 

The kinetic study of SDH purified from non-photosynthetic tissue P. crispum root 197 

containing evaluation of product inhibitors, Michaelis constants and pH optima of both 198 

reversible reactions resulted in establishing an ordered mechanism and shift of the equilibrium 199 

in favor of physiological shikimate pathway direction in the cell. Furthermore, P. crispum 200 

SDH exclusively used NADP(H) and SA (DHS) as a coenzyme and a substrate, respectively, 201 

while forming PCA as a by-product but not being involved in GA production. Furthermore, 202 

phenylpropanoids of one branch were found responsible for feedback regulation of P. crispum 203 

SDH. 204 

3.1. P. crispum root extracts show high SDH activity 205 

 One of the reasons why SDH activity is low in plant crude extracts is the presence of 206 

phenolics. In general, when exposed to air, plant phenolics are readily oxidized, generating 207 

products that form complexes with proteins and inhibit enzyme activity (Buchanan et al., 208 

2000), as shown in Fig. 1. Since the total phenolic content is very high in plants, especially in 209 

medicinal herbs (Tupec et al., 2017), a group of vegetables was chosen to identify a source of 210 

high SDH activity from non-photosynthetic tissue. From the group of 8 vegetable sources, the 211 

P. crispum root exhibited the highest SDH activity.  212 

 3.2. The directions of SDH-catalyzed SA oxidation and DHS reduction is controlled by the 213 

pH optimum and differ in maximal reaction rate 214 

SDHs catalyze a reversible reaction, both DHS reduction and SA oxidation. For P. 215 

crispum SDH, the optimal pH was 9.5-10 for SA oxidation and 7-8.5 for DHS reduction (i.e., 216 

shikimate pathway direction) (Table 1). Accordingly, pH likely participates in the regulation 217 

of SDH activity in vivo. In photosynthetic tissues, the optimal pH 8 of the SDH reaction in the 218 

shikimate pathway direction matches the pH of the illuminated chloroplast, which ensures that 219 

the reactions of the shikimate pathway coincide with photosynthesis, and thus NADPH and 220 
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ATP are readily available. Although SDH purified from P. crispum root is not a chloroplastic 221 

enzyme, SDH regulation by pH in non-photosynthesizing plastids is likely similar. NADPH is 222 

provided by the oxidative pentose phosphate pathway, and the optimal pH of glucose-6-223 

phosphate dehydrogenase from barley root plastids is also approximately pH 8 (Esposito et 224 

al., 2001).  Conversely, SDHs have a non-physiologically high optimal pH in the SA 225 

oxidation direction (Avitia-Dominguez et al., 2014; Diaz and Merino, 1997; Guo et al., 2014; 226 

Lourenco and Neves, 1984; Lourenco et al., 1991). The unusually high optimal pH of the 227 

reverse reaction may be a mechanism of physiological protection against metabolite flowback 228 

through the shikimate pathway (Table 1). The pH profiles of SDH suggest that catalysis and 229 

substrate binding involve acid/base chemistry (Fonseca et al., 2007). The amino acids residues 230 

Lys385 and Asp423 (numbered with respect to the Arabidopsis protein), located in the SDH 231 

active site, which are conserved in DHD/SHD enzymes and which have been proposed to be 232 

involved in proton transfer during catalysis, are most likely responsible for such a high 233 

optimal pH (Singh and Christendat, 2006). 234 

Furthermore, other factors favor the direction of shikimate pathway: metabolite channeling, 235 

which prevents the accumulation of substrates or products (Singh and Christendat, 2006), 236 

high Michaelis constants in the direction of SA oxidation (Table 1), product competitive 237 

inhibition against NADP and SA (Fig. 4, 5) and the formation of dead-end complexes (Fig. 5).  238 

The comparison of the maximal reaction rate in both directions shows that the reaction is 4.6 239 

times higher in the non-physiological direction. These data were obtained at the pH optimum 240 

of the respective reactions, so they are not likely relevant to cellular context. However, this 241 

reaction is often used to study the properties of SDH from various sources.   242 

For many SDHs, the bisubstrate reaction follows a typical sequential mechanism, as found for 243 

SDH from other sources, e. g., Pisum sativum (Balinsky et al., 1971; Dowsett et al., 1972) or 244 

Capsicum annuum (Diaz and Merino, 1997) or from Mycobacterium tuberculosis (Fonseca et 245 
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al., 2007). In pea epicotyls, the sequential mechanism of the bisubstrate reaction was further 246 

specified to be ordered, with NADPH binding followed by DHS (Balinsky et al., 1971; 247 

Dowsett et al., 1972). The mechanism of mycobacterial SDH was also classified as steady-248 

state ordered, albeit with DHS binding first, followed by NADPH (Fonseca et al., 2007).   249 

Bacterial and plant SDHs also differ in their genetic framework in that each enzyme of the 250 

shikimate pathway is encoded by monofunctional genes in bacteria. In turn, DHD and SDH 251 

are fused to a bifunctional enzyme complex in plants, and even 5 enzymes of the shikimate 252 

pathway are fused to a penta-functional complex in fungi (Derrer et al., 2013). P. crispum 253 

SDH has the typical molecular weight of plant SDHs (Fig. 2) (Bontpart et al., 2016; Diaz and 254 

Merino, 1997; Fiedler and Schultz, 1985; Koshiba, 1978; Lourenco and Neves, 1984; 255 

Lourenco et al., 1991; Muir et al., 2011) and is likely a monomer with both domains, DHD 256 

and SDH. The initial reaction rate (Fig. 3) and product inhibition pattern (Fig. 4) are in line 257 

with an ordered bi-bi mechanism with NADPH or NADP binding to the enzyme first except 258 

that SA is a competitive inhibitor with respect to NADPH and DHS is a competitive product 259 

inhibitor with respect to SA (Fig. 5). These findings indicate that not only NADPH and 260 

NADP but also SA may interact with the free enzyme, most likely in the form of a dead-end 261 

complex (enzyme-SA). Both NADP and SA prevent the first substrate, NADPH, from binding 262 

to SDH, but DHS has no competitive inhibitor. Therefore, in accordance with an ordered 263 

mechanism, DHS is the second substrate. Nevertheless, the enzyme-DHS complex acts as a 264 

dead-end complex, similarly to enzyme-NADP-DHS (Fig. 5). Hence, the formation of dead-265 

end complexes with SA and DHS explains the key role that the NADP/NADPH ratio plays in 266 

establishing an equilibrium between the two directions. In P. crispum, the shikimate pathway 267 

via NADPH continues with the phenylpropanoid pathway, specifically with the synthesis of 268 

coumarins, where psoralen, bergapten, isoimperatorin, oxypeucedanin, xanthoxin, trioxalen, 269 

and angelicin are the most important coumarins in P. crispum, or with the synthesis of 270 
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flavonoids (apiin and luteolin) (Kolarovic et al., 2010). In addition to the shikimate pathway, 271 

