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Introduction to the Proceedings
of the Twenty-Eighth Symposium
on Biotechnology for Fuels and Chemicals

JONATHAN R. MIELENZ

Oak Ridge National Laboratory
Oak Ridge. TN 3831

The Twenty-Eighth Symposium on Biotechnology for Fuels and
Chemicals was held April 30-May 3, 2006 in Nashville, Tennessee which
provided a new interesting venue as well as a convenient travel destina-
tion. The growing interest in alternative fuels and chemicals, driven in part
by the rising cost of petroleum, along with the exciting technical program
yielded a record attendance at this Symposium with 479 participants,
exceeding late year’s record attendance in Denver. Notable was a dramatic
increase in representation from industry which comprised about 40% of
the attendees, signifying the continuing transition of Symposium from
biomass research to inclusion of commercial development and deploy-
ment. The Symposium continued to receive strong international support
with 30% of the attendees coming from 24 counties. As always, the
Symposium was a strong supporter of education as shown by the 86 students
registered for the meeting at the reduced rate.

The 2006 28" Symposium on Biotechnology for Fuels and Chemicals
marked a transition from a meeting organized and managed by the
National Renewable Energy Laboratory and the Oak Ridge National
Laboratory to transferring these critical duties to a professional not-for-profit
scientific society, the Society for Industrial Microbiology (SIM). SIM took
on the responsibility for contracting with the host hotel, handling registra-
tion, abstract submission and tracking, proceedings publication and over-
all management of the meeting. The technical aspects continue to be
managed by the 21 member organizing committee whose responsibility is
to support the meeting Co-Chairs. Session selection, abstract review,
manuscript review and editing and proceedings editing is handled by the
meeting Co-Chairs and overseen by the committee as it has been in previ-
ous years. This transition went very smoothly and the meeting was man-
aged quite well by SIM even in the face of the record attendance.
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Selection of the Charles D. Scott awardees marked a small but appro-
priate departure from tradition with selection of two equally deserving
individuals based upon their significant, lengthy support of the
Symposium both through their technical contribution for bioenergy
research and also by their serving tirelessly as Co-Chairs for the
Symposium for ten to twelve years! Brian Davison from Oak Ridge
National Laboratory (ORNL) is the Chief Scientist for Systems Biology and
Biotechnology. In his twenty years at ORNL he has performed biotechnol-
ogy research in variety of areas including bioconversion of renewable
resources, non-aqueous biocatalysis, systems analysis of microbes, and
immobilization of microbes and enzymes among other areas of research.
He supported the Symposium many ways before becoming co-chair of the
15% to 26" Symposium on Biotechnology for Fuels and Chemicals and
served as editor of Proceedings in Appl. Biochem. Biotechnol., (1994-2005).
The Symposium grew from 150 to over 400 attendees during these twelve
years (ten with Mark Finkelstein).

Mark Finkelstein joined the National Renewable Energy Laboratory
(NREL) in 1992 to introduce industrial approaches to problem solving and
helped establish numerous successful business relationships during his
tenure at NREL. He helped initiate work on Zymomonas within the
Biofuels Program that resulted in numerous patents, publications, NREL's
first team Staff Award, and an R&D 100 award in 1995. He has served in a
variety of capacities in support of the Symposium on Biotechnology for
Fuels and Chemicals before becoming co-chair from 1996 to 2004. In 2004
Mark joined Luca Technologies, a small biotechnology company using
microbes to create in-situ hydrogen/methane as a new source of energy.
The Symposium on Biotechnology for Fuels and Chemicals congratulates
both Brian and Mark for receiving the CD Scott Award in 2006.

These proceeding cover many of the 62 oral presentations and 255
poster presentations covering topics ranging from Feedstock Supply and
Logistics, Microbial Catalysts and Metabolic Engineering, to Bioprocessing
and Separations R&D, and Bio/Thermo-chemical Integrated Biorefinery.
In addition, the Symposium hosted two special sessions on Life Cycle
Analysis/Sustainability, and International Biomass/Biofuels Update.

Session Chairpersons

Session 1A: Enzyme Catalysis and Engineering
Chairs:  Michael Himmel, National Renewable Energy Laboratory,
Golden, CO
Elena Vlasenko, Novozymes, Inc.,Davis, CA

Session 1B: Plant Biotechnology and Genomics
Chairs:  Mariam Sticklen, Michigan State University, East Lansing, MI
Gerald Tuskan, Oak Ridge National Laboratory, Oak
Ridge, TN
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Session 2: Biomass Fractionation and Hydrolysis
Chairs:  Amy Miranda, USDOE Office of the Biomass Program,
Washington, DC
Charles Wyman, University of California, Davis, CA
Session 3A: New and Developing Industrial Bioproducts
Chairs: ~ Mohammed Moniruzzaman, BioEnergy Intl. LLC, Norwell,
MA
Christian Stevens, Ghent University, Gent, Belgium
Session 3B: Feedstock Supply and Logistics
Chairs:  Robert Perlack, Oak Ridge National Laboratory, Oak Ridge,
TN
Richard Hess, Idaho National Laboratory, Idaho Falls, 1D
Session 4: Microbial Catalysis and Metabolic Engineering
Chairs:  Stanley Bower, Tate & Lyle, Decatur, IL
Mark Eiteman, University of Georgia, Athens, GA
Session 5: Bioprocessing and Separations R&D
Chairs:  Luca Zullo, Cargill, Minneapolis, MN
Seth Synder, Argonne National Laboratory, Argonne, IL
Session 6: Bio/Thermo-chemical Integrated Biorefinery
Chairs:  Art Ragauskas, Georgia Institute of Technology, Atlanta, GA
Thomas Foust, National Renewable Energy Laboratory,
Golden, CO
Special Topics Session A: Life Cycle Analysis/ Sustainability
Chairs:  Bruce Dale, Michigan State University, East Lansing, MI
Michael Wang, Argonne National Laboratory, Argonne, IL
Special Topics Session B: International Biomass/Biofuels Update

Chairs: Jin-Ho Seo, Seoul University, Seoul, Korea
Barbel Hahn-Hagerdal, Lund University, Lund, Sweden

Organizing Committee

Jonathan Mielenz, Conference Chairman, Oak Ridge National
Laboratory, Oak Ridge, TN

K. Thomas Klasson, Conference Co-Chairman, USDA Agricultural
Research Service, Southern Regional Research Laboratory, New
Orleans, LA

Jim McMillan, Conference Co-Chairman, National Renewable
Energy Laboratory, Golden, CO

William Adney, National Renewable Energy Laboratory, Golden, CO

Doug Cameron, Khosla Ventures, Menlo Park, CA

Brian Davison, Oak Ridge National Laboratory, Oak Ridge, TN

Jim Duffield, National Renewable Energy Laboratory, Golden, CO

Don Erbach, USDA-Agricultural Research Service, Beltsville, MD
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Dale Monceaux, AdvanceBio LLC, Cincinnati, OH
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Jack Saddler, University of British Columbia, Vancouver, British
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This symposium has been held annually since 1978. We are pleased to

have the proceedings of the Twenty-Seventh Symposium currently pub-
lished in this special issue to continue the tradition of providing a record
of the contributions made.

