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Abstract

Most of the glucoamylases (GA), which catalyze the hydrolysie-df,4 anda-1,6 glycosidic linkages, have a distinct region called a
starch-binding domain (SBD). We have developed a powerful method for screening a library of GA mutants by a combination of GA display
and SBD mutagenesis on the yeast-cell surface. In the cd&&@ampus oryzae glucoamylase (RoGA), three amino acids (63S, 71T, 73S) of
the SBD were combinatorially mutated to enhance the degradation activity toward cooked corn starch and the mutated RoGAs were displayed
on yeast-cell surface by cell-surface engineering. After the first screening by halo assay using an iodine-starch reaction, about 200 of the 8000
colonies formed clear halos. Incubation of the yeast with the mutated and displayed RoGAs caused direct degradation of cooked corn starch.
Repeated screening revealed that some of the mutants produced a degradation rate hrbdioid higher than did wild type. The results
obtained from the DNA sequences of the mutated SBDs indicated that amino-acid residues with a carbony! group (D, E, Q, N) in the SBD
enhance the degradation ability of the GA by enhancing the binding activity of the SBD.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction forms. Furthermore, in the phage-display system, it can be
difficult for mutant proteins other than peptides to attain an
Construction of a large gene library and conversion to a active form with catalytic activity.
protein library following rapid screening for function has We have developed a yeast display system using cell-
become a novel strategy in protein engineering. Recent ad-surface engineerinfp,6], which allows the display of pro-
vances in DNA manipulation enable us to construct large teins and peptides on the yeast-cell surface as fusion proteins
DNA libraries easily by error-prone PCR and DNA shuffling linked to the C-terminal half of-agglutinin. As yeast can
[1,2]. Nowadays, one of the most crucial procedures in pro- express many proteins with post-translational modification
tein engineering is the rapid screening of protein libraries in their active forms, the yeast display system promises to
to obtain a clone with the desired function. Phage display is become a powerful screening method able to lead from gene
a powerful screening method for libraries of mutated pro- libraries directly to the selection of clones with enzymatic
teins[3,4] and can be applied to a large set of gene libraries activities. Previously, we have demonstrated the utility of the
(genotype) with externally displayed peptides (phenotype) yeast display system in changing the substrate specificity of
because of its high transformation efficiency. Phages cannotlipase[7].
however express proteins that require post-translational gly- In the present study we further applied this system to
cosylation or proteolytic modification to attain their active the enhancement &hizopus oryzae glucoamylase (RoGA)
activity. Glucoamylase (GA) [EC 3.2.1.3] catalyzes the
* Corresponding author. Tekt81-75-753-6110: hydrolysis ofa-1,4 anda-1,6 glycosidi.c linkages to re-
fax: +81-75-753-6112. leaseB-p-glucose from the non-reducing ends of starch.
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displayed on the cell surface of yeasts can degrade corncretory signal sequence of RoGA under the control of the
starch and produce ethari8]. The tertiary structure of GA  glyceraldehyde-3-phosphate dehydrogenase (GAPDH) pro-
consists of a catalytic domain connected to a starch-bindingmoter. A DNA fragment containing. oryzae GA and iso-
domain (SBD) with a linker region. The structure of the lated from the plasmid pGA11 ycoRI andXhol digestion,
SBD of Aspergillus niger GA bound top-cyclodextrin, a was introduced into th&coRI-Xhol site of pBluescript Il
starch-mimic compound, has been determined by NMR SK(+) (Toyobo, Osaka, Japan).Banlll site was generated
[9,10]; there are two binding sites: Site 1 is a rigid and at the Ala-Ser-lle-encoding region of SBD by site-directed
compact binding site where hydrophobic-ring interaction mutagenesis using a QuickChange Site-Directed Muta-
between the sugar rings and aromatic rings of the two genesis Kit (Stratagene, CA, USA) and the two primers
tryptophans has been reported to play an important role 5-CTAATACTGGACATTCTCTGCATCGATTAATGGTA-
for binding to substrateflO]; Site 2 is a longer and more TCAAGGAG-3 and 3-CTCCTTGATACCATTAATCGAT-
flexible binding site where not only the hydrophobic-ring CGAGAGAATGTAACGTAT-TCG-3 (Banlll site under-
interaction of the two tyrosines but also some hydrogen lined). A DNA fragment containing the RoGA with the
bonds between the substrates and amino acids adjacent tgeneratedanlll site was isolated from the resulting plas-
the two tyrosines contribute to binding. While most SBDs mid by EcoRI and Xhol digestion and introduced into the
are located in the C-terminal region, the SBD of RoGA is plasmid pGA11, which was re-named pGA11 (Banlll). The
in the N-terminal region and has a low degree of homology plasmid for the expression of RoGA with mutated SBD
with the SBDs of the rest of the fungal GA family, and was constructed as follows: a DNA fragment containing the
seems thus to have undergone a solitary molecular evolutionSBD-coding region ané&coRI| andBanlll sites of pGA11B
[11]. was amplified by PCR using the primefsBCTTGAATTC-