NADPH is also needed for the antioxidant system and for nitrate assimilation. 272 

3.3. SDH also catalyzes the formation of PCA but not GA and QA  273 

Other SDH-catalyzed reactions that may provide phenolic compounds or intermediates 274 

have been reported. Muir et al. (2011) demonstrated that SDH from walnut (Juglans regia) 275 

catalyzed not only the NADP-dependent dehydrogenation of SA to DHS but also the 276 

dehydrogenation of DHS to 3,5-diDHS, which provides GA after enolization. Recombinant 277 

EcDQD/SDH2 and 3 enzymes also catalyze NADP-dependent oxidation of 3-DHS to produce 278 

gallate, which is in some Eucalyptus species essential for the biosynthesis of the aluminum- 279 

detoxifying metabolite (Tahara et al., 2021).  Two SDH isoforms showed a similar activity in 280 

grape wine berries (Bontpart et al., 2016). However, when analyzing P. crispum SDH, we 281 

also detected GA in the mixtures without the enzyme (Table 3). Therefore, we confirmed that 282 

GA could form non-enzymatically, as found in an in vitro study of recombinant isoforms of 283 

Camellia sinensis SDHs of grape wine berries (Huang et al., 2019) and also non-enzymatic 284 

formation of gallic acid was previously described (Kambourakis and Frost, 2000). Moreover, 285 

the reaction mechanism of P. crispum SDH showed that the binding of NADP and DHS to the 286 

SDH leads to the dead-end complex (Fig. 5). Consequently, enzymatic GA formation is not 287 

possible. 288 

We also studied the pathway from DHQ to QA and back, but no products were detected 289 

in both directions. Thus, P. crispum SDH also belongs to the bona fide SDH group, using 290 

exclusively NADP as a coenzyme and SA as a substrate (Garcia-Guevara et al., 2017), whereas, 291 

e.g., some poplar and Eucalyptus camaldulensis SDH isoforms prefer NAD and also use QA 292 

as a substrate (Guo et al., 2014; Tahara et al., 2021). In-depth sequencing and in vitro 293 

biochemical assays showed that 3 poplar enzymes from 5 originally annotated as DHD/SDHs 294 

should be rather classified as QA dehydrogenases (Guo et al., 2014). In turn, we found that 295 
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PCA is a byproduct in the P. crispum SDH pathway (Table 3, Fig. 6). As previously 296 

hypothesized (Guo et al., 2014), this reaction is ensured by SDH in P. crispum. 297 

3.4. P. crispum root SDH is regulated by metabolites of the phenylpropanoid pathway  298 

 Because the shikimate pathway is absent in mammals, searching and designing 299 

inhibitors against enzymes of this pathway may lead to the development of antimicrobials 300 

(such as the bacterial Mycobacterium tuberculosis and Helicobacter pylori SDH) and 301 

antiparasitic (malaria parasite SDH) and herbicidal (plant SDH) agents, which are harmless to 302 

humans (Diaz-Quiroz et al., 2018). There are 3 strategies for identifying compounds with an 303 

inhibitory effect on a particular enzyme: i) analyzing substrate structural analogs (Baillie et 304 

al., 1972; Diaz and Merino, 1997; Fiedler and Schultz, 1985; Koshiba, 1978; Lemos Silva et 305 

al., 1985; Lourenco and Neves, 1984; Lourenco et al., 1991; Rothe, 1974), ii) screening 306 

thousands of compounds (Avitia-Dominguez et al., 2014; Han et al., 2006; Peek et al., 2014), 307 

and iii) searching for feedback inhibitors among products of the whole pathway. The first 308 

strategy has led to the discovery of the herbicide 2,4-dichlorphenoxy acetic acid (2,4-D) (Diaz 309 

and Merino, 1997). Concurrently, several studies have demonstrated that PCA (possible 310 

byproduct of SDH) inhibits plant SDH (Diaz and Merino, 1997; Koshiba, 1978; Lemos Silva 311 

et al., 1985; Lourenco and Neves, 1984; Lourenco et al., 1991). In this study, we have shown 312 

that P. crispum SDH forms PCA in the irreversible reaction (Fig. 6). Using a screening 313 

strategy, different research groups have identified SDH inhibitors, for example, 5 novel 314 

Helicobacter pylori SDH inhibitors, including the natural product curcumin (Han et al., 315 

2006), and polyphenolic inhibitors (epigallocatechin gallate and epicatechin gallate) of 316 

Pseudomonas putida and Arabidopsis thaliana SDH (Peek et al., 2014). A limited number of 317 

inhibition/activation studies have identified dihydroxybenzoic acid and its derivatives as SDH 318 

inhibitors (Fiedler and Schultz, 1985; Koshiba, 1978; Nandy and Ganguli, 1961), thus 319 

showing that SDH inhibitors are not limited to herbicides and organic reagents.  320 
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In this study, we chose the third strategy to identify plant SDH inhibitors among the products 321 

of the phenylpropanoid pathway (representative compounds of simple phenols, flavonoid, 322 

stilbene, and polyphenols). The strongest P. crispum SDH inhibitor was tannic acid (Fig. 7). 323 

Tannins have strong astringent properties, which may induce complexation with enzymes and 324 

substrates (Tintino et al., 2016). They bind to proteins (by hydrophobic, hydrophilic, non-325 

specific, and specific interactions), pigments, low-molecular-weight compounds, and metallic 326 

ions (Kato et al., 2017). In microorganisms, interactions between tannic acid and the cell 327 

membrane can affect its permeability through the inhibition of the efflux pump, which may be 328 

associated with an antimicrobial effect (Tintino et al., 2016). Furthermore, the potentially 329 

extracellular localization of tannic acid may contribute to this effect because leaf mesophyll 330 

cell walls are the typical site of origin and deposition of hydrolysable tannins in oak leaves 331 

(Grundhofer et al., 2001). Furthermore, in the outer peels of pomegranate (Punica granatum 332 

L.), SDHs play a role in controlling the biosynthesis of hydrolysable tannins (Habashi et al., 333 

2019).  334 

Our results also showed that P. crispum SDH is inhibited at 0.15 and 0.19 mM IC50 by caffeic 335 

acid and chlorogenic acid (with 2 and 5 hydroxyl groups in the structure), respectively (Fig. 336 

7). Chlorogenic acids are esters formed between caffeic acid and quinic acid, which are strong 337 

antioxidants found in many vegetable species and coffee beans (Colon and Nerin, 2016; Guo 338 

et al., 2014; Liang and Kitts, 2015; Niggeweg et al., 2004). In plants, chlorogenic acids serve 339 

as protecting compounds against stress, e.g., viral infection (Spoustova et al., 2015), or as 340 

feeding deterrents (Ikonen et al., 2001). The p-coumaric, t-ferulic, sinapic, syringic, and 341 

salicylic acids, all with only one hydroxyl group, were milder SDH inhibitors, with IC50 above 342 

