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Thin Layer chromatography.  The natural substrates dhurrin and DIMBOAGlc were

purified as described (24, 29).  The purified parental Glu1, Dhr1 and their chimeras (Fig.

2B) were adjusted to a final concentration of 1µg/mL in 10 mM citrate-20 mM phosphate

buffer, pH 5.8.  Reactions were then incubated with 5 mM final concentrations of

DIMBOAGlc and dhurrin at room temperature for 6 hr.  Ten µl of the reaction mixture was

spotted on the TLC plate (0.25 mm silica coated Whatman® PE SIL G/UV plates) and

chromatographed vertically using the acetonitrile/H2O (85/15) mixture as the mobile phase

for 45 min (30).  The plate was sprayed with MeOH/H2SO4 (4:1; v/v), and then baked at

110oC for 10 min to visualize DIMBOAGlc, dhurrin and the reaction product glucose

resulting from hydrolysis.  For each substrate, a “no enzyme control” was included in the

assay.

Molecular modeling.  Models of the 3D structure of Glu1 and Dhr1 were generated by

homology modeling, using the Modeller4 program (31).  The models were based on the

known 3D structures of linamarase, the cyanogenic ß-glucosidase from white clover (PDB

code: 1cbg), and myrosinase, from white mustard (PDB code: 1myr). Five models each of

Glu1 and Dhr1 were generated in Modeller4.  The models were sufficiently similar that an

average structure for each of the enzymes was prepared by coordinate averaging.  The Leap

module of AMBER4.1 (32) was used to add hydrogen atoms to the models, and bad

contacts in the models were eliminated using energy minimization with the Sander module

of AMBER.  For energy minimization, 100 cycles of steepest descent minimization of

hydrogen atom positions was done first, after which 600 steps of steepest descent

minimization of all atoms was done.

RESULTS

Expression and Purification of Chimeric Enzymes.  The maize Glu1 and

sorghum Dhr1 isozymes and five Glu1/Dhr1 chimeras (Fig. 2B, Chim 2, Chim 15, Chim

16, Chim 21, and Chim 22) were expressed in catalytically active and soluble form in E.

coli BL21 (DE3) pLyS cells.   Expression levels were about 10% of the total E. coli protein

and solubility was close to 30% (data not shown) when cultures were grown at 37oC and

induced at room temperature.  Since the expressed proteins did not contain affinity tags,

they were purified by a simple two-step conventional procedure, differential solubility (35-
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60% AS cut) followed by hydrophobic interaction chromatography.  This procedure

yielded essentially homogenous protein in all cases as evident from SDS-PAGE profiles

(Fig. 3A).  Moreover, the electrophoretic mobilities of two chimeras (Chim 21 and 22)

containing the shortest segments from Dhr1 were identical to that of Glu1 (Fig. 3B-C,

lanes 1, 6, and 7), while those of three chimeras (Chim 2, 15, and 16) containing longer

Dhr1 segments were faster than that of Glu1 (Fig. 3B-C, lanes 3, 4, and 5).

Substrate Specificity.  The catalytic activity of the parental enzymes and five

chimeras towards natural (DIMBOAGlc and dhurrin) and artificial substrates (pNPG,

oNPG, 4MUGlc and 6BNGlc) was assayed in solution and in activity gels.  Glu1 and all

five Glu1/Dhr1 chimeras were catalytically active on all six substrates tested.  Dhr1 had

strict specificity towards its own natural substrate dhurrin (29, 33); it showed no detectable

catalytic activity towards pNPG, oNPG, 4MUGlc, 6BNGlc and DIMBOAGlc (Fig. 3B-C,

4A and Table II).  The substrate specificity data showed that replacement of either a large

(Chim 2, Chim 15, and Chim 16) or a small (Chim 21 and Chim 22) portion of the C-

terminus of Glu1 with the homologous portion of Dhr1 altered and broadened the substrate

specificity in chimeras.  In other words, each chimera hydrolyzed the physiological and

artificial substrates that are hydrolyzed both by Glu1 and Dhr1 but at a different rate.

These results were also confirmed by TLC in the case of the physiological substrates

dhurrin and DIMBOAGlc (Fig. 4A and B).  In contrast, Glu1 had activity towards both its

natural substrate DIMBOAGlc and all the artificial substrates tested (Tables II and III).