The Twenty-Eighth Symposium will be April 30-May 3, 2006 in

Nashville, Tennessee. More information on the 27" and 28" Symposia is
available at the following websites: [http:/ /www.eere.energy.gov/biomass/
biotech_symposium/] and [http://www.simhq.org/html/meetings/].
We encourage comments or discussions relevant to the format or content
of the meeting.
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SESSION 1A

Enzyme Catalysis and Engineering

Introduction to Session 1A

MicHAEL E. HIMMEL*

National Renewable Energy Laboratory, Golden, CO 80401
E-mail: mike_himmel@nrel.gov

Understanding and overcoming the natural resistance of plant cell
walls to enzymatic hydrolysis remains one of the most active research
areas in biofuels production (as indicated by the number of abstracts and
papers submitted to this session). A number of the oral presentations given
during the Enzyme Catalysis and Engineering session highlighted the use
of new and innovative tools for advancing our understanding of plant cell
wall deconstruction. The oral presentations and posters given for this
session included applications of imaging tools and computational models
to advance our understanding of biomass recalcitrance relative to enzy-
matic deconstruction. This session was opened with a presentation by
Dr. Danny Akin, who outlined the structural and chemical barriers for
the bioconversion of grasses to sugars. Lignocelluloses from grasses, such
as switch grass, are resistant to bioconversion by various aromatic con-
stituents, which include both lignins and phenolic acid esters. However,
Akin and coworkers demonstrated the use of selected white rot fungal
enzymes, which lack cellulases that could be used to produce delignified
lignocellulosic materials, resulting in improved bioconversion.

Dr. Shi-You Ding presented an exposé on the use of new imaging
tools now available at the National Renewable Energy Laboratory.
Dr. Ding presented state-of-the-art applications of imaging and how it can
be used to understand how plant cell wall microfibril structure changes
during biomass conversion processes. Researchers now have the ability to

*Author to whom all correspondence and reprint requests should be addressed.
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examine the microfibril at the nanometer scale using atomic force
microscopy, which allows for the imaging of biomaterials at atomic scale
without extensive sample preparation or change in the original structure.
Dr. Ding described how he has used this technique to visualize cellulases
directly under aqueous conditions. His findings have resulted in a new
model of the molecular structure of the cellulose microfibril in the plant
cell wall.

Other presentations were focused on techniques to reduce biomass
recalcitrance by applying thermal tolerant enzymes, supplementation
with “accessory enzymes,” or by using blocking agents, such as bovine
serum albumin to prevent nonspecific absorption of enzymes to lignin.
Dr. Deidre Willies from the Thayer School of Engineering at Dartmouth
College presented data indicating that corn stover and lignin adsorb large
amounts of cellulases and outlined methods that could be used to present
adsorption and enhance cellulose digestion.

The presentations and resulting discussion during the session high-
lighted the need for more research that will advance our understanding of
the natural resistance of plant cell walls to microbial deconstruction. It is
this property that is largely responsible for the high cost of lignocellulose
conversion; and yet to take the steps toward sustainable energy use we
must overcome the chemical and structural properties that have evolved
in biomass to prevent its deconstruction.

Applied Biochemistry and Biotechnology Vol. 136-140, 2007
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Grass Lignocellulose

Strategies to Overcome Recalcitrance

DANNY E. AKIN*

Russell Research Center, PO Box 5677, ARS-USDA, Athens, Georgia 30604,
E-mail: danny.abin@ars.usda.gov

Abstract

Grass lignocelluloses are limited in bioconversion by aromatic constituents,
which include both lignins and phenolic acids esters. Histochemistry, ultravi-
olet absorption microspectrophotometry, and response to microorganisms
and specific enzymes have been used to determine the significance of aro-
matics toward recalcitrance. Coniferyl lignin appears to be the most effective
limitation to biodegradation, existing in xylem cells of vascular tissues; cell
walls with syringyl lignin, for example, leaf sclerenchyma, are less recalci-
trant. Esterified phenolic acids, i.e., ferulic and p-coumaric acids, often con-
stitute a major chemical limitation in nonlignified cell walls to biodegradation
in grasses, especially warm-season species. Methods to improve biodegrad-
ability through modification of aromatics include: plant breeding, use of
lignin-degrading white-rot fungi, and addition of esterases. Plant breeding
for new cultivars has been especially effective for nutritionally improved for-
ages, for example, bermudagrasses. In laboratory studies, selective white-rot
fungi that lack cellulases delignified the lignocellulosic materials and
improved fermentation of residual carbohydrates. Phenolic acid esterases
released p-coumaric and ferulic acids for potential coproducts, improved the
available sugars for fermentation, and improved biodegradation. The separa-
tion and removal of the aromatic components for coproducts, while enhancing
the availability of sugars for bioconversion, could improve the economics of
bioconversion.

Index Entries: Lignin; microspectrophotometry; phenolic acid esters; plant
breeding; white-rot fungi.

Introduction

Corn-to-ethanol production and use is rapidly expanding. With the
phase-out of methyl tertiary butyl ether, which has been used as an oxy-
genate for more efficient burning of gasoline, ethanol has been added in
ever increasing quantities. Further, the desire to use even higher ratios of
ethanol as a fuel related to improved national security, trade imbalance,

*Author to whom all correspondence and reprint requests should be addressed.
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and use of agricultural products has driven up the demand, price, and pro-
duction. With greater emphasis on fuel ethanol, lignocellulose as substrate
for fermentation has been given an increased priority (www.ethanolrfa.org)
(1). Recently, the Iogen Corporation reported the first commercial batch
of ethanol from lignocellulose, using wheatstraw as a substrate
(www.iogen.ca).

Cost of lignocellulosic materials is lower than corn grain, but pro-
cessing for fermentation of this substrate is more costly. The sugars in
lignocellulose, i.e., largely polysaccharides such as cellulose and hemi-
cellulose, are not readily available, and pretreatment is necessary to
free polysaccharides from lignin and aromatics (2). Dilute sulfuric acid
has been proposed for pretreatment by the United States Department of
Energy, and this method has been tested in several variations. After pre-
treatment, enzymatic saccharification of polysaccharides to fermentable
sugars is required. Finally, most lignocellulosic materials are rich in
xylans and hemicelluloses, and 5-carbon fermentation is needed to take
advantage of all the potential substrates (3). Just as distillers dry grains
and solubles as a value-added coproduct drives the economics of corn-
to-ethanol, high-value coproducts are needed for lignocellulose-to-ethanol
processes.