We have attempted to enhance the activity of ROGA by ATGCAACTGTTCAAATTTGC-3 and B-CATTATCGA-
saturated (combinatorial) mutation of this uniqgue SBD. In TGCAGAGAATGTCCAGTATTCGTAATTTGAMNNAG-
the present study, we mutated three amino acids combinato-AMNNMNNAGCAGAGTAAGAAGCAGCAATGGTGTT-
rially to enhance the activity of RoOGA. Combinatorial mu- TCCATTATTATTCCAGTTG-3 (N, mixture of A, T, G
tation can create 20mutants, which contain all possible and C; M, mixture of A and C). The amplified fragment
combinations of characteristic positions. Data on the cloneswas digested b¥coR| andBanlll, and introduced into the
gained from the library may contribute to an understand- larger product of pGA11B after digestion wittcoRI and
ing of the structure—function relationship of the SBD. We Banlll. The resulting expression plasmid for mutated Ro-
screened the combinatorial library for catalytic activity us- GAs (SBD combinatorial library) was used to transform the
ing the yeast display system and isolated clones with en-yeast.
hanced activity. We also discuss here the characteristics of
the mutated amino-acid residues. 2.3. Screening by halo assay

Transformants with mutated RoGA displayed on

2. Experimental yeast-cell surface were spread on SD-W1% casamino
acid agar plates containing 0.2% cooked corn starch. Af-
2.1. Srains and media ter exposure of the plates to iodine vapor, colonies able to

degrade the corn starch were identified by clear halos.
Escherichia coli DH5a [F-, endAl, hsdR17(rgx™,
mgt), SupE44, thi-1, A~, recAl, gyrA96, AlacU196, 2.4. Assay of glucoamylase activity toward cooked
¢80dlacZAM1] was used as a host for DNA manipulation corn starch
and Saccharomyces cerevisiae strain MT8-1 MATa, ade,

his3, leu2, trpl, ura3) [12] as the host for protein expression. The substrate for glucoamylase reaction was prepared
E. coli was grown in LB medium [1% (w/w) tryptone, 0.5% by adding cooked corn starch to 20mM sodium acetate
yeast extract, 0.5% sodium chloride] containingus@ml buffer (pH 4.6) to give a concentration of 0.04%. Yeast cells

ampicillin. YPD medium (1% yeast extract, 2% peptone, were cultivated in 10 ml of SD-W medium containing 2%
2% glucose) was used to cultivate the yeast host cells. Thecasamino acids and collected by centrifuging at 30@@or
yeast transformants were cultivated in SD-W medium [2% 10 min. After the cells (A60@= 2.0) had been washed with
glucose and 0.7% yeast nitrogen base without amino acidssodium acetate buffer, the reaction was started by adding
(Difco, MI, USA) with appropriate supplements] containing 1 ml of the substrate solution. After 12 h incubation at G0

2% casamino acids. 100! of the reaction solution was treated with gbof 5N
HCl at 100°C for 2 h to degrade all the residual corn starch
2.2. Construction of plasmids to glucose. The solution was then neutralized with.10f

5N NaOH and the residual content of corn starch was as-
pGA11 [8] is a multicopy plasmid for the expression sayed by Glucose ClI-Test Wako kit (Wako Pure Chemical,
of the RoGAAk-agglutinin fusion gene containing the se- Osaka, Japan) as residual glucose content.
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2.5. DNA seguencing 3.2. Halo assay of yeast cells displaying combinatorially
mutated ROGAS
DNA fragments of around 400 bp encoding the mutated
portion of the SBD were amplified from yeast colonies  To introduce combinatorial mutation directly using
by PCR. The amplified fragments were purified by quan- oligonucleotide-directed mutagenesis, it is necessary to gen-
tum prep PCR kleen spin columns (Bio-Rad, CA, USA) erate unique restriction sites near the target DNA sequences.
and sequenced using a Dye Terminator Cycle SequencingBanlll was generated near the (63S, 71T, 73S)-coding DNA
Ready Reaction Kit and an ABI Prism 373A DNA Sequencer sequence in pGAL1IHg. 2) by site-directed mutagenesis as
(Perkin-Elmer/Applied Biosystems, CA, USA). described in Experimental.
The plasmids containing the combinatorial library of
RoGA SBD, constructed by combinatorial mutagenesis

