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 Chapter 5

Conclusion
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Three complementary DNAs encoding ß-glucosidases, Glu1 and Glu2 from maize

and Dhr1 from sorghum were isolated and characterized at the molecular and biochemical

level.  Earlier studies in our laboratory showed that both Glu1 and Glu2 are spatially and

temporally expressed in different organs of young seedlings.  Similar work was also

performed on sorghum seedlings showing the spatial and temporal expression of

dhurrinase 1 at the message and protein level in our laboratory.  ß-glucosidases from maize

and sorghum seedlings were also isolated and characterized with respect to the substrate

specificity using natural and artificial glucosides.  In addition to isolating and characterizing

native ß-glucosidases, the corresponding cDNAs have been cloned and overexpressed in

E. coli.  About 30% of resulting recombinant maize ß-glucosidases (rGlu1 and rGlu2) and

sorghum dhurrinase (rDhr1) are soluble and catalytically active.  Comparative substrate

specificity, kinetic, electrophoretic and immunological studies showed that the recombinant

enzymes were identical to those of the native counterparts isolated from maize and

sorghum.  We were the first to demonstrate that monocot ß-glucosidases can be

overexpressed in soluble and active form in E. coli. .  The recombinant monocot ß-

glucosidases represent an ideal model system to investigate structure and function

relationships.  The expression of the plant ß-glucosidases in E. coli and the kinetic

characterization presented in this dissertation lays the groundwork for future studies such

as mechanism of substrate specificity and catalysis.

Precursor maize ß-glucosidases were also expressed in E. coli although their

biochemical characterizations are not reported here.  The expressed precursor ß-

glucosidases are also soluble and catalytically active in E. coli.  Further studies need to be

done to compare kinetic parameters of precursor and mature ß-glucosidases in the future.

This will provide important information about the activity of ß-glucosidases in the cell

before and after being targeted to protoplasts.  Furthermore, it should also provide

preliminary information about the structure of the enzyme prior to targeting protoplasts.

Since we have developed a protocol for purification of recombinant ß-glucosidases

from E. coli as well as the physiological substrates, DIMBOAGlc and dhurrin from maize

and sorghum seedlings, respectively, generating hybrid enzymes was straightforward to

investigate the substrate specificity.  Moreover, we also purified rGlu1 and its acid/base

catalyst mutants, E191Q and E191D, in large scale to co-crystallize with inhibitors (dhurrin

and DIMBOA) and the physiological substrate (DIMBOAGlc).  The 3D structure of Glu1

was recently determined at 2.2-2.3 Å resolution by our French collaborators. Additionally,
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co-crystallization studies of Glu1 and its E191D mutant with dhurrin are currently

underway.

The most important question to ask about ß-glucosidases is what determines

substrate specificity, including the site and mechanism of aglycone binding, and which

amino acid residues are responsible for substrate recognition at or around the active site.  In

order to answer these questions, the first plausible approach is to generate hybrid enzymes

by swapping peptide domains among ß-glucosidases.  The expression model system we

developed allowed us to generate many chimeric ß-glucosidases (Glu1/Dhr1) to determine

the peptide motifs, which might have key determinants involved in substrate binding.

Examining the modeled 3D structures of Glu1 and Dhr1, we were able to define the peptide

motifs at or around the active site.  A total five of chimeric enzymes were designed and

produced by shuffling a small portion of the C-terminal region (53 amino acids) and its

derivatives.  They showed catalytic activity towards both physiological and artificial

substrates.  The results indicated that one of the most crucial regions for dhurrin

hydrolysis is in the peptide motif 462SSGYTERFGIVYVDRENGCERTMKR-SARWL491

at the carboxyl terminus.  To further analyze substrate specificity, the peptide region
462SSGYTERFGIVYVDRENGCERTMKRSARWL491 of Dhr1 was split into two

subdomains, which include 462SSGYTERF469 and 477ENGCERTMKR489.  These peptides

were introduced in place of corresponding regions on Glu1.  Chim21 contains amino acids
462SSGYTERF469 of rDhr1 and Chim22 contains amino acids 477ENGCERTMKR489 of

Dhr1.  The amino acids 462SSGYTERF469 contain four residues (S462-463, Y465 and

F469) that are different from those found in the equivalent sites (FAGFTERY) of Glu1.