Lignin and other aromatics covalently link with, and at times physi-
cally mask, the potential fermentation substrates in lignocelluloses, thus
protecting the carbohydrates from degradation (4-6). Pretreatment, there-
fore, is required for bioconversion of lignocellulosic materials. A consider-
able body of knowledge is available from the animal nutrition discipline,
and indeed many of the same limiting factors are important in bioenergy
concerns (6). Whereas woody plants and dicotyledons have rigid, non-
degradable lignified cell walls, monocotyledons (e.g., grasses) have ligni-
fied cell walls as well as walls rich in low molecular weight phenolic acids,
ester-linked to arabinose (5). Another remarkable feature of grasses is that
ester-linked p-coumaric and ferulic acids occur in nonlignified cell walls
(7). Warm-season grasses, which include potential bioenergy crops such as
corn stover, sugarcane (bagasse), bermudagrass, and switchgrass, are
especially high in the phenolic acid esters (8). Because of the complexities
within cell wall types, delineation of the nature, type, and location of aro-
matics within cell types of specific bioenergy crops can lead to environ-
mentally friendly pretreatments, more efficient bioconversion, and
identification of potential coproducts for high-value applications. The
objectives of this article are to:

1. Review the structural/chemical barriers to bioconversion in grasses,
especially warm-season grasses.

2. Discuss environmentally friendly (nonchemical) strategies to reduce
recalcitrance of grass lignocelluloses.

3. Identify potential coproducts.

Applied Biochemistry and Biotechnology Vol. 136-140, 2007
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Fig. 1. Scanning electron micrographs showing biodegradation of grass fractions.
Left—young stem showing resistance of epidermis, sclerenchyma ring, and vascular
tissue with other cell types degraded. Center—mature stem showing resistance of epi-
dermis, sclerenchyma ring, vascular tissue, and most of parenchyma cells; parenchyma
nearest the stem center is partially degraded. Right—leaf blade showing resistance of
vascular bundles, sclerenchyma, and portions of PBS; in addition to partial degrada-
tion of parenchyma bundle sheath and epidermis, mesophyll between vascular bun-
dles and phloem cell walls are degraded.

Structural and Chemical Factors Influencing Recalcitrance
in Grass Lignocellulose

Biodegradation of Specific Tissue Types

Response to the actions of fiber-digesting microorganisms within the
cattle rumen shows differential cell wall recalcitrance within various lig-
nocellulosic substrates and the influence of specific compounds. Figure 1
indicates the response of cell types in leaf blades and young and old stem
internodes of a warm-season grass. The cell walls in the stems of Fig. 1 that
resist biodegradation are many of the typically highly lignified cells. Walls
are thick and cell contents are lacking, indicating a nonliving support tis-
sue. Such cell types are thought to be the most resistant to degradation
owing to the interaction of polymerized phenylpropanoid units with other
consistuents. Histochemical stains identify the location of particular lignin
types. Vascular cell walls, such as the mestome sheath, show a strong reac-
tion with acid phloroglucinol (AP). Sarkanen and Ludwig (9) reported that
AP “had universal application to all lignins, although the reaction may be
weak or absent in lignins containing high amounts of syringyl propane
units.” Clifford (10) reported that various formulations of AP all detected
most aldehydes, with various color responses for different aldehydes and
those of cinnamaldehyde compounds giving a purple color. The deep red
to purple color is taken to indicate a strong contribution to the cell walls by
coniferyl (monomethoxylated) units of lignin. AP positive reactions (AP+)
occur in vascular tissues of leaves and stems of grasses and these tissues, as
indicated in Fig. 1, have been shown to be the most recalcitrant in grasses (11).

Chlorine water followed by sulfite (CS) is reported to indicate lignin
containing large amounts of syringyl (dimethoxylated) units of lignin (9).
CS+ reactions occur in leaf blade sclerenchyma (extensions of the vascular
bundles) and in the parenchyma cell walls of mature (but not immature)

Applied Biochemistry and Biotechnology Vol. 136-140, 2007
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Table 1
Histochemical Reactions for Lignin and Relative Biodegradation
of Cell Walls in Grass Lignocelluloses

Histochemical
Cell wall type reaction” Area® (%) Biodegradation®
Leaf blade
Xylem/mestome
sheath AP 4+2 None
Sclerenchyma CSs 63 Slow to partial
Epidermis - 35+ 104 Slow to partial?
- 22+6° Rapid®
Parenchyma
bundle sheath Cs 15+ 74 Slow to partial®
6%2° Rapid®
Mesophyll - 38 £ 94 Rapid
- 57 +5° Rapid
Stem/
Epidermis +
sclerenchyma AP 34+4 None
Ring + vascular
(xylem) - - -
Parenchyma
(mature) s 55+ 6 Slow to partial
Parenchyma
(immature) - - Rapid
From ref. 11.
"Most dominant staining reaction. No designation means histochemical reaction not
prominent.

*Calculated from morphometric determinations.
‘Response to fiber-degrading, rumen microorganisms.
4Warm-season.

“Cool-season.

fWarm-season.

stems (11,12). The mechanism for reaction is unknown, and at times nonlig-
nified cell walls show a positive reaction with chlorine-sulfite, suggesting
that compounds other than syringyl lignin react. At times, CS+ tissues are
partially degraded and are more susceptible to some chemical treatments,
for example, alkali, than AP+ tissues. Table 1 compares many features in cell
types of warm- and cool-season grasses related to biodegradation.

Often, and particularly in warm-season grasses, nonlignified cell
types that do not show a histochemical reaction for lignin resist biodegra-
dation. An example is shown for bermudagrass leaf blade in which the
parenchyma bundle sheath and a portion of the epidermis is not degraded
(Fig. 1). It is well established that grasses, and particularly warm-season
species, have high levels of ester-linked p-coumaric and ferulic within the
cell walls (6,8). Use of diazotized sulfanilic acid to show phenolic compounds

Applied Biochemistry and Biotechnology Vol. 136-140, 2007
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Table 2
UV Absorption of Phenolic Esters
Ao M

Compound UV spectroscopy UMSP-80
FAXX 236 238, 242

300 304

324 324
PAXX 230 234, 236

294 286

312 312,314

Unpublished results by R.D. Hartley.

in cell walls (13) has been used to define nonlignified and nonbiodegradable
cell walls. The positive histochemical reactions of parenchyma bundle sheath
and epidermis in leaf and parenchyma in stem with diazotized sulfanilic
acid, suggest a prominent role for these ester-linked phenolic acids as a fac-
tor in the recalcitrance of grass lignocellulose (14).

Further evidence for a prominent role for ester-linked phenolic acids is
shown by ultraviolet (UV) absorption microspectrophotometry and biodegra-
dation studies of specific cell walls (15-17). These studies were made possible
by the use of UV-generated illumination and a scanning monochromator
designed into an optical microscope. Further, the preparation of specific
compounds, namely coniferyl lignin (18) and isolated ferulic acid ester-
linked to arabinose linked to xylose units (FAXX) and similar structures
but with p-coumaric acids (PAXX) (19), allowed for location of these vari-
ous aromatic compounds within cell wall types. Specific absorbances for
the two ester-linked compounds by the microspectrophotometric system
are confirmed by UV spectroscopy (Table 2).