When substrate specificities of parental and chimeric enzymes were compared using

4MUGlc and 6BNGlc in zymogram assays after native PAGE in 6% gels, Glu1 and all

chimeras hydrolyzed both of these substrates (Fig 3B-C), while Dhr1 did not hydrolyze

either.

The kinetic parameters (Km, k cat and kcat/Km) of both parental and chimeric ß-

glucosidases were determined, and the data are summarized in Tables II and III.

All five Glu1/Dhr1 chimeras exhibited substrate specificities characteristic of both Glu1 and

Dhr1, hydrolyzing DIMBOAGlc (not hydrolyzed by Dhr1) and dhurrin (not hydrolyzed by

Glu1), as well as the artificial substrates oNPG, pNPG, 4MUGlc and 6BNGlc (Fig. 3B-

C, 4, and Tables II and III).  In addition, all chimeras except Chim 15 showed nearly a 3-4

fold increase in kcat for pNPG hydrolysis and a 2-3 fold increase in kcat for oNPG

hydrolysis with no change in Km, when compared to Glu1.  Higher specificity of these

chimeras for pNPG and oNPG than Glu1 and Chim 15 was clearly evident in specificity



71

M    1     2     3     4     5     6    7kDa

100

80

60

50

20

FIG. 3.   A, SDS-PAGE profiles of parental ß-glucosidases Glu1 and Dhr1 and the chimeric

forms expressed in E. coli.  Lane M, molecular weight markers; 1, Glu1; 2, Dhr;  3, Chim 2; 4,

Chim15; 5, Chim16; 6, Chim21; and 7, Chim22.  B ,  Native PAGE (10%) gel zymograms of

purified parental and chimeric ß-glucosidases developed with the fluorogenic substrate 4-

methylumbelliferyl-ß-D-glucoside (4MUGlc).  C,  the same zymogram developed with the

chromogenic substrate 6-bromo-naphtyl-ß-D-glucoside (6BNGlc).  Numbering of lanes in B  and

C corresponds to that in A.  Note that Dhr1 (lane 2) does not hydrolyze 4MUGlc and 6BNGlc.
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FIG. 4 .  TLC chromatograms showing the reaction products after incubation of the

physiological substrates DIMBOAGlc (A) and dhurrin (B) with parental ß-glucosidases Glu1

and Dhr1 (Lanes 2 and 3) and their chimeras as Chim 2, Chim 15, Chim 16, Chim 21 and

Chim 22 (Lanes 3-8) expressed in E. coli.  The plus (+) denotes incubation of the substrate

with  parental Glu1 and Dhr1 or their chimeras while the minus (-) denotes incubation of the

substrate without any enzyme source (no enzyme control).  Note that the parental enzymes

Glu1 and Dhr1 hydrolyze their natural substrate DIMBOAGlc and dhurrin, respectively.  All

chimeras hydrolyze both DIMBOAGlc and dhurrin.
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coefficients (kcat/Km) and relative efficiencies (Table 2).  Moreover, Glu1 and chimeras had

about 4-fold higher Km values for oNPG than for pNPG.  Among all, Chim 22 had the

lowest Km and highest relative efficiency for oNPG.  Although all chimeras hydrolyzed the

natural substrates dhurrin and DIMBOAGlc, there were significant differences among them

with respect to kinetic parameters (Tables II and III).  The Km of Dhr1 for dhurrin is 0.051

mM,  which is about one-third of that determined by Hosel et al (33).  Among chimeras,

Chim 15 had the highest Km (0.51 mM) for dhurrin followed by Chim 2 and Chim 22 and

the lowest specificity constants (Table 3).  Two chimeras (Chim 16 and 21) had the lowest

Km values among the five for dhurrin (~0.1 mM), which were twice the value of that for

the parental enzyme Dhr1.  The Km and kcat values of chimeras, except Chim 16, for

DIMBOAGlc hydrolysis were closer to those of the parental Glu1.  However, Chim 16

stood out among the five with lowest specificity coefficient and relative efficiency (32%)

while others varied from 65 to 88% when compared to that of Glu1 (Table 3).  Thus, in all

cases acquiring the ability to hydrolyze dhurrin was accompanied by lowered catalytic

efficiency in DIMBOAGlc hydrolysis.  Interestingly, dhurrin was a potent inhibitor of