3. Results (Fig. 2 were transformed into yeast cells. The transfor-
mants were spread on SD-W 1% casamino acid medium

3.1. Srategy for construction of combinatorial library of agar plates containing 0.2% cooked corn starch. Altogether

RoGA SBD around 80 x 10° colonies were obtained. The plates were

exposed to iodine vapour for 10 min, and around 200 of the
Homology data on RoGA SBD and the SBD Af niger 8.0 x 10° colonies produced clear halos. Colonies which
GA shows that the two important aromatic residues are con-formed clear halos were picked out, re-spread on plates,
served in both sequences in Site 1 but not in Siteig.(13. and re-screened, and the 48 colonies with the clearest halos
On the basis of homology witA. niger GA, we focused on were finally selected.
the putative residues in Site 2 and the adjacent amino acids

(63S, 71T, 73S). The position of 63S is YAaniger GAand 3.3, Evaluation of amylase activity of yeast cells displaying

contributes to hydrophobic-ring interaction with substrates. combinatorially mutated RoGA on their surfaces
The position of 71T is Y inA. niger GA. Although this Y

shows no clear interaction with cyclodextrin in NMR data,  The relative amylase activity of the 48 colonies obtained
in other GA SBDs this position is mainly Y. The position of and of other colonies with no halo were assayed with cooked
73S is T inA. niger GA. This T also shows no clear bind-  corn starch. Most of the 48 colonies exhibited 70-140% of
ing interaction in NMR data, but in other SBDs this position  the activity of the wild-type RoGA displayed, while colonies
is mainly T or D[11]. We therefore constructed the com- with no halo exhibited 10-30% (data not shown). Eleven of
binatorially mutated library of RoGA in 63S, 71T, and 73S the 48 colonies exhibited higher activity than the wild-type
(Fig. 1D. ROGA displayed on the cell surfac&aple 1. These results

v
RoGA-SBD 3 IPSSASVQLDSYNYDGST-FSGKIYV 27
A.niger GA-SBD 509 CTTPTAVAVTFDLT-ATTTYGENIYL 533

4
45 DNVVNNNGNTIAASYSAPI§GSNYEYWLF§ASING 78
541 GD\‘VET%DG-IALS--AI;)“\ TSSDPLWYVTVTLPA 571

79 IKEFYIKYEV---SGKTYVD 98
572 GESFEYKFIRIESDDSVEWE 593
(a) 0 . oo

Site 2
Y527 Y556

Linker

Site 1
Binding domain | W543 W590

Catalytic domain

A.niger GA
Site 2?7 (not conserved)
Putative site1 (conserved) Linker
W47 Y94 Lo . Catalytic domain
Binding domain
(b) RoGA

Fig. 1. Comparison of SBD sequences from RoGA @ndhiger GA. (a) Homology of SBD sequences. Amino acids involved in hydrophobic-ring-ring
interactions at Site 1 or Site 2 & niger GA are represented by (*) Site 1 o@] Site 2. Combinatorially mutated positions are represented by double
underlines. The amino-acid residues discussed in the text are indicated by the symbols of open and closed reverse triangles. (b) Models 6f structure o
two GAs. RoGA has SBD at the N-terminal bt niger GA has SBD at the C-terminal. Site 1 is conserved in both sequences but Site 2 is not.
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Fig. 2. Construction of plasmids for expression of SBD-combinatorially mutated RoGA on yeast-cell surface.
demonstrate that combinatorial mutagenesis of SBD with The amino-acid sequences of the SBD of mutants with

a yeast display system produces saturated mutant proteindigh catalytic activity showed a pronounced feature: they
easily and allows rapid screening for ROGA mutants with mostly contained carbonyl-group-containing amino acids

enhanced catalytic activity. (D, E, N, Q).
3.4. Analysis of combinatorially mutated amino-acid 3.5. Evaluation of amylase activity of mutants containing
residues of SBD Tyr in mutated position

The DNA sequences of the combinatorially mutated po-  While Tyrs have been found in other amylase SBDs, there
sitions of SBD in the mutants and their deduced amino-acid have been no mutants with Tyr in the mutated position in
residues were determined as describeslantion A Table J). our previous combinatorial libraries. We constructed four
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Table 1 binding activity by mutation. In structure analysis of the
Relative activity of mutants toward cooked corn starch and sequences of GRD of A. niger GA bound toB-cyclodextrin, two bind-
combinatorially mutated positions ing sites (Sites 1 and 2) have been identif{@d]. Data
Sequence Relative activity ~ on homology with other GAs shows that, in the SBD of
RoGAs, Site 1 is somewhat conserved but Site 2 is not.