UV absorption studies of cell wall types undertaken with the Carl
Zeiss, Inc. (Thronwell, NY) UMSP-80 microspectrophotometry system are
shown in Fig. 2. The A__ near 280 nm is typical for lignin (Fig. 2A). The
ester-linked phenolic acids show a bathochromic shift from 280 to a shoul-
der near 290 nm with A near 320 nm. FAXX and PAXX can be differenti-
ated by A__ ‘s near 326 and 314 nm, respectively (Fig. 2B). With absorbances
for these compounds and compositional data on aromatic compounds in
grasses, information can be obtained from individual cell types and related
to biodegradation and recalcitrance. Mestome sheaths of grasses all show
prominent absorbances near 280 nm and near 320 nm (Fig. 2C). This result
suggests the presence of lignin and phenolic acid esters within these highly
lignified (as shown with AP), nondegradable cell walls. Parenchyma bundle
sheaths (PBS), which are a prominent part of the Kranz anatomy of warm-
season grasses (Table 1) (20), show a UV spectral pattern identical to pheno-
lic acid esters, suggesting little or no polymeric lignin but a prevalence of

Applied Biochemistry and Biotechnology Vol. 136-140, 2007
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Fig. 2. UV absorption microspectrophotometry. (A) Synthesized coniferyl lignin
showing A at about 280 nm. (B) Phenolic acids esters linked to FAXX and PAXX
showing a shoulder near 290 nm and A ___at 324 nm for FAXX and 313 for PAXX. (C)
Highly lignified mestome sheath cell walls of the warm-season Coastal bermudagrass
(CBG), cool-season grasses fescue (FES) and orchardgrass (OG), and the legume alfalfa
(ALF). Grasses have high-absorbances indicative of lignin and phenolic acids, whereas
alfalfa has only the absorbance indicative of lignin. (D) PBS of grasses showing strong
absorbance indicative of phenolic acid esters in CBG and weaker ones in FES and OG.
(E) Bermudagrass mestome sheath untreated (UNT) and treated with 0.1 M and 1 M
levels of NaOH. Treatment with NaOH removes absorbance indicative
of ester-linked phenolic acids but leaves absorbance indicative of lignin. (F)
Bermudagrass parenchyma bundle sheath untreated and treated with 0.1 M and 1 M
levels of NaOH showing progressive loss of UV absorbance indicative of ester-linked
phenolic acids, with 1 M NaOH removing all UV absorbance.
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these esters. The slow to partial degradation pattern (Table 1) of warm-sea-
son PBS coincides with the presence of phenolic acid esters. In contrast, PBS
of cool-season grasses have little to no UV absorbance indicative of lignin or
phenolic acids (Fig. 2D), and are rapidly and completely degraded (Table 1).
Further evidence for the presence of ester-linked phenolic acids within these
tissues is shown in studies using 0.1 M and 1 M NaOH treatments to com-
pare untreated mestome (Fig. 2E) and PBS (Fig. 2F) cell walls in bermuda-
grass. The progressive removal of absorbance with increasing NaOH levels
suggests alkali-labile, ester linkages. For mestome cell walls, the absorbance
near 280 nm is indicative for lignin remains but is reduced. In contrast, the
absorbances at 290 and 320 nm for PBS are totally removed.

The use of histochemical stains for lignin, UV absorption microspec-
trophotometry for lignin and ester-linked phenolic acids, and response of
cell types to fiber-degrading, rumen microorganisms provides information
on factors influencing recalcitrance of lignocellulose. Certain cell wall
types are highly lignified and recalcitrant to biodegradation, even to the
potent fiber-degrading, rumen microbial system. However, in warm-sea-
son grasses, living, nonlignified tissues are often slow to degrade owing to
the presence of ester-linked phenolic acids. The nonlignified cell types in
cool-season grasses, in contrast, lack phenolic acid esters and are rapidly
degraded (Fig. 2D, Table 1).

Increasing levels of aromatics in cell types, shown by UV absorption,
and biodegradability was followed in grass stems (21). In young cell walls,
the epidermis, sclerenchyma ring, and vascular tissue gave spectra similar
to FAXX and PAXX and were partially degraded, with only the middle
lamellae resistant. As the grass internode matured, UV spectral patterns were
similar to those for xylem cells with lignin and FAXX/PAXX, with degrada-
tion occurring only in cell walls near the cell lumen. In young parenchyma,
UV absorbance was low and biodegradability high. As parenchyma cells
matured, middle lamellae were the most resistant portions of the cell wall,
and UV absorbance spectral patterns resembled those for FAXX/PAXX.

Grassses, especially warm-season species, are high in the phenolic
acid—polysaccharide complexes such as FAXX and PAXX and other, related
esters (19). The lack of biodegradability is more associated with lignin, but
these complexes likely are the predominant factor influencing recalci-
trance in living, nonlignified tissues like PBS and epidermis of leaves and
mature stem parenchyma. Amounts of these cell wall types are substantial
In warm-season grasses.

Biological Strategies to Overcome Recalcitrance

Plant Breeding

The presence of lignin and aromatics within plants is a protective
mechanism against pathogens. Plant breeding to remove these aromatics
can result in extremely susceptible plants. An extensive breeding program

Applied Biochemistry and Biotechnology Vol. 136-140, 2007
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Table 3
Comparison of Cell Wall Biodegradability and Chemical Composition
of Coastal/Coastcross I

Area
Leaf dry weight loss of PBS UV absorbance

24h  38h 72h After24h Parenchyma  Mestone
bundle sheath  sheath
kmax A }\'max A
Coastal 24%°  36%*  42%* 350 pm* 291 127 285 1.8
318 137 318 1.8
Coastcross I~ 34%"  49%%  57%" 196 ym* 291 0.87 288 2.0

322 09* 321 1.9

From ref. 15.
“Different between cultivars (p < 0.05).

that has existed for over 70 yr in the Agricultural Research Service of the
United States Department of Agriculture (ARS-USDA) in Tifton, Georgia,
has produced several new varieties of sustainable bermudagrasses with
improved biodegradability (22). In many of these varieties, the improved
biodegradability is related to lowered levels of aromatics. One notable
example is Coastcross I bermudagrass (CC ) (23). We studied CC I and one
of the parents in the cross, namely Coastal bermudagrass (CBG), which is
extensively grown as a forage in the southern United States.

In direct comparison of the biodegradation of leaf blades, CC I was sig-
nificantly higher in rate and extent of biodegradation compared with CBG
(Table 3). Transmission electron micrographs of PBS cell walls colonized
and degraded by rumen bacteria further provide evidence that these walls
in CC I, although similar in structure, are considerably more biodegradable
than those of CBG (Fig. 3). UV absorption data provide an explanation for
the greater biodegradability of CC I in showing a significantly lower
absorbance of FAXX/PAXX type compounds. The mestome sheath cells,
recalcitrant to biodegradation in both cultivars, have similar spectral pat-
terns. In terms of cell wall biodegradability, data support the fact that living,
nonlignified cell walls have lower levels of phenolic acid esters in CC1, indi-
cating that these compounds limit biodegradation and such plant breeding
can be a strategy to improve fermentation.

A substantial part of ARS-USDA’s program for bioenergy crops relies on
research by plant breeders. Collaborative work is needed where information
such as that on CBG and CC I can provide a comprehensive decision on the
most appropriate bioenergy crops. For example, the amount and the suscep-
tibility of phenolic acid esters could be factor chosen for improved fermenta-
tion and production of high-levels of aromatic coproducts, such as ferulic acid.
Indeed, previous work has shown variation in the germplasm of bermuda-
grasses that might be exploited in these aspects of bioenergy crops (24).