5 mM, and they are not involved in regulation under physiological conditions. Salicylic acid 343 

is an important signal molecule; however, its concentration does not reach the value of the 344 

experimentally determined IC50, even during stress (Belonoznikova et al., 2020). In their 345 
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study, Belinsky and Davies concluded that the both carbonyl group at the C1 position and a 346 

hydroxyl group at the 4-OH position are significant determinants of ligand binding. This is 347 

true for syringic acid with IC50 5.1 ± 1.0 mM. Tannic acid contains several hydroxyl groups 348 

on phenyl rings; thus, their hydroxyl groups may interact with the amino acid residue in the 349 

enzyme active center. 350 

 Under non-stress conditions, plant SDH may be inhibited by some phenylpropanoid 351 

compounds. In our previous study, we found significant chlorogenic and quinic acid depletion 352 

in tobacco plants exposed to potyviral stress and heat shock (Hyskova et al., 2021). Such a 353 

depletion could in turn favor the shikimate pathway, producing precursors of defense 354 

compounds by enhancing SDH activity. 355 

Plant SDH inhibition by divalent metal ions, particularly Zn2+ and Cu2+, is known and 356 

correlated with the inactivation of functional sulfhydryl groups of SDH and also confirmed 357 

with the inhibition of plant SDH by p-chloromercuribenzoate which could be reversed by 358 

cysteine (Balinsky and Davies, 1961; Koshiba, 1978; Lourenco and Neves, 1984). SDH from 359 

P. crispum root was also inhibited by Zn2+ and Cu2+, particularly by Cu2+ ions (Table 4). 360 

 361 

4. Conclusions 362 

P. crispum root SDH follows an ordered reaction mechanism with three dead-end 363 

complexes in both directions. PCA was identified as a side product of SDH, whereas GA was 364 

formed non-enzymatically and quinate was not detected. As such, the phenylpropanoid 365 

pathway leading to the synthesis of precursors of monolignols (initiating with cinnamic acid 366 

and continuing with p-coumaric acid, caffeic acid, ferulic acid, 5-hydroxyferulic and sinapic 367 

acid) affects SDH activity through feedback regulation. Moreover, their number of hydroxyl 368 

groups increases their inhibition effect on SDH. Accordingly, tannic acid, chlorogenic acid, 369 
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and caffeic acid are the most effective inhibitors of P. crispum root SDH, which may be 370 

feedback-regulated by phenylpropanoids under stress conditions.  371 

 372 

5. Material and methods 373 

5.1. Extraction and Purification of SDH 374 

The plants (vegetables?) P. crispum, Cucurbita pepo L. var. cylindrica 375 

(Cucurbitaceae), Cucurbita pepo L. var. pepo (Cucurbitaceae), Apium graveolens L. var. 376 

rapaceum (Apiaceae), Daucus carota subsp. sativus (Apiaceae), Brassica oleracea var. italica 377 

(Brassicaceae), and Allium cepa L. (Amaryllidaceae) were purchased from the farmer 378 

company Bramko s.r.o. in the Czech Republic. All the plants were grown in the fields. 379 

Zingiber officinale L. (Zingiberaceae) was purchased from the Nature's promise company, 380 

previously grown in China. The amount of 1 g of each vegetable (P. crispum root, zucchini 381 

and pumpkin fruit, celery, ginger, carrot, broccoli, or onion) was homogenized in 3 ml of 100 382 

mM Tris-HCl, pH 7.8 buffer containing 1 mM dithiothreitol, 1 mM EDTA, 5 mM MgCl2, and 383 

5 % (v/v) glycerol) with 0.02 g/ml of poly(vinylpyrrolidone) and centrifuged at 16600g for 15 384 

min. The supernatant was used to measure SDH activity. SDH was purified from 100 g of P. 385 

crispum root by ammonium sulfate precipitation, ion exchange chromatography on DEAE-386 

cellulose, and gel filtration on Sephacryl S-300, as described previously (Ryšlavá et al., 387 

2007). 388 

5.2. SDH activity assay 389 

SDH activity was monitored spectrophotometrically at 20 °C, following the 390 

formation of NADPH during the oxidation of SA into DHS by the increase of absorbance at 391 

340 nm. The SDH assay mixture (total volume of 1 ml) contained 100 mM AMP-NaOH 392 

buffer (pH 9.0), 0.2 mM NADP and 3 mM SA. The reaction was initiated by adding the 393 

enzyme (50 µl).  394 
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Potential regulatory effects of Zn2+ (0.1 mM), Cu2+ (0.01 mM); Na+, K+, Mg2+, Ca2+, 395 

Mn2+ and NH4
+ (5 mM) ions on SDH activity were tested.  396 

5.3. Determination of pI, pH optimum, and relative molecular weight of SDH  397 

Isoelectric focusing was performed using the Pharmacia system FBE-3000 and 125 x 398 

125 mm gels Servalyt, Precotes 3-10, according to the Pharmacia manual, as published 399 

previously (Ryšlavá et al., 2007). A standard protein mixture (IEF Markers from Serva with 400 

pI 3.5-10.65) was used for calibration. SDH activity was detected by incubating 0.2 mM 401 

NADP, 3 mM SA and 10 mg/ml of iodonitroterazolium chloride with 5 µg/ml phenazine 402 

methosulfate in 100 mM AMP-NaOH buffer (pH 9.0). 403 

The optimum pH of the enzyme was determined over the following pH ranges: 80 mM 404 

MES-NaOH buffer (pH 5.2 – 7.2), 80 mM Tris-HCl buffer (pH 6.8 – 8.6), 80 mM glycine-405 

NaOH buffer (pH 8.6 – 10.6), 80 mM AMP buffer (pH 9.0 – 10.5), 80 mM Na2CO3-NaHCO3 406 

buffer (pH 9.5 – 11.0) and 80 mM Na2HPO4-NaOH buffer (pH 11.0 – 12.0). SDH activity 407 

was measured as described in 2.2.  408 

The relative molecular weight of SDH was determined by gel chromatography on a 409 

Sephacryl S-300 column (1.2 x 57 cm). Red native electrophoresis was also used for 410 

molecular weight determination (Drab et al., 2011). SDH activity was assessed as described 411 

above after isoelectric focusing. 412 

5.4. Determination of kinetic parameters and mechanism of the bisubstrate reaction catalyzed 413 

by SDH 414 

The reaction rate was measured by the change of absorbance at 340 nm. In 500 mM 415 

