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Effects of several chemical probes selectively modifying various amino-acid resi-

dues on the activity of UDP-glucose : solasodine glucosyltransferase from eggplant

leaves was studied. It was shown that diethylpyrocarbonate (DEPC), a specific modi-

fier of histidine residues, was strongly inhibitory. However, in the presence of exces-

sive amounts of the enzyme substrates, i.e. either UDP-glucose or solasodine, the in-

hibitory effect of DEPC was much weaker indicating that histidine (or histidines) are

present in the active site of the enzyme. Our results suggest also that unmodified resi-

dues of glutamic (or aspartic) acid, lysine, cysteine, tyrosine and tryptophan are nec-

essary for full activity of the enzyme. Reagents modifying serine and arginine resi-

dues have no effect on the enzyme activity.

Steroidal glycoalkaloids occur in numerous

species of the Solanaceae including such eco-

nomically important crop plants as potato

(Solanum tuberosum), tomato (Lycopersicon

esculentum) or garden eggplant (Solanum

melongena). For a long time these glycosidic

compounds have attracted much attention

due to their toxicity for animals and humans,

interesting pharmacological activities of some

of them and their physiological function in
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plants as resistance factors against patho-

genic fungi, nematodes, molluscs and insects

(Friedman & McDonald, 1999; Roddick, 1996;

Valkonen et al., 1996). In spite of numerous

studies concerning the occurrence, chemical

structure and biological activities of steroidal

glycoalkaloids little has been known until re-

cently about the biosynthesis of their

aglycones and, particularly, about the forma-

tion of the sugar chains present in these com-

pounds. In the last decade it has been re-

ported that potato (Zimowski, 1991; Stapleton

et al., 1991; Bergenstrahle et al., 1992), to-

mato (Zimowski, 1994) and eggplant

(P¹czkowski & Wojciechowski, 1994;

P¹czkowski et al., 1997) contain specific

glycosyltransferases catalyzing glucosylation

or galactosylation of steroidal alkaloids typi-

cal for these plants, i.e. solanidine, tomatidine

and solasodine, respectively. These UDPGlc-

or UDPGal-dependent enzymes, most proba-

bly catalyzing the first step in the formation of

the sugar chains present in glycoalkaloids

characteristic for the above-mentioned plants,

have been at least partially purified and char-

acterized (Stapleton et al., 1992; Zimowski,

1998; P¹czkowski et al. 1997; 1998; 2001).

However, up to date, there are no infor-

mations about the mechanisms of the reac-

tions catalyzed by these glycosyltransferases.

The present study was a continuation of our

previous investigations on UDPGlc : solaso-

dine glucosyltransferase (GlcTase) from egg-

plant leaves. The effects of a number of

group-specific chemical probes on the activity

of eggplant GlcTase were investigated in or-

der to elucidate the involvement of specific

amino-acid residues in the active site of this

enzyme.

MATERIALS AND METHODS

Group-specific chemical probes: diethylpyro-

carbonate (DEPC), p-chloromercuribenzene-

sulfonic acid (PCMBS), 4,4�-diisothiocyanato-

stilbene-2,2�-disulfonic acid (DIDS), 4-aceta-

mido-4�-isothiocyanatostilbene-2,2�-disulfonic

acid (SITS), pyridoxal 5�-phosphate (PLP),

phenylglyoxal (PG), phenylmethylsulfonyl

fluoride (PMSF), N-acetylimidazole (NAI),

2-hydroxy-5-nitrobenzyl bromide (HNB,

Koshland I Reagent), 2-mercaptoethanol

(2-ME), dithiothreitol (DTT) and dithio-

erythritol (DTE) were acquired from Sigma.

Woodward’s Reagent K (WRK) and imidazole

were obtained from Fluka. Commercial prepa-

ration of solasodine (from Sigma) was addi-

tionally purified by recrystallization from eth-

anol immediately before use. Tritium-labelled

tigogenin was synthesized as described earlier

(P¹czkowski et al., 2001).

Enzyme preparations. Leaves of

9-week-old eggplants (Solanum melongena L.)

were used for enzyme isolation as described

previously (P¹czkowski & Wojciechowski,

1994). Further purification of GlcTase was

achieved as described in our preceding paper

(P¹czkowski et al., 1997).

Standard GlcTase assays. Unless stated

otherwise, incubations were carried out at 30�

for 30 min. In a typical enzyme assay 0.50 ml

of the enzyme (30 �g protein) in 0.05 M Hepes

buffer, pH 7.3, was preincubated with an

amino acid-specific probe in 0.01–0.10 ml of

water (DTE, DTT, HNB, 2-ME, PCMBS, PG,

WRK) or in 0.01–0.10 ml of 0.05 M Hepes,

pH 7.3 (DIDS, SITS, NAI, PLP, PMSF) or in

0.01 ml of ethanol (DEPC). Control samples

contained, instead of chemical probe solu-

tions, equivalent amounts of pure solvents.