Applied Biochemistry and Biotechnology Vol. 136-140, 2007
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Fig. 3. Comparative biodegradation of parenchyma bundle sheath cells walls (CW)
of CBG and CC I undigested and 48 h incubation with the potent fiber-digesting action
of rumen microorganisms. (A) Cell wall of undigested parenchyma bundle sheath of
CBG. (B) Cell wall of undigested parenchyma bundle sheath of CC I. (C) Attack of
parenchyma bundle sheath of CBG by rumen bacteria, with slight pitting at this time.
(D) The PBS of CC 1 is more susceptible to bacterial attack, with substantial erosion of
the cell wall material.

Lignin-Degrading Microbes and Enzymes

White-rot fungi are recognized as the most active lignin-degrading
microorganisms (25). Oxidative enzymes produced by the fungi, along
with catalysts, attack aromatics and produce free radicals, which results in
degradation of aromatic compounds. Well-publicized oxidative enzymes
include: laccases, manganese peroxidase, and lignin peroxidase. At least
one of these enzymes, laccase with an activator, is commercially available.

A variety of white-rot fungi occur in nature, and their activities differ.
The common pattern of attack on lignocellulose by these fungi is a simultane-
ous decay of polysaccharides and lignin (25). However, patterns of decay and
degrees of delignification vary among species and even strains, and some
species selectively delignify plant material leaving an unprotected and available
carbohydrate for further use (26). Studies have been undertaken using different
white-rot fungal species to improve forage utilization with mixed results (27,28).
We evaluated several species of white-rot fungi, emphasizing mutants and
species reported to lack cellulase and to selectively attack lignin (29).

Data in Table 4 review results obtained with two white-rot fungi hav-
ing different capablilities. Phanerochaete chrysosporium is a well-studied

Applied Biochemistry and Biotechnology Vol. 136-140, 2007
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Table 4
Influence of Pretreatment With Species of White-Rot Fungi
on Bioconversion of Plant Lignocellulose

Characteristics of pretreated lignocellulose

Residual aromatics Bioconversion potential
Fungus 1MNaOH 4 M NaOH Volatile Fatty
Acids
(mg/g) (mg/g) Dry weight (p moles/mL)
loss (%)
Untreated 13.0 229 34.9 47.9
P. chrysosporium
K-37 7.1 18.9 46.9 63.8
C. subvermispora
90031-sp.? 5.3 17.8 63.9 85.9
From ref. 29.

“P. chrysosporium is a well-known and studied white-rot fungus that produces cellulases,
hemicellulases, and lignin-degrading enzymes.
bC. subvermispora is a white-rot fungus that does not produce cellulase.

white-rot fungus that nonselectively attacks cell wall components, i.e.,
lignin and carbohydrates (25). Ceriporiopsis subvermispora had been
reported to lack cellulase, produce manganese peroxide and laccase, and
to selectively delignify several wood species (30,31). Before our work,
this fungus had not been evaluated in the improvement of grass lig-
nocellulose. Our data indicated that C. subvermispora was better able
to attack the aromatics in bermudagrass and improved the utilization
of the residue over that by P. chrysosporium. C. subvermispora removed
ester-linked phenolic acids and lignin moieties from bermudagrass and
significantly improved the fermentation of the delignified material
(Table 4) (29).

Release of Phenolic Acids by Esterases

The ester-linked p-coumaric and ferulic acids previously discussed in
grass cell walls, especially warm-seasons grasses such as bermudagrass,
not only limit lignocellulosic bioconversion but offer a potential value-
added coproduct. Earlier work on anaerobic fungi, some of the most
potent fiber-digesting microorganisms in ruminants and herbivorous ani-
mals, showed highly active phenolic acid esterases (Table 5) (32). It is
believed that these enzymes promoted the ability of the fungi to attack and
partially degrade aromatic-containing tissues.

More recent work has shown the value of cell-free ferulic acid esterase
along with hemicellulases, in releasing ferulic acid from a variety of plant
materials (33-35). For example, recent extraction of defatted jojoba meal with
ferulic acid esterase from Clostridium thermocellum released ferulic acid from
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Table 5
Phenolic Acids Released From Plant Cell Walls

Rumen fungus culture  p-CA” (ng/100 mg  FA’ (ng/100 mg

filtrates cell wall) cell wall)

Neocallimastix MC-2 130 376

Piromyces MC-1 114 336

Anaeromyces PC-1 83 254

Orpinomyces PC-2 93 287

Orpinomyces PC-3 89 296
From ref. 32.

?p-Coumaric acid.
PFerulic acid.

Table 6
Effect of Pretreatment With a Commercial Ferulic Acid Esterase”

Dry weight ~ Compounds in filtrates after
Fraction Treatment? loss (%) treatment (mg/g)

p-CAc  FAf Xylose  Glucose

Corn leaf Cellulase 41 0.14 0.33 8.0 53.0
E+C 62 0.32 0.58 36.7 125.0
Corn stem pith Cellulase 17 0.26 0.22 23.0 68.6
E+C 29 0.94 0.87 34.0 83.8
Bermuda leaf Cellulase 16 0.19 0.38 8.0 17.8
E+C 21 0.61 1.02 30.8 141.3
Corn fiber Cellulase 27 0.04 0.05 2.6 36.7
E+C 48 0.23 2.69 8.2 159.3

Adapted in part from ref. 35.

“Depol 740L.

*Cellulase incubation for 72 h; E + C incubation with esterase (Depol 740L) for 24 h, removal
of filtrate, and subsequent incubation with cellulose 72 h. Values for E + C are summed from
the two incubations.

¢p-Coumaric acid.

4Ferulic acid.

seven simmondsin ferulates (34). Recently, we evaluated Depol 740 L
(Biocatalysts, Ltd., Pontypridd, Wales, UK), a commerical mixture containing
ferulic acid esterase, as a pretreatment for grasses before saccharification with
cellulases and bioconversion of bermudagrasses (24) and corn stover fractions
(35). Pretreatment with ferulic acid esterase and saccharification with cellulase
is shown for a variety of grass lignocelluloses (Table 6). In all cases, esterase
improved release into the filtrate of p-coumaric acid, ferulic acid, xylose, and
glucose. Particular plants and fractions were more susceptible for release of
these particular compounds (24,35). The use of esterases to release ferulic acid
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into the filtrate offers the possibility of a value-added coproduct while pro-
cessing grass lignocellulose for bioconversion to ethanol. p-Coumaric and, to
a lesser degree ferulic acid can inhibit carbohydrases and biodegradation of
plant materials (36,37). The separation and collection of phenolic acids
released by esterases may be necessary to optimize subsequent saccharifica-
tion of pretreated materials. As an inhibitor of microbial growth and enzyme
activity, these acids (especially p-coumaric acid) may have value for natural
compounds for pest control. Other potential uses for ferulic acid are a sub-
strate for vanillin production, UV protection in cosmetics, and food antioxi-
dants (38). Future work should focus on the optimal enzyme cocktail, for
example, inclusion of appropriate hemicellulases, optimal substrates, and
optimal conditions for the most cost-efficient pretreatment system.
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Abstract

A sequential injection analysis system with two enzymatic microreactors for
the determination of ethanol has been designed. Alcohol oxidase and
horseradish peroxidase were separately immobilized on glass aminopropyl
beads, and packed in 0.91-mL volume microreactors, working in line with the
sequential injection analysis system. A stop flow of 120 s was selected for a lin-
ear ethanol range of 0.005-0.04 g/L * 0.6% relative standard deviation with a
throughput of seven analyses per hour. The system was applied to measure
ethanol concentrations in samples of distilled and nondistilled alcoholic bever-
ages, and of alcoholic fermentation with good performance and no significant
difference compared with other analytical procedures (gas chromatography
and high-performance liquid chromatography).