Tris-HCl buffer (pH 8), the concentration of one of the substrates ranged from 0.005 to 0.7 416 

mM NADPH and from 0.05 to 2 mM DHS, whereas the saturating concentration of the 417 

second substrate DHS and NADPH were 2 mM and 0.7 mM, respectively. The reverse 418 

reaction was determined similarly but in 500 mM AMP-NaOH buffer (pH 9.0) with 0.05 – 10 419 
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mM NADP and 0.2 – 10 mM SA, whereas the concentration of the second substrate was at 420 

saturation, i.e., 10 mM SA and 3 mM NADP, respectively. Kinetic parameters were 421 

determined by fitting the data to the Michaelis-Menten Eq. (1) or to an equation 422 

characterizing substrate inhibition Eq. (2) and the Michaelis constant (Km), the maximum 423 

reaction rate (Vmax), the hypothetical maximal reaction rate corresponding to the rate that the 424 

enzyme reached in the absence of inhibition by an excess of substrate (V*
max) and the substrate 425 

inhibition constant (Kss) were calculated by non-linear regression. All measurements were 426 

performed at 20 °C.  427 

v =
Vmax[S]

Km+[S] 
 428 

Eq. (1) 429 

v =
Vmax

* [S]

Km+[S]+
[S]2

Kss

 431 

 Eq. (2) 430 

The kinetic mechanism of SDH was studied in both directions by varying the concentration of 432 

NADP (0.05-0.5 mM) or NADPH (0.05-0.4 mM) and the concentration of SA (0.2-3 mM) or 433 

DHS (0.05-2 mM).  434 

The experimental data of the reaction rate as a function of the substrate (SA, NADP) 435 

concentration were fit into general reaction rate equations for the bisubstrate reactions, 436 

classified as ping – pong: Eq. (3) and sequential: Eq. (4), and linearization methods, as the 437 

double reciprocal plot, Hanes plot or Eadie-Hofstee plot.  438 

v =
Vmax[A][B]

[B]KmA + [A]KmB + [A][B] 
 Eq. (3) 

  439 

 440 
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v =
Vmax[A][B]

[B]KmA + [A]KmB + [A][B] + KA KmB 
 Eq. (4) 

 441 

Vmax is the maximal reaction rate of the enzyme reaction, KmA and KmB are the Michaelis 442 

constants for the substrate A and B, respectively, and KA is the dissociation constant for the 443 

complex enzyme-substrate. Equations derived for the determination of dead-end complexes 444 

are summarized in supplementary material Eq. A.1- A.32. 445 

5.5. Product inhibition study 446 

In the direction from DHS to SA, the reaction mixture contained: 500 mM Tris-HCl 447 

buffer (pH 8) and a variable concentration of DHS (0.2; 0.3, 0.5, and 1 mM) or NADPH 448 

(0.05; 0.1, 0.2, and 0.3 mM) with a subsaturating concentration of the second substrate, i.e., 449 

0.2 mM NADPH or 0.75 mM DHS. The concentrations of the inhibitors, NADP and SA, were 450 

in the 0.1-0.3 mM and 0.5-2 mM ranges, respectively. In this direction, saturating product 451 

concentrations could not be measured for technical reasons (NADPH absorbance above 3).  452 

In the direction from SA to DHS, the reaction mixture contained: 375 mM AMP-453 

NaOH buffer (pH 9.0) and a variable concentration of SA and NADP. The final variable 454 

concentrations of SA (2; 0.5; 0.3; and 0.15 mM) and NADP (0.5; 0.2; 0.1; and 0.05 mM) were 455 

tested at saturating and subsaturating concentrations of the second substrate. The saturating 456 

concentrations were 20 mM and 2 mM, and the subsaturating concentrations were 0.3 mM 457 

and 0.1 mM for SA and NADP, respectively. The concentrations of the inhibitors, NADPH 458 

and DHS, were in the 0.05-0.1 and 0.5-1 mM ranges, respectively. 459 

The data derived from the product inhibition studies were fitted to the equation 460 

describing the relevant type of inhibition: competitive Eq. (5) and non-competitive Eq. (6), 461 

where [S] is the substrate concentration, [I] is the inhibitor concentration, and Kic and Kiu are 462 

the inhibition constants for the inhibitor derived by slope and intercept, respectively, in the 463 

Lineweaver-Burk plot.   464 
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v =
Vmax[S]

Km (1+
[I]
Kic
)+[S]

 466 

Eq. (5) 465 

v =
Vmax[S]

Km (1+
[I]
Kic
)+ (1+

[I]
Kiu
) [S]

 468 

 Eq. (6) 467 

 469 

5.6. Identification of all SDH products 470 

SDH isolated from P. crispum root (10 µl with specific activity 470 nmol.min-1.mg-1) 471 

was incubated in the 280 μL reaction mixture containing either 100 mM Tris-HCl pH 8 (in the 472 

physiological direction, see Fig. 6) or 100 mM AMP-NaOH pH 9 buffers, 0.14 mM 473 

NADP(H)/NAD(H) and 2 mM SA/DHS/DHQ/QA/GA/PCA for 30 min at 20 °C. The reaction 474 

was initiated by adding the enzyme and stopped by adding 10 µl of 99 % (v/v) formic acid. 475 

Blank experiments were prepared similarly, albeit adding formic acid before the enzyme. The 476 

calibration standards were purchased from Sigma-Aldrich (USA) and Carl Roth (Germany).  477 

The reaction mixtures were assayed by reversed-phase liquid chromatography coupled 478 

to electrospray mass spectrometry (LC-MS). The injection volume was 5 μL (Dionex 479 

UltiMate 3000, Thermo Fisher Scientific, USA). A Zorbax C18 reversed-phase silica-based 480 

column was used for all separations (150 × 2.1 mm, 3.5 μm, Agilent, USA). The mobile phase 481 

consisted of 0.5 % (v/v) formic acid in 10 % (v/v) acetonitrile in water (eluent A); and 0.3 % 482 

(v/v) formic acid in 100 % (v/v) acetonitrile (eluent B). The flow rate was set to 0.250 ml/min 483 

at 37 °C. The following elution program was used: isocratic A for 7 min, 0-100 % B for 1 484 

min, isocratic B for 2 min, isocratic A for 3 min. MS analysis was performed on a ESI-Q-TOF 485 

maXis II (Bruker, USA). All mass spectrometric data were acquired in negative ionization 486 

mode. 487 
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5.7. Effect of secondary metabolites on the SDH  488 

Selected secondary metabolites were tested for their potential regulatory effect on 489 

SDH activity. The reversibility of inhibition by these compounds was tested simultaneously 490 

(Appendix A Supplementary material). Tannic acid was dissolved in distilled water, caffeic 491 

acid, chlorogenic acid, t-ferulic acid, p-coumaric acid, and salicylic acid were dissolved in 492 

96 % ethanol, and sinapic and syringic acids were dissolved in 50 % ethanol. The final 493 

concentration of ethanol did not affect SDH activity. Since phenylpropanoids interfered with 494 

the spectrophotometric assay (increasing absorbance at 340 nm), this assay was replaced with 495 

the colorimetric microplate method. A reaction mixture (280 ul) consisting of 180 mM AMP-496 