63 71 73
Wild type S = S 100 It is considered that the cor?figurat_ion of S_ite 2 is flgxi-
M-1 L E N 129 ble and that many more amino acids contribute to direct
M-2 p Q E 1.46 or indirect substrate binding at Site 2 than at Sitgl4].
M-3 M H Q 1.45 We therefore combinatorially mutated at three residues in
M-4 M N T 1.06 the putative Site 2 region and adjacent to it (63S, 71T,
m'g E S AR 116125 73S). In other GAs, these sites are composed of Y or D.
M-7 D E E 15 Data on the screening of the combinatorial library indi-
M-8 R D H 1.25 cate that mutations to amino-acid residues containing a
M-9 Q S K 1.36 carbonyl group (D, E, Q, N) enhance the catalytic activity
M-10 P Q R 1.20 of RoGA. Newly generated hydrogen bondings between
M-11 M E Q 115 the carbonyl groups of the amino-acid residues and the
Y-1 Y T S 0.17 - -
v-2 s v S 0.24 substrate seem to enhance the binding ability of SBD
Y-3 s T v 0.25 to starch and thereby enhance the catalytic activity of
Y-4 Y Y Y 0.39 RoGA. While mutations to Tyr were expected from ho-

Wild type, pGA11B harboring yeasts; M-1 to M-11, selected mutants; mology research tq enhance the .blndlng'ablllty of SBD,
Y-1 to Y-4, tyrosin-containing mutants. Data are means based on five thére were no active mutants with Tyr in the mutated
independent measurements. Deviations are all less than 10%. positions in our combinatorial library. Tyr-containing mu-
tants in RoGA prepared by point mutation exhibited poor
activity. Hydrophobic-ring interaction between the sugar
mutants containing Tyr in mutated positions by site-directed rings of starch and the aromatic rings of amino acids
mutagenesis and assayed their catalytic activity by the samerequires that the two rings be parallel. It may be diffi-
method as irSection 3.2 All four mutants [Y-1(63Y, 71T, cult for the aromatic rings of Tyr in the position (63, 71,
73S), Y-2(63S, 71Y, 73S), Y-3(63S, 71T, 73Y), Y-4(63Y, 73) to achieve a parallel position with the sugar rings of
71Y, 73Y)] had poor catalytic activity toward cooked corn starch.
starch Table J). For this reason, we were unable to screen  In combinatorial mutagenesis, the 3D structural data can
mutant proteins with Tyr. be considered to determine the mutated regions and plural
positions, and will allow easier determination of the mutated
amino acids than error-prone PCR or DNA shuffling. The
4, Discussion combination of combinatorial mutagenesis and rapid selec-
tion for function using the yeast display system can generate
In the yeast display system, the catalytic activity of the large sets of data in correlations of mutated amino acids to
mutants is directly assayed on yeast-cell surface without pu- protein functions which can be utilized to progress research
rification of the mutated enzymé§g]. The yeast display sys-  into enzyme engineering.
tem is an attractive method of enzyme engineering because
it allows rapid screening for catalytic activity and the ready
expression and isolation of many industrially applicable en-
zZymes.
In the present study, we constructed a combinatorial li- [1] P. Martineau, Methods Mol. Biol. 178 (2002) 287.
brary of RoOGA SBD using the yeast display system and [2] S. Harayama, Trends Biotechnol. 16 (1998) 76.
screened for activity toward cooked corn starch. We obtained [3] p.H. Tani, J.C. Loftus, R.D. Bowditch, 365 (2002) 287.
a number of mutants exhibiting higher activity (>1.4-fold)  [4] T. Korpimaki, J. Rosenberg, P. Virtanen, T. Karskela, U. Lammin-
than W||d type in the first Screening by ha|0 assay and the maki, M. Tuomola, M. Vehniainen, P. Saviranta, J. AgI’iC. Food
relative assay using cooked corn starch. Chem. 50 (2002) 4194. . . .
There are several reports on the study of SBD by [5] T. Murai, M. U_eda, H. Atoml, Y. Shibasaki, N_. Kamasawa, M. Osumi,
) . | . . . - T. Kawaguchi, M. Arai, A. Tanaka, Appl. Microbiol. Biotechnol. 48
site-directed mutagenesis which provide information on (1997) 499.
the binding mechanism of SBD to star¢h3]. However, [6] M. Ueda, T. Murai, Y. Shibasaki, N. Kamasawa, M. Osumi, A.
there are few reports on the enhancement of the catalytic ~ Tanaka, Ann. NY. Acad. Sci. 864 (1998) 528.
activity of GA by the SBD mutation. The SBD of RoGA is [7] S. Shiraga, M. Ueda, S. Takahashi, A. Tanaka, J. Mol. Catal. B:
located in the N-terminal region and displays low homol- Enzym. 17 (2002) 167. . . .
; . [8] T. Murai, M. Ueda, M. Yamamura, H. Atomi, Y. Shibasaki, N. Ka-
ogy with other SBDs[11]. We therefore considered that masawa, M. Osumi, T. Amachi, A. Tanaka, Appl. Environ. Micro-
the SBD of RoGA had potential for improvement of its biol. 63 (1997) 1362.
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