Index Entries: Alcohol oxidase; ethanol; horseradish peroxidase; immobi-
lized enzymes; sequential injection analysis; biosensors.

Introduction

Highly sensitive analytical systems for use in the clinical, forensic, phar-
maceutical, food, fuels, bioprocess monitoring, and control industries are
being developed to obtain fast and reliable results (1). Several analytical tech-
niques that use enzymatic reactions have been applied to quantify low
ethanol concentrations. Of these, the use of flow injection analysis (FIA)
promises to be reliable, reproducible, reagent saving, and a readily auto-
mated technique (2). FIA has been used for ethanol detection in alcoholic bev-
erages and in gasohol mixtures (3-5). The systems use sequential enzymatic

*Author to whom all correspondence and reprint requests should be addressed.
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microreactors packed with the alcohol oxidase (AOD) and horseradish per-
oxidase (HRP) enzymes, immobilized on chitosan or glass beads. Sequential
injection analysis (SIA), with a time-based aspiration of defined samples and
reagent zones, is an alternative to FIA systems that use smaller sample and
indicator volumes, reduce the waste volume, and have more versatile sam-
ple handling capabilities (6,7). SIA has been applied with free or immobi-
lized enzymes for bioprocess automation and parameters control (8-11).
Amperometric detection of hydrogen peroxide or quinohemoprotein alcohol
dehydrogenase complexed with a redox polymer and spectrophotometric
detection reaction with NAD* cofactor dependent enzyme, were reported for
ethanol analyses (9,12,13). The aim of this work is to design and develop a
sequential injection analysis system with two enzymatic microreactors using
AOD and HRP immobilized separately, with a spectrophotometric detection
reaction, for the determination of ethanol in distilled and nondistilled bever-
ages and for alcoholic fermentation bioprocess monitoring.

Materials and Methods

Chemicals

All reagents were analytical grade and were obtained from Sigma
Chemical Co. (St. Louis, MO) unless otherwise noted. AOD and HRP
(Toyobo of Brazil) were immobilized separately on aminopropyl glass
beads treated with 2.5% (v/v) glutaraldehyde as previously described (4).
The composition of the indicator solution was: 4-aminophenazone 0.395
g/L and phenol 0.875 g/L prepared in a 0.1 M sodium phosphate buffer
solution (pH 7.0). The phosphate buffer was also used as carrier. Reactions
were carried out at room temperature (20°C).

Enzymatic Reactions

Ethanol + O, — Acetaldehyde + H,O,

2H,0, + 4-aminophenazone 40D,
monoimino-p-benzoquinone-4-phenazone + 4H,0O

The resulting colored product, monoimino-p-benzoquinone-4-
phenazone, is detected with a spectrophotometer at 470 nm.

The Sequential Injection Analysis System

The analyzer (Easi Technologies, Cerdanyola del Vallés, Spain) is con-
sisted of four modules, connected by a R5-485/RS-232 interface and pow-
ered by a single 12V/2.5A source. The integrated analyzer system includes
a five-way eight-roller peristaltic pump (Model 1201/06-5-0), a colorimeter
(Model 1203/470/7Z10), a module with two three-port rotary valves (Model
1202/3), and a six-port rotary valve (Cheminert Model 4162510, Valco
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Instruments, Houston, TX). The sampling lines of the SIA system were
made up of PTFE tubing (0.8 mm i.d.) joined by polyvinylchloride (PVC)
fittings. A 1 m length of polytetrafluoroethylene (PTFE) tube was used as a
holding coil. Samples and reagent solutions were aspirated and delivered to
the six-port rotary valve by two automatic microburettes (Crison MicroBU
Model 2031, Alella, Spain) with two syringes of 1-mL and 0.5-mL volume
each (Hamilton Model 1002 Teflon Luer Lock, Hamilton Bonaduz AG,
Bonaduz, Switzerland). A personal computer with a RS-485/RS5-232 inter-
face was used to control and for data acquisition using software developed
in C**. Figure 1A shows the SIA system schematic. The system has two
acrylic microreactors, each with 0.91 mL void volume packed with AOD and
HRP immobilized enzymes. The sequence zone structure and the time
schedule implemented in the SIA system are shown in Fig. 1B. A 1.2-mL
diluted sample was used with 0.14 mL of reagent solution in each run with
the proposed time schedule: coil cleaning, 30 s; colorimeter cleaning, 100 s;
sequential aspiration of sample and reagent solutions, 89 s; impulsion 1, 9 s;
stop-flow at AOD immobilized microreactor, 120 s; impulsion 2, 150 s.

Microorganism, Medium, and Culture Conditions

A batch fermentation with baker’s yeast Saccharomyces cerevisiae (AB
Mauri Divisién, Cérdoba, Spain) was monitored in 2-L bioreactor (Braun
Biostat ED, Braun Biotech International, Melsungen, Germany), with 1 L of
sterilized medium, conducted at 30°C and 500 rpm. The fermentation
medium consisted of 100 g/L glucose, 1 g/L KH,PO,, 1 g/L MgSO,7H,0,
2 g/L (NH,SO,, 1 g/L NaCl, and pH 4.5 sterilized at 121°C for 30 min.
The samples were centrifuged at 5000g and filtered before being diluted
for the SIA analyses.

Biomass Analysis

Biomass was measured by withdrawing 3-mL samples from the biore-
actor. After filtration and washing (Whatman GF/E Maidstone, UK) the
samples were dried at 105°C to a constant weight. Alternatively, biomass
was measured by optical density at 570 nm, using a dry cell weight linear
relation (Absorbance = 3.027.C, + 0.094) with correlation coefficient 0.9957.
Biomass concentration (C)) was expressed as dry cell weight/mL. Both
determinations were performed by duplicate and the RSD was about 5%.

Off-Line Ethanol Analysis

A Hewlett Packard (Paolo Alto, CA) 5890 gas chromatograph with a
HP-INNOWAX Agilent column (30 m x 0.53 mm x 1 um) was also used to
analyze standard diluted ethanol samples for comparison. Operating condi-
tions were 220°C and 280°C for injection and detector temperatures, respec-
tively; oven temperature profile 40°C for 2 min, followed by 20°C /min up to
180°C, maintained for 2 min. Helium was used as a carrier gas with a flow
rate of 8 mL/min. Injection volumes were 1 pnL with splitless injection.
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Fig. 1. The SIA (A) 1-3—pH 7.0 phosphate buffer solutions, 4—diluted ethanol
sample, 5—phenol and 4-aminophenazone solution, 6—waste, 7—1000 uL microbu-
rette, 83—500 uL microburette, 9—peristaltic pump, 10—two three-way valves, 11—six
channels distribution valve, 12—colorimeter at 470 nm, 13—coil, 14—AQOD immobi-
lized microreactor, 15—HRP immobilized microreactor, 16—computer and software
control, 17—Interface RS-232/RS-485 and (B) Schematic diagram of the sequenced
zone structure implemented in the SIA system. B, phosphate buffer; 5, sample; and R,
reagent solution. Quantities are expressed in microliter.