NaOH buffer (pH 9.0), 0.14 mM NADP, 2.1 mM SA, 5 mg/ml iodonitrotetrazolium with 5 497 

µg/ml phenazine methosulfate, and 20 µl of potential inhibitor compound was incubated with 498 

10 µl of enzyme for 15 minutes. The reaction was terminated with 10 µl of 99 % formic acid, 499 

measuring the absorbance at 500 nm.  500 

Simultaneously, blank reactions were prepared in which 10 µl of enzyme was first 501 

treated with 10 µl of 99 % (v/v) formic acid and then with the reaction mixture. Another blank 502 

was prepared as the individual reaction (including incubation time), albeit replacing the 503 

enzyme with distilled water.  504 

The half maximal inhibitory concentration IC50 was calculated from Eq. (7). [I] is the 505 

inhibitor concentration, a and b are the maximal and minimal values of reaction rate, 506 

respectively, and c corresponds to the slope of the sigmoid function. 507 

v = b +
a - b

1 + (
[I]
IC50

)
𝑐 508 

Eq. (7) 509 

5.8. Determination of protein and total phenolic content 510 
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Soluble proteins were determined according to Bradford (Bradford, 1976), and total 511 

phenolics compounds were quantified according to Tupec et al. (Tupec et al., 2017). 512 

5.9. Statistics 513 

SDH isolation was performed in 20 independent biological replicates, repeating each 514 

measurement at least three times. Data were analyzed and processed in SigmaPlot v. 12 515 

(Systat Software, Inc.) and Microsoft Excel 2019 (Microsoft Corp.).   516 

 517 

 518 

 519 

 520 

 521 

Table 1 Kinetic parameters of P. crispum SDH 522 

Vmax - maximal reaction rate of enzyme reaction, Km- Michaelis constant of the specific 523 

substrate, K´m -apparent Michaelis constant at a given concentration of the second substrate), 524 

KSS - inhibition constant at an excess substrate concentration, KA - dissociation constant of the 525 

enzyme – substrate complex, for technical reasons (absorbance above 3 or excess substrate 526 

inhibition), this parameter could not be determined. Kinetic constants were calculated as an 527 

average of values from at least 3 experiments performed in doublets, S. D. are shown. 528 

 Direction of the reaction catalyzed by SDH 

 SA → DHS DHS → SA 

pH optimum 9.5-10 7-8.5 

Vmax [µmol.min-1.mg-1] for SA (DHS) 1.34 0.29 

Vmax [µmol.min-1.mg-1] for NADP(H) 1.32 0.28 

Km for SA (DHS) [mM] 0.71 ± 0.13  
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Km for NADP(H) [mM] 0.47 ± 0.16  

K´m for SA (with 0.2 mM NADP) 0.16 ± 0.01 - 

K´m for DHS (with 0.4 mM NADPH) - 0.23 ± 0.03 

K´m for NADP (with 3 mM SA) 0.054 ± 0.011 - 

K´m for NADPH (with 2 mM DHS) - 0.016 ± 0.03 

KSS for SA (DHS) [mM] - 0.12 ± 0.07   

KA 0.030 ± 0.008 0.25 ± 0.13 

 529 

  530 
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 531 

Table 2 Results of the product inhibition study for the determination of the bisubstrate 532 

reaction mechanism of P. crispum SDH. Inhibition constants were calculated as an average 533 

of values from 2-4 experiments carried out in doublets, S.D. are shown.  534 

Patterns and values in brackets mean that the reaction is saturated with the 2nd substrate. 535 

 Product inhibitor Product inhibitor 

 Q (NADP) P (SA) A (NADPH) B (DHS) 

 Varied substrate Varied substrate 

i.e. 1/NADPH 1/DHS 1/NADPH 1/DHS 1/NADP 1/SA 1/NADP 1/SA 

2nd substrate subsaturated subsaturated 

(saturated) 

Pattern C NC C NC C 

(C) 

NC 

(N.I.) 

NC 

(N.I.) 

C 

(C) 

Ki [mM] 0.22±0.02 0.4±0.1 0.7±0.1 0.7±0.3 0.12±0.07 

(0.49±0.03) 

0.36± 

0.08 

 

1.4±0.2 

 

0.13±0.03 

(0.33±0.03) 

Mechanism steady state sequential order steady state sequential order 

 536 

  537 
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Table 3 Identification of SDH products by LC-MS analysis. List of products detected after 538 

30 min incubation with (and without) SDH enzyme at 20 °C. DHS, 3-dehydroshikimate; DHQ, 539 

3-dehydroquinate; PCA, protocatechuic acid; SA, shikimic acid; QA, quinate. *the incubation 540 

time was 60 min at 20 °C. Each determination was done at least 3-times, the average values and 541 

S.D. are shown.  542 

reaction products [nmol] 

SA+NADP DHS: 5.7 ± 0.7 

PCA: 0.1 ± 0.0 

*DHS+NADPH SA: 4.9 ± 0.2 

GA: 0.5 ± 0.0 

PCA: 0.7 ± 0.1 

DHQ: 1.1 ± 0.0 

DHS+NADP GA: 0.1 ± 0.0 

PCA: 0.3 ± 0.2 

DHS+NADP  

– without SDH  

 

GA: 2.1 ± 0.4 

PCA: 2.7 ± 0.6 

DHQ+ NADP DHS: 17.4 ± 1.4 

PCA: 4.9 ± 0.4  

*DHQ+ NADPH DHS: 3.4 ± 0.8 

SA: 1.4 ± 0.2 

GA: 1.1 ± 0.5 

PCA: 1.3 ± 0.2 

DHQ+NADH 

 

No products detected. 

QA+NAD 

 

No products detected. 

PCA+NADPH No products detected. 

 543 

  544 
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Table 4 The effect of various ions on P. crispum SDH activity. Screening was performed 545 

spectrophotometrically at 340 nm in the presence of 3 mM SA, 0.2 mM NADP and 5 mM*, 0.1 546 

mM**, or 0.01 mM*** concentration of potential modulator. Each determination was done at 547 

least 3-times, the average values and S.D. are shown.  548 

 549 

 550 

Compound % of activity 

(NH4)2SO4 115.6±9.8 * 

CaCl2 113.2±8.2 * 

NaCl 105.2±3.7 * 

KCl 107.0±7.3 * 

MgCl2 99.3±15.0 * 

MnCl2 77.6±23.1 * 

ZnSO4 10.1±4.8 ** 

CuSO4 21.2±8.3 *** 

 551 

  552 
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Figures 553 

 554 

Fig. 1 Searching for plant sources of SDH activity. High SDH activity (black columns) 555 

correlates with low total phenolics content (white columns) and vice versa. Each determination 556 

was done at least 3-times, the average values and S.D. are shown.  557 

 558 

 559 
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 560 

Fig. 2 Estimation of the relative molecular mass of SDH using red native PAGE (A) and 561 

gel chromatography on a Sephacryl-S300 column (B) and determination of pI using 562 

isoelectric focusing (C). The arrows indicate the position of SDH. Rf corresponds to the 563 

retention factor.   564 

 565 

 566 
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 567 

Fig. 3 Determination of the type of SDH reaction mechanism based on Lineweaver-Burk 568 

diagnostical plots for the direction from SA to DHS (A,B) and from DHS to SA (C,D) 569 