Glu1 (KI=0.076 mM) although it is not hydrolyzed by Glu1.  Similarly, DIMBOAGlc is a

potent inhibitor of Dhr1 (KI=0.009 mM), again with no detectable hydrolysis (Table 3 and

Fig. 4).  It should be noted that chimeras 15 and 16 were obtained by splitting the 53-

amino acid-long Dhr1 domain at the C-terminus of Chim 2 into two subdomains to further

define the basis of specificity for dhurrin hydrolysis.  Chim 15 contained the extreme 23

amino acid-long C-terminal region (amino acids 492-514) from Dhr1, and none of these

residues mapped to the catalytic site

of the modeled parental enzymes.  Instead, this region resides on the surface of the tertiary

structures of Glu1 and Dhr1.  Kinetic data indicate that the 23-amino-acid-long peptide

from the extreme C-terminal region of Dhr1 still have effect on Chim 15 for dhurrin

specificity, although its catalytic efficiency (kcat/Km) for dhurrin was 17-fold lower than that

of Chim 2 (Table 3).  Km and kcat values for Chim 15 remained similar to those of the

parental enzyme Glu1 for pNPG, oNPG and DIMBOAGlc.  Chim 16 contained a 30-

amino-acid-long internal peptide (amino acids 462-490) from Dhr1.  It had Km value

similar to that of the parental enzyme Glu1, but showed nearly a 4-fold increase in kcat for

pNPG hydrolysis and a 3-fold increase in kcat for oNPG hydrolysis, similar to Chim 2.

The kinetic values (Km and kcat) of Chim 16 for DIMBOAGlc were similar to that of Chim

2, while its Km value for dhurrin was about one-third of Chim 2.  Its kcat value for dhurrin
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increased nearly 1.5-fold, and the catalytic efficiency increased nearly 5-fold when

compared to Chim 2.

To narrow down the basis of dhurrin hydrolysis specificity further, Chim 21 and

Chim 22 were generated by splitting into two parts the Dhr1 domain of Chim 16.  Thus,

Chim 21 and 22, respectively, contained the Dhr1 peptides 462SSGYTERF469 and
477ENGCERTMKR486, the remainder of the chimeric enzyme being contributed by Glu1.

Based on the modeled structure, the 462SSGYTERF469 peptide motif of Dhr1 and its Glu1

homologue 466FAGFTERY473 are predicted to be involved in substrate recognition and

binding.  Furthermore, peptide 466FAGFTERY473 from Glu1and 462SSGYTERF469 from

Dhr1 are predicted to be positioned in the active site cleft with only small changes in side

chain orientation (Fig. 5).  Chim 21 hydrolyzed dhurrin with a catalytic efficiency one-third

that of Dhr1 but nearly 8 times that of Chim 2.  Its activity towards DIMBOAGlc was

similar to that of Chim 2 but lower than that of Glu1.  Thus, the transfer of a total of only

four amino acid substitutions (466F/S, 467A/S, 469F/Y and 473Y/F, numbering based on

Glu1 sequence) from Dhr1 to Glu1 enabled Glu1 to hydrolyze dhurrin without

substantially affecting its activity towards DIMBOAGlc and other substrates.  Chim 22 also

showed activity towards dhurrin.  However, its catalytic efficiency was 3-fold less than

that of Chim 21.  In this case, a total of five substitutions (481N/E, 483N/G, 485T/E,

487Y/T and 490E/R) in the Dhr1 peptide 477ENGCERTMKR486 conferred to Glu1 the

ability to hydrolyze dhurrin with no change in specificity for other substrates hydrolyzed

by Glu1 including DIMBOAGlc.

Inhibition Studies.  In view of the fact that dhurrin is not hydrolyzed by Glu1

and DIMBOAGlc is not hydrolyzed by Dhr1, the inhibitory effects of dhurrin on Glu1 and

DIMBOAGlc on Dhr1 were studied.  The results showed that dhurrin is a competitive

ground state inhibitor for Glu1 (or DIMBOA-glucosidase) having a Ki of 0.076 mM.

DIMBOAGlc is also a potent competitive inhibitor Dhr1, with a Ki of 0.009 mM.  The K i

value for dhurrin using pNPG as substrate is in agreement with the data found in previous

work (34).  The inhibitory effect of DIMBOAGlc on Dhr1 has not been reported

previously.