Ethanol was also determined using high-performance liquid chro-
matography (HPLC) (Hewlett Packard 1050) fpor samples of beverages
and for monitoring batch fermentation using an Aminex HPX-87H column,
at 25°C, and a refraction index detector. The mobile phase was 15 mM sul-
phuric acid in MilliQ water at 0.6 mL/min, and injection volume was 20 pL.

Off-Line Glucose Analysis

Glucose present in the fermentation medium was measured by the
HPLC and confirmed with a YSI (Yellow Springs, OH) 2700 SELECT bio-

chemistry analyzer.
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Results and Discussion

Operational Conditions of the SIA System

The retention efficiencies obtained in the immobilization of AOD and
HRP were 95.07 +2.33% and 55.60 + 5.37%, respectively. The retention effi-
ciency was calculated as reported in previous work (4). Preliminary experi-
ments were conducted in the SIA system to select between two different
approaches: continuous- and stop-flow strategies, in order to obtain maxi-
mum signal response. Three continuous flows of 1.7, 3.3, and 7.4 mL/min
were studied in order to analyze the performance of the system in terms of
linear range of measurements and sample frequency. Initial results obtained
with experiments using a standard solution of 0.05 g/L ethanol rejected the
intermediate flow rate. In Table 1 the main parameters obtained for the two
flows using a set of ethanol standard solutions are presented.

As can be seen, the selection of the optimum flow is dependent on the
detection limit or sample frequency. Trying to amplify the output signal the
stop-flow method was used for the same linear range of ethanol solutions.
Evaluating different stop-flow times at the first AOD immobilized microre-
actor with a standard solution sample of 0.05 g/L ethanol, 120 s was
selected as an intermediate value between sample frequency and linear
range. With this configuration a linear range up to 0.04 g/L ethanol was
attained with a coefficient correlation of 0.9922, as shown in Fig. 2. The
repeatability of the response signal for different ethanol concentrations is
shown in Fig. 3. The sample frequency was seven analyses per hour and the
calculated RSD was lower than 0.6% with a detection limit of 2.1 x 102 g /L,
calculated as three times the standard deviation of the background noise.
After 60 analyses the enzymatic activity decreased by 50% at which point
the immobilized enzymes had to be replaced with new lots.

In Fig. 4, a comparison of results between the proposed SIA and gas
chromatography analysis shows with a good correlation (2 = 0.9923). The
performance of the proposed SIA system was also evaluated for the anal-
ysis of ethanol concentration of nine diluted samples of distilled and
nondistilled beverages. The results obtained are presented in Table 2. A
maximum relative error of 7% was observed in samples of white wine,
tequila, and vodka. Nevertheless the relative error for the other beverages
was lower than 3% compared with HPLC analysis results.

Finally, the proposed SIA system was applied for monitoring a batch of
alcoholic fermentation. Culture broth samples were collected every 30 min,
filtered to obtain a biomass-free sample, and diluted manually before anal-
ysis in the SIA system. Figure 5 shows the production of ethanol measured
using the SIA system and fermentation parameters as biomass-glucose,
obtained by other measurement techniques. A good agreement between SIA
and HPLC results were obtained and no problems of interference with other
culture components were detected with a maximum relative error of 4.9%.
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Table 1
Continuous Flow Effects on the SIA System

Ethanol Sample
Flow Ethanol linear ~ Correlation  detection  frequency
(mL/min)  range (g/L) factor () limit (g/L) (1/h) RSD (%)

1.7 0.005-0.02 0.9917 21x10™ 2 0.70
7.4 0.005-0.08 0.9717 15x 1073 9 0.74
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Fig. 2. Calibration curve for the 120 s stop-flow at the AOD immobilized microreactor.
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Fig. 3. Response signal repeatability obtained in SIA: (A) Phosphate buffer pH 7.0,
(B) 0.005 g/L ethanol, (C) 0.008 g/L ethanol, (D) 0.020 g/L ethanol, (E) 0.030 g/L
ethanol, (F) 0.040 g/L ethanol, and (G) 0.060 g/L ethanol.

Hence, the reliability of the method proposed was corroborated. A relative
error of 4.4% was also reported in the literature for ethanol analysis in fer-
mentation samples, working with an amperometric detection device and
immobilized AOD in a SIA system (9). The advantage of the SIA system
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0.05
SIA (ethanol [g/L]) = 0.9990 GC (ethanol [g/L]) + 2.47 X 1075

r?=0.9923
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Fig. 4. Comparison of SIA and gas chromatography results.

Table 2
SIA and HPLC Analyses of Distilled and Nondistilled Beverage Samples
Sample HPLC? (g/L ethanol) SIA” (g/L ethanol) Relative error (%)
Gin 365.2+0.2 378.8+9.0 -3.7
Tequila 359.8 £1.1 336.5+ 6.6 6.5
Vodka 4278+ 1.5 455.6 +4.5 -6.5
White wine 101.9+£0.1 945+33 7.3
Sugar-cane spirit 3206 +£2.5 3128155 2.4
Whisky 322.8+7.1 3248+57 -0.6
Cognac 375.6 £2.0 365.8 9.0 2.6
Wine spirit 2543 +5.1 2529 £10.2 0.6
Peach liqueur 181.2+0.3 181.4+23 ~0.1

“Mean of two analyses.

proposed in this work is that it works with both AOD and HRP enzymes
and a colorimetric detection system for ethanol samples with only a sim-
ple dilution for the alcoholic beverages, appropriate for the sensible linear
measurement range of 0.005-0.04 g/L ethanol. Other authors (12,13)
reported similar relative errors working with alcohol dehydrogenase, but
needed the cofactor NAD'*/NADH, which is not necessary in the present
proposed system.
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Fig. 5. Ethanol monitoring of alcoholic batch fermentation samples by SIA and
HPLC. SIA: ethanol (#), HPLC and biochemistry analyzer: glucose (&), and dry cell
weight (X).