Double reciprocal plots are fitted to an equation corresponding to a sequential mechanism.  570 
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 571 

Fig. 4 Product inhibition analysis for the determination of the mechanism of bisubstrate 572 

reaction in the direction from SA to DHS (A-F) and in the direction from DHS to SA (G-573 
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J). Experimental data are fitted with calculated values determined by non-linear regression 574 

using equations charactering competitive and non-competitive inhibition, respectively. SDH 575 

products DHS (A,B,C) and NADPH (D,E,F) served as competitive (B,C,D,F) and non-576 

competitive (A,E) inhibitors. The saturating (C,F) and subsaturating (A,B,D,E) concentrations 577 

of SA and NADP were 20 mM and 2 mM, and 0.3 (2) mM and 0.5 mM, respectively. 578 

Saturating concentrations of NADP and variable concentrations of SA caused no inhibition 579 

(N.I.) of NADPH and saturating concentrations of SA and variable concentrations of NADP 580 

caused N.I. of DHS (data not shown). SDH products SA (G,H) and NADP (I,J) served as 581 

competitive (G,I) and non-competitive (H,J) inhibitors at 0.75 mM (subsaturating 582 

concentration) DHS (G,I) and 0.2 mM (subsaturating concentration) NADPH (H,J) as a 583 

second substrate. Ki indicates inhibition constants in mM. Measurements were performed in 584 

doublets (S.D. are shown) and at least 2-4 times (enzyme preparations from different 585 

isolations).  586 
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 587 

Fig. 5 Proposed kinetic mechanism of the bisubstrate reaction catalyzed by P. crispum 588 

SDH from non-photosynthetic tissue. SDH reaction scheme (A), graphical representation of 589 

the product inhibition study in DHS reduction direction (B) and in SA oxidation direction (C) 590 

with a formation of dead-end complexes. Non-Competitive (NC) and competitive (C) product 591 

inhibitors are indicated.  592 
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 593 

Fig. 6 Identification of P. crispum SDH products by reversed-phase liquid 594 

chromatography coupled to electrospray mass spectrometry. The symbol  indicates that 595 

no potential P. crispum SDH byproduct was identified in the reaction mixtures by mass 596 

spectrometry. QDH, quinate dehydrogenase; QD, quinate dehydratase; DHSD, 597 

dehydroshikimate dehydratase.  598 
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 599 

Fig. 7 Inhibition effect of various phenylpropanoids on the activity of P. crispum SDH.  600 

The specific activity of the enzyme preparations was 0.17 ± 0.07 mol.min-1mg-1. Controls in 601 

96 and 50 % ethanol were only slightly different from the distilled water control, with specific 602 

activities of 0.18 ± 0.06 and 0.19 ± 0.11 mol.min-1mg-1, respectively. IC50 was calculated from 603 
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nonlinear regression with Eq. (7). Each determination was done at least 3-times, the average 604 

values and standard deviations are shown.  605 
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Appendix A. Supplementary Data 835 

Supplementary figure 836 

 837 

Suppl. Fig. A.1 Inhibition of P. crispum SDH by excess of substrate DHS. Dashed line: fit 838 

with Michaelis-Menten equation, solid line: fit with Eq. (2) for the inhibition by excess of the 839 

substrate.  840 

 841 

Supplementary methods 842 

 843 
Effect of secondary metabolites on SDH –determination of the reversibility of inhibition  844 

The reversibility of inhibition was tested as follows 30-µl aliquots from the incubation 845 

mixture consisting of 200 µl of SDH and 400 µl of 5 mM compound were collected at 0, 1, 5, 846 

10, 15, 20, 30, and 60 mins and assayed, as described above. The blank incubation mixture 847 

consisted of 200 µl of SDH, 200 µl of 99 % (v/v) formic acid, and 400 µl of 5 mM inhibitor. 848 

The inhibitors primarily dissolved in 96 % ethanol and were diluted to a final 30 % 849 

concentration in the reaction mixtures. This percentage of ethanol had no effect on activity in 850 

the reference samples. 851 

 852 

Derived equations used for the determination of the kinetic mechanism  853 

In order to determine the kinetic parameters of the reaction mechanism, the initial reaction 854 

rates were measured for different combinations of the reactants in one or another direction. 855 

Under such conditions the reaction-products concentration can be considered as zero and thus 856 

the reactions in which they appear as reactants can be dismissed from the mechanism. The 857 

reaction scheme of the reaction 858 

𝑃 + 𝑄 → 𝐴 + 𝐵, 859 
will therefore adopt the following shape: 860 

𝐸 + 𝑄

𝑘𝑄
⇄
𝑘−𝑄

𝐸𝑄             Eq.(𝐴. 1) 861 
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𝐸 + 𝑃
𝑘𝑃
⇄
𝑘−𝑃

𝐸𝑃          Eq.(𝐴. 2) 862 

𝐸𝑄 + 𝑃
𝑘1
⇄
𝑘−1

𝐸𝑃𝑄         Eq.(𝐴. 3)863 

  864 

𝐸𝑃𝑄
𝑘𝐵
→ 𝐸𝐴 + 𝐵         𝐸𝑞. (𝐴. 4) 865 

𝐸𝐴
𝑘𝐴
→ 𝐸 + 𝐴          𝐸𝑞. (𝐴. 5) 866 

In accord with the steady-state approximation we assume the steady state of all the enzyme 867 

forms taking place in the mechanism which leads to the following equations: 868 
𝑑[𝐸𝑄]

𝑑𝑡
= 𝑘𝑄[𝐸][𝑄] − 𝑘−𝑄[𝐸𝑄] − 𝑘1[𝐸𝑄][𝑃] + 𝑘−1[𝐸𝑃𝑄] = 0                                   𝐸𝑞. (𝐴. 6) 869 

𝑑[𝐸𝑃]

𝑑𝑡
= 𝑘𝑃[𝐸][𝑃] − 𝑘−𝑃[𝐸𝑃] = 0                                                                                      𝐸𝑞. (𝐴. 7) 870 

𝑑[𝐸𝑃𝑄]

𝑑𝑡
= 𝑘1[𝐸𝑄][𝑃] − 𝑘−1[𝐸𝑃𝑄] − 𝑘𝐵[𝐸𝑃𝑄] = 0                                                       𝐸𝑞. (𝐴. 8) 871 

𝑑[𝐸𝐴]

𝑑𝑡
= 𝑘𝐵[𝐸𝑃𝑄] − 𝑘𝐴[𝐸𝐴] = 0                                                                                         𝐸𝑞. (𝐴. 9) 872 