Unless stated otherwise, the enzyme reaction

was initiated by the addition of UDP-[3H]Glc

(1.5 nmol, 3.33 kBq) or UDP-[14C]Glc (6.8

pmol, 3.33 kBq) in 0.01 ml of 50% ethanol and

solasodine (0.4 nmol) in 0.01 ml of ethanol. In-

cubations were carried out at 30�, usually for

30 min. The reaction was stopped by heating

of the incubated samples in a boilling wa-

ter-bath, the labelled glucosidic product was

separated from the labelled nucleotide sugar

precursor by extraction with 1-butanol and

quantitatively assayed as previously de-

scribed (P¹czkowski et al., 1998).
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RESULTS AND DISCUSSION

Selected data on the effects of amino acid

modifying reagents on the activity of S.

melongena GlcTase are given in Table 1. Sig-

nificant inhibition was obtained in the pres-

ence of reagents which are known to react

with �-NH2 groups of lysine (DIDS, SITS and

PLP), with histidine (DEPC), dicarboxylic

amino-acids (WRK), tryptophan (HNB), tyro-

sine (NAI) and with free thiol groups in

cysteine (PCMBS) indicating that the above

listed amino acids are essential for full activ-

ity of the enzyme. It is noteworthy that the

very strong inhibition of the enzyme by 0.07

mM PCMBS could be almost completely re-

versed by addition of 16 mM 2-ME, DTT or

DTE. This observation clearly confirms the re-

quirement for reduced cysteine residues in

the enzyme for its full activity. On the other

hand, chemical probes reacting with arginine

or serine, i.e. PG and PMSF, respectively, had

no effect on GlcTase suggesting that these two

amino acids are not essential for the activity

of this enzyme.

In order to identify the amino acids involved

in substrate binding, experiments were car-

ried out in which inhibition of GlcTase by vari-

ous chemical probes was assayed after

preincubation of the enzyme preparation with

its substrate, i.e. UDPGlc or solasodine.

Very potent protection of the enzyme

against inactivation with DEPC was found

when enzyme preparation was preincubated

with solasodine (see Fig. 1), suggesting that a

histidine residue (or residues) is involved in
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Table 1. Effects of various chemical treatments on the activity of eggplant UDPGlc : solasodine

GlcTase

*Abbreviations are explained in Materials and Methods; **enzyme activity in the absence of any chemical probe = 100%;

***for strong inhibitors concentrations causing 50% inhibition are given.



the steroid substrate binding. Much smaller

but significant protection of the enzyme by

preincubation with solasodine was also ob-

served using PCMBS, HNB and NAI, i.e. re-

agents modifying cysteine, tryptophan or ty-

rosine residues. Preincubation with sola-

sodine had no effect on the inhibition of the

enzyme by other reagents tested.

Further experiments showed that the strong

inhibition of GlcTase by 0.25 mM DEPC could

also be partially eliminated when the enzyme

was preincubated with UDPGlc before addi-

tion of DEPC and solasodine. Preincubation

with UDPGlc also substantially diminished

the inhibition by WRK, which is known to re-

act with dicarboxylic amino acids, i.e. Asp or
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Figure 1. Protective effect of solasodine on inactivation of GlcTase by DEPC.

(A) The enzyme was preincubated for 5 min with (�) or without (�) 0.8 �M solasodine then DEPC (0.1 mM) was

added and preincubation was continued. At various time intervals (0–5 min), 2 mM histidine was added in order to

destroy unreacted DEPC. The enzymatic reaction was initiated by addition of UDP-[
14

C]Glc. (B) After

preincubation with or without solasodine, 0.1–0.5 mM DEPC was added and incubation continued for 5 min.

Unreacted DEPC was destroyed with 2 mM histidine and after further 5 min the enzymatic reaction was initiated

with UDP-[
14

C]Glc.

Table 2. Protective effect of UDPGlc on the inhibitory effects of DEPC and WRK on solasodine

glucosylation by eggplant GlcTase

Enzyme preparation was preincubated for 5 min with or without UDP-[
3
H]Glc (33.5 kBq, final conc. 29 �M). Then modify-

ing reagent (DEPC or WRK) was added and preincubation was continued for 10 min. The enzymatic reaction was initiated

by addition of unlabelled solasodine (final conc. 8 �M). In samples preincubated without UDPGlc the reaction was started

using unlabelled solasodine and an equivalent amount of UDP-[
3
H]Glc.



Glu (Table 2). The protection of the enzyme

against inhibition by DEPC and WRK was

particularly evident using another experimen-

tal approach (Table 3). In this case cold

UDPGlc was used for preincubation with the

enzyme before addition of inhibitors and

[3-3H]tigogenin as the steroid substrate. We

have shown previously (P¹czkowski et al.,

2001) that tigogenin, a steroidal sapogenin

which is a close structural analogue of

solasodine, is a good substrate for the studied

enzyme and, in contrast to solasodine, can be

readily synthesized in a tritium-labelled form.

Genes for several plant glycosyltransferases

catalyzing the nucleotide sugar-dependent

glycosylation of various secondary plant me-

tabolites, e.g. flavonols, anthocyanidins,

limonoids, cyanohydrins or betanidins, have

been cloned. A consensus sequence, so called

PSPG-box, is present in all these enzymes and

is considered to represent the nucleotide

sugar binding site (Vogt & Jones, 2000). The

PSPG-box contains the highly conserved

histidine and glutamic acid residues which are

proposed to be involved in the nucleophilic

SN2 reaction mechanism leading to the inver-

sion of the anomeric sugar configuration dur-

ing transfer of the sugar moiety from the nu-

cleotide sugar donor to the acceptor

(Kapitonov & Yu, 1999). The results of our

study strongly imply that histidine and dicar-

boxylic acid residues are essential for cataly-

sis of glucosylation of steroidal alkaloids and

sapogenins by the enzyme from S. melongena.

They also indicate that a histidine residue(s)

is important both for the binding of sugar nu-

cleotide, i.e. UDP-glucose, as well as for the

binding of steroidal aglycone. Moreover, our

results suggest the importance of a glutamic

(or aspartic) acid residue(s) for the binding of

the steroid substrate.
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