Similarly, the amino acids 477ENGCERTMKR489contain five residues (E477, G479, E481,

T483 and R486) that are different from the equivalent sites (NNNCTRYMKE) of Glu1.  In

Chim21, each of these residues either individually or in combination enabled Glu1 to

hydrolyze dhurrin without losing its activity towards DIMBOAGlc.  Dhurrinase activity of

Chim21 is quantitatively similar to that of Dhr1.  In addition, Chim21 shows broad

substrate specificity towards both natural substrates and artificial substrates as does Glu1.

Chim22 also hydrolyzes dhurrin but 4.3-fold less efficiently than Chim21. Overall, the

kinetic parameters of chimeras and parental enzymes showed that the natural substrates

dhurrin and DIMBOAGlc have the same distinct binding site within the active site.  Further

studies will be required to determine the significance of the individual amino acids by site-

directed mutagenesis in the 462SSGYTERF469 peptide region of Chim21.  There are also

plans to develop random mutagenesis techniques to generate more mutants and to screen by
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activity staining using both flourogenic and chromogenic substrates.  The important step in

this study is to identify the amino acids which are responsible for dhurrin hydrolysis.

Moreover, comparative kinetic studies between Chim21 and mutant ß-glucosidases will

provide important information about the mechanism of aglycone binding of substrates.

Once the amino acids that are responsible for dhurrin hydrolysis is identified, the mutant

enzyme and wild type Dhr1 will be co-crystallized with dhurrin and its aglycone, p-

hydroxy-(S)-mandelonitrile, and the binding site will be compared between two structures.

The co-crystallization of the enzyme-substrate complex would contribute new insights into

understanding ß-glucosidase evolution in monocots.

In maize ß-glucosidases, a carboxyl group at position 191 capable of effective

proton transfer is essential for the hydrolysis of substrates with leaving groups, which

require acid catalysis, such as pNPG, oNPG and the natural substrate DIMBOAGlc.

Substitution of the general acid/base catalyst glutamic acid with glutamine decreased kcat

values 110 to 200-fold for substrates with good leaving groups even though Km values

remained similar to wild type.  The importance of the acid/base catalyst, E191, is clearly

shown by the replacement of this residue with an isosteric group (Gln) as well as a shorter

residue (Asp).  Interestingly, the mutant E191Q is able to hydrolyze oNPG, pNPG,

oNPFc, pNPFc, and also the physiological substrate DIMBOAGlc with a low efficiency.

In contrast, the E191D mutant did not show any detectable activity towards any substrate

hydrolyzed by rGlu1.  This indicates that the carboxyl group on a shorter side chain such

as that of aspartic acid is improperly positioned or does not have sufficient distance to serve

as the acid/base catalyst.  The precise replacement of an acid/base catalyst E191 with

glutamine in maize ß-glucosidase is not critical because the leaving group needs protonic

assistance.  Shortening the acid-base catalyst side chain (E191D) gave rise to inactive

mutant, which does not show any detectable activity towards the aforementioned

substrates.  Thus, as expected, the positional requirements for proton transfer are more

significant in terms of carbon-oxygen bond formation.  The data revealed that E191 in

Glu1 and Glu2 in maize is required as the acid/base catalyst in hydrolysis.  This is the first

study of mechanism of ß-glucosidase in eukaryotes based on side-directed mutagenesis.

Further studies will be necessary to define the specific amino acids at or the around active

site that play key roles in the formation of the substrate-enzyme complex in hydrolysis.

As outlined in the introduction, understanding the substrate specificity and

mechanism of aglycone binding in ß-glucosidases would make a new fundamental

contribution to ß-glucosidase biology.  ß-glucosidases represent an attractive model in
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protein engineering due to their broad substrate specificity.  Our studies have provided new

basis for studies aiming at understanding the divergence of substrate specificity in ß-

glucosidases.  Furthermore, our results suggest that new enzymatic functions can be

engineered into naturally-occurring enzymes using recombinant DNA technology.  Finally,

future studies on structure and function of ß-glucosidases will likely yield additional

insights into substrate-binding mechanisms and alteration of substrate specificity.
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