A similar equation for the last enzyme form, i.e. free enzyme 𝐸, is linearly dependent on the 873 

previous equation and therefore not used here. In addition, the mass-balance equation 874 

[𝐸]0 = [𝐸] + [𝐸𝑄] + [𝐸𝑃] + [𝐸𝑃𝑄] + [𝐸𝐴]                                                                   𝐸𝑞. (𝐴. 10) 875 
is taken into account – it expresses the fact that all the concentrations of the enzyme forms sum 876 

up to the total enzyme concentration present in the reaction mixture. 877 

The reaction rate can be defined as the rate of the conversion of the 𝐸𝑃𝑄 complex to a complex 878 

𝐸𝐴 and the product 𝐵 (eq. A.4):  879 

𝑣880 

= 𝑘𝐵[𝐸𝑃𝑄].                                                                                                                                  𝐸𝑞. (𝐴. 11) 881 

(Considering only the initial rates, there are no reverse reaction steps behind the 𝐸𝑃𝑄 complex. 882 

Therefore, we can equally define the overall reaction rate as a rate of eq. A.5, i.e. 𝑣 = 𝑘𝐴[𝐸𝐴], 883 

obviously obtaining the same result. From the same reason it is not necessary to consider more 884 

detailed mechanism of converting the 𝐸𝑃𝑄 complex to the final products, e.g. including its 885 

transformation to an 𝐸𝐴𝐵 complex.) 886 

Hence, we express all the concentrations of the enzyme forms as functions of [𝐸𝑃𝑄]. Eq. (A.9) 887 

and A.8 give the following relations: 888 

[𝐸𝐴] =
𝑘𝐵
𝑘𝐴
[𝐸𝑃𝑄]                                                                                                                    𝐸𝑞. (𝐴. 12) 889 

[𝐸𝑄] =
𝑘−1 + 𝑘𝐵
𝑘1[𝑃]

[𝐸𝑃𝑄]                                                                                                       𝐸𝑞. (𝐴. 13) 890 

Eq. A.7 gives 891 

[𝐸𝑃] =
𝑘𝑃
𝑘−𝑃

[𝐸][𝑃]                                                                                                                𝐸𝑞.  (𝐴. 14) 892 

and from eq. A.6 we obtain 893 

𝑘𝑄[𝐸][𝑄] = (𝑘−𝑄 + 𝑘1[𝑃])[𝐸𝑄] − 𝑘−1[𝐸𝑃𝑄]894 

= (𝑘−𝑄 + 𝑘1[𝑃])
𝑘−1 + 𝑘𝐵
𝑘1[𝑃]

[𝐸𝑃𝑄] − 𝑘−1[𝐸𝑃𝑄]                                  𝐸𝑞. (𝐴. 15) 895 

and thus  896 

𝑘𝑄𝑘1[𝑃][𝑄][𝐸] = (𝑘−𝑄 + 𝑘1[𝑃])(𝑘−1 + 𝑘𝐵)[𝐸𝑃𝑄] − 𝑘−1𝑘1[𝑃][𝐸𝑃𝑄]                   𝐸𝑞. (𝐴. 16) 897 
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𝑘𝑄𝑘1[𝑃][𝑄][𝐸] = (𝑘−𝑄𝑘−1 + 𝑘−𝑄𝑘𝐵 + 𝑘𝐵𝑘1[𝑃])[𝐸𝑃𝑄]                                               𝐸𝑞. (𝐴. 17) 898 

[𝐸] =
(𝑘−𝑄𝑘−1 + 𝑘−𝑄𝑘𝐵 + 𝑘𝐵𝑘1[𝑃])

𝑘𝑄𝑘1[𝑃][𝑄]
[𝐸𝑃𝑄].                                                                 𝐸𝑞. (𝐴. 18) 899 

Substituting this expression into eq. A.14 gives 900 

[𝐸𝑃] =
𝑘𝑃
𝑘−𝑃

(𝑘−𝑄𝑘−1 + 𝑘−𝑄𝑘𝐵 + 𝑘𝐵𝑘1[𝑃])

𝑘𝑄𝑘1[𝑄]
[𝐸𝑃𝑄].                                                       𝐸𝑞. (𝐴. 19) 901 

Expressions given by eqs. A.12, A.13, A.18, A.19 can be substituted to eq. A.10 which leads 902 

to 903 

[𝐸]0 = (
𝑘−𝑄𝑘−1 + 𝑘−𝑄𝑘𝐵 + 𝑘𝐵𝑘1[𝑃]

𝑘𝑄𝑘1[𝑃][𝑄]
+
𝑘−1 + 𝑘𝐵
𝑘1[𝑃]

+
𝑘𝑃
𝑘−𝑃

𝑘−𝑄𝑘−1 + 𝑘−𝑄𝑘𝐵 + 𝑘𝐵𝑘1[𝑃]

𝑘𝑄𝑘1[𝑄]
+ 1905 

+
𝑘𝐵
𝑘𝐴
) [𝐸𝑃𝑄]906 

=
1

[𝑃]

1

[𝑄]
(
𝑘−𝑄
𝑘𝑄

𝑘−1 + 𝑘𝐵
𝑘1

+
𝑘𝐵𝑘1
𝑘𝑄𝑘1

[𝑃] +
𝑘−1 + 𝑘𝐵
𝑘1

[𝑄] +
𝑘𝑃
𝑘−𝑃

𝑘−𝑄
𝑘𝑄

𝑘−1 + 𝑘𝐵
𝑘1

[𝑃]907 

+
𝑘𝑃
𝑘−𝑃

𝑘𝐵𝑘1
𝑘𝑄𝑘1

[𝑃]2 +
𝑘𝐴 + 𝑘𝐵
𝑘𝐴

[𝑃][𝑄]) [𝐸𝑃𝑄]908 

=
1

[𝑃]

1

[𝑄]
[
𝑘−𝑄
𝑘𝑄

𝑘−1 + 𝑘𝐵
𝑘1

+
𝑘−1 + 𝑘𝐵
𝑘1

[𝑄] + (
𝑘𝑃
𝑘−𝑃

𝑘−𝑄
𝑘𝑄

𝑘−1 + 𝑘𝐵
𝑘1

+
𝑘𝐵𝑘1
𝑘𝑄𝑘1

) [𝑃]909 

+
𝑘𝑃
𝑘−𝑃

𝑘𝐵𝑘1
𝑘𝑄𝑘1

[𝑃]2 +
𝑘𝐴 + 𝑘𝐵
𝑘𝐴

[𝑃][𝑄]] [𝐸𝑃𝑄]                                          𝐸𝑞. (𝐴. 20) 910 

From this equation we obtain  904 

[𝐸𝑃𝑄]911 

=
[𝐸]0[𝑃][𝑄]

𝑘−𝑄
𝑘𝑄

𝑘−1 + 𝑘𝐵
𝑘1

+
𝑘−1 + 𝑘𝐵
𝑘1

[𝑄] + (
𝑘𝑃
𝑘−𝑃

𝑘−𝑄
𝑘𝑄

𝑘−1 + 𝑘𝐵
𝑘1

+
𝑘𝐵𝑘1
𝑘𝑄𝑘1

) [𝑃] +
𝑘𝑃
𝑘−𝑃

𝑘𝐵𝑘1
𝑘𝑄𝑘1

[𝑃]2 +
𝑘𝐴 + 𝑘𝐵
𝑘𝐴

[𝑃][𝑄]
 912 

𝐸𝑞. (𝐴. 21) 913 

and, considering eq. A.11,  914 

𝑣 = 𝑘𝐵[𝐸𝑃𝑄] =
𝑘𝐴𝑘𝐵
𝑘𝐴 + 𝑘𝐵

[𝐸]0[𝑃][𝑄] [
𝑘𝐴

𝑘𝐴 + 𝑘𝐵

𝑘−𝑄
𝑘𝑄

𝑘−1 + 𝑘𝐵
𝑘1

+
𝑘𝐴

𝑘𝐴 + 𝑘𝐵

𝑘−1 + 𝑘𝐵
𝑘1

[𝑄]915 

+
𝑘𝐴

𝑘𝐴 + 𝑘𝐵
(
𝑘𝑃
𝑘−𝑃

𝑘−𝑄
𝑘𝑄

𝑘−1 + 𝑘𝐵
𝑘1

+
𝑘𝐵
𝑘𝑄
) [𝑃] +

𝑘𝐴
𝑘𝐴 + 𝑘𝐵

𝑘𝑃
𝑘−𝑃

𝑘𝐵
𝑘𝑄
[𝑃]2 + [𝑃][𝑄]]

−1

916 

=
𝑣𝑚𝑎𝑥[𝑃][𝑄]

𝐾𝐴 + 𝐾𝑚𝑃[𝑄] + 𝐾𝑚𝑄[𝑃] + 𝐾𝑥[𝑃]
2 + [𝑃][𝑄]

                                  𝐸𝑞. (𝐴. 22) 917 

The constants in eq. A.22 are defined as follows: 918 

𝑣𝑚𝑎𝑥 =
𝑘𝐴𝑘𝐵
𝑘𝐴 + 𝑘𝐵

[𝐸]0                                                                                                             𝐸𝑞. (𝐴. 23) 919 

𝐾𝐴 =
𝑘𝐴

𝑘𝐴 + 𝑘𝐵

𝑘−𝑄
𝑘𝑄

𝑘−1 + 𝑘𝐵
𝑘1

                                                                                              𝐸𝑞.  (𝐴. 24) 920 

𝐾𝑚𝑃 =
𝑘𝐴

𝑘𝐴 + 𝑘𝐵

𝑘−1 + 𝑘𝐵
𝑘1

                                                                                                    𝐸𝑞. (𝐴. 25) 921 

𝐾𝑚𝑄 =
𝑘𝐴

𝑘𝐴 + 𝑘𝐵
(
𝑘𝑃
𝑘−𝑃

𝑘−𝑄
𝑘𝑄

𝑘−1 + 𝑘𝐵
𝑘1

+
𝑘𝐵
𝑘𝑄
)                                                                     𝐸𝑞. (𝐴. 26) 922 
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𝐾𝑥 =
𝑘𝐴

𝑘𝐴 + 𝑘𝐵

𝑘𝑃
𝑘−𝑃

𝑘𝐵
𝑘𝑄
                                                                                                            𝐸𝑞. (𝐴. 27) 923 

All the symbols, except for 𝐾𝑥, were chosen in analogy with the conventions used at the ordered 924 

two-substrate mechanism. The symbol 𝑣𝑚𝑎𝑥, in the current mechanism, does not have the 925 

meaning of the limit maximum reaction rate, since at high concentrations of 𝑃 inhibition by 926 

substrate takes place inevitably. Therefore, it is only a formal symbol resembling the ordered 927 

mechanism that adopts the original meaning in case that 𝐾𝑥 → 0.  928 

The reciprocal dependence of 
1

𝑣
 on 

1

[𝑃]
 and 

1

[𝑄]
 then reads 929 

1

𝑣
=

1

𝑣𝑚𝑎𝑥
(𝐾𝐴

1

[𝑃]

1

[𝑄]
 + 𝐾𝑚𝑃

1

[𝑃]
+ 𝐾𝑚𝑄

1

[𝑄]
+ 𝐾𝑥

[𝑃]

[𝑄]
+ 1)                                      𝐸𝑞. (𝐴. 28) 930 

The following relations can be found among the constants in eq. A.28: 931 

𝐾𝐴 =
𝑘−𝑄

𝑘𝑄
𝐾𝑚𝑃                                                                                                                         𝐸𝑞. (𝐴. 29) 932 

𝐾𝑚𝑄 =
𝑘𝑃
𝑘−𝑃

𝐾𝐴 +
𝑘−𝑃
𝑘𝑃
𝐾𝑥                                                                                                       𝐸𝑞. (𝐴. 30) 933 

As 𝐾𝑚𝑃 is independent of 𝑘𝑄 and 𝑘−𝑄 and 𝐾𝐴 is independent of 𝑘𝑃 and 𝑘−𝑃, the constants 𝐾𝐴, 934 

𝐾𝑚𝑃, 𝐾𝑚𝑄, 𝐾𝑥 are independent in the sense that they may adopt any combination of values 935 

without being determined by one another. Thus, when determining them from the experimental 936 

data we need not work with the individual rate constants but we can only take these cumulative 937 

constants into account. 938 

Eqs. A.22 and A.28 can be analogously applied at the initial-velocity experiments with the 939 

reverse reaction, i.e. 940 

𝐴 + 𝐵 → 𝑃 + 𝑄. 941 

In this case we substitute 𝑄 → 𝐴 and 𝑃 → 𝐵 and obtain 942 

𝑣943 

=
𝑣𝑚𝑎𝑥[𝐵][𝐴]

𝐾𝐴
′ + 𝐾𝑚𝐵[𝐴] + 𝐾𝑚𝐴[𝐵] + 𝐾𝑥′[𝐵]2 + [𝐵][𝐴]

                                                                𝐸𝑞. (𝐴. 31) 944 

and 945 

1

𝑣
=

1

𝑣𝑚𝑎𝑥
(𝐾𝐴

′
1

[𝐵]

1

[𝐴]
 + 𝐾𝑚𝑃

1

[𝐵]
+ 𝐾𝑚𝑄

1

[𝐴]
+ 𝐾𝑥

′
[𝐵]

[𝐴]
+ 1) .                                    𝐸𝑞. (𝐴. 32) 946 

 947 

 948 

 949 

 950 

 951 