Conclusions

A reproducible and reliable SIA analyzer system for ethanol samples
was developed. The use of two microreactors with immobilized AOD and
HRP permitted an important saving of enzymes reagents in a spectrophoto-
metric detection system. The system was applied to the analysis of distilled
and nondistilled beverage samples with similar performances, as reported by
other authors working with a more expensive system than the one proposed
in this work (12,13). The SIA system performance was also demonstrated to
be useful in the monitoring of an alcoholic fermentation showing flexibility
and robustness of the analytical equipment. No pretreatment of the samples
was needed, simple dilution adequate for the linear range of 0.005-0.04 g/L
ethanol was sufficient to analyze the alcoholic beverages and bioprocess
medium samples with a detection limit of 2.1 x 10~ g/L ethanol.
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Abstract

Cyclodextrin glucanotransferase production from Bacillus clausii E16, a new
bacteria isolated from Brazilian soil samples was optimized in shake-flask cul-
tures. A 2* full-factorial central composite design was performed to optimize
the culture conditions, using a response surface methodology. The combined
effect among the soluble starch concentration, the peptone concentration, the
yeast extract concentration, and the initial pH value of the culture medium
was investigated. The optimum concentrations of the components, deter-
mined by a 2* full-factorial central composite design, were 13.4 g/L soluble
starch, 4.9 g/L peptone, 5.9 g/L yeast extract, and initial pH 10.1. Under these
optimized conditions, the maximum cyclodextrin glucanotransferase activity
was 5.9 U/mL after a 48-h fermentation. This yield was 68% higher than that
obtained when the microorganism was cultivated in basal culture medium.

Index Entries: Alkalophillus Bacillus clausii; CGTase production; cyclo-
dextrin glucanotransferase; experimental design; submerged fermentation;
response surface methodology.

Introduction

Cyclodextrin glucanotransferase (CGTase) (EC 2.4.1.19) is an extracel-
lular bacterial enzyme, used in the production of cyclodextrin from starch.
Cyclodextrins (CDs) are cyclic maltoligosaccharides made up of six, seven,
or eight D-glucose units, named o-, -, or y-cyclodextrin, respectively (1).

*Author to whom all correspondence and reprint requests should be addressed.
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The internal cavities of CDs are hydrophobic and the external surface
hydrophilic, so they can encapsulate a wide variety of hydrophobic
molecules, potentially improving their properties. The modified properties
make CDs suitable for numerous applications in the food, cosmetic, and
pharmaceutical industries. For example, CDs can be used to capture unde-
sirable tastes or odors, to stabilize volatile compounds, to increase water sol-
ubility of hydrophobic substances, or to protect a substance against unwanted
modifications (2-6). They are commonly produced from starch through
four reactions catalyzed by the CGTase:

1. Intramolecular transglucosylation or cyclization reaction, in which a
linear oligosaccharide chain is cleaved and the new reducing-end
sugar is transferred to the nonreducing-end sugar of the same chain.

2. Coupling reactions, in which a cyclodextrin ring is cleaved and
transferred to an acceptor maltooligosaccharide substrate.

3. Intermolecular transglucosylation or disproportionation, in which a
linear maltooligosaccharide is cleaved and the new reducing-end
sugar is transferred to an acceptor maltooligosaccharide substrate.

4. A weak hydrolyzing activity on starch (6,7).

CGTase producers are mainly alkalophilic Bacillus sp., but they are also
reported as Klebsiella sp., Micrococcus sp., Brevibacterium sp., Paenibacillus sp.,
Themoanaerobacter sp., Thermoactinomyces sp., and others (2). Some studies
have shown the improvement of CGTase production through changes in the
composition of the culture medium (8-14).

Traditional methods of optimization involve changing one indepen-
dent variable, whereas fixing the others at a certain level. This single-factor
search is laborious, time-consuming, and incapable of reaching the true opti-
mum condition as it fails to reveal interactions among variables. Response
surface methodology (RSM), described first by Box and Wilson, is an exper-
imental strategy for seeking the optimum conditions for a multivariable
system (15,16). It has been successfully used to optimize the medium
ingredients and to operate conditions in enzyme production and many
other bioprocesses (8,9,13,14,17-20). In earlier studies we isolated a new
CGTase producer, first identified as Bacillus sp. subgroup alcalophilus E16
(21) and we also identified some factors affecting the production of
CGTase. In the work reported here, these factors were investigated, using
a full-factorial central composite design and RSM, with the aim to improve
the CGTase production by optimizing the culture medium.

Materials and Methods
Bacterial Strain Isolation and Identification

The strain E16 was isolated from a soil crop sample and its microbial
properties were investigated by classical taxonomy as described in
Bergey’s Manual (22). Based on these results, it was identified as a Bacillus
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sp. strain E16. Molecular techniques based on partial sequence of 165 ribo-
somal RNA (rRNA) analysis were applied for specie identification. The
genomic DNA of strain E16 was isolated and the 165 ribosomal DNA was
amplified by polymerase chain reaction using forward primer p27 and
reverse primer p1525. These primers are homologous to preserved regions
of the 165 rRNA gene of bacteria. The amplified product polymerase chain
reaction was purified and sequericed. The 165 ribosomal DNA sequence
was aligned with sequences obtained from Ribosomal Database Project
(Wisconsin, WL http://www.cme.msu.edu/RDP/html) and GenBank
(http:/ /www.ncbi.nlm.nih.gov/).

The sequences with high similarity and alcalophilic Bacillus sp. were
compiled into NEXUS files after alignment in CLUSTAL W program (23).
The phylogenetic relationships among selected sequences were estimated
by using the maximum parsimony method, using a branch-and-bound
algorithm as implemented in PAUP v.4.0b10 (31). Branch support was
calculated by bootstrap analysis consisting of 500 replicates. The distance
matrix used in this work was constructed by “p” method. DNA sequences
of Clostridium butyricum strain MW (AJ002592), B. clausii strain z a w3
(AY066000), B. clarkii DSM 8720 (X76444), B. clausii strain Y76-A (AB201796),
B. clausii DSM 8716 (X76440), Bacillus sp. strain ikaite 27 (AJ431332), B.
pataginiensis PAT 05 (AY258614), Bacillus sp. DSM 8714 (X76438), B.
alcalophilus YB380 (AF078812), B. horti (D87035), Bacillus sp. strain NER
(AJ507321), Bacillus sp. TS1-1 (AY751538), Bacillus sp. G1 (AY754340), B.
oshimae K-11 (AB188090), B. pseudalcaliphilus DSM 8725 (X76449), B.
alcalophilus DSM 485T (X76436), B. horikoshii DSM 8719 (X76443), B. circulans
ATCC4513 (AY647299), B. litoralis 1B-B4 (AJ309561), B. galactosidilyticus
(AJ535638), and B. thermoamylovorans (AJ586361) were obtained from the
GenBank DNA sequence library.

Materials

B-Cyclodextrin, maltodextrin, and phenolphthalein were purchased
from Sigma (St. Louis, MO). Yeast extract was obtained from Difco (Detroit,
MI) and peptone was obtained from Biobras (Montes Claros, MG, Brazil).
Soluble starch was obtained from Mallinckrodt (Paris, France). Other chem-
icals of analytical grade were obtained from Merck (Darmstadt, Germany).

Cultivation Medium

Stock culture of the strain E16 was maintained at 5°C on agar slant
with the same composition as the following basal liquid culture medium
plus 1.5% agar (24). The basal liquid culture medium was made up of
soluble starch 10.0 g/L, peptone 5.0 g/L, yeast extract 5.0 g/L, K,HPO,
1.0 g/L, MgSO,-7H,0 0.2 g/L, Na,CO, 10.0 g/L (separately sterilized),
and pH 10.0 (25). For the optimization experiments the culture medium
contained various quantities of soluble starch, peptone, and yeast extract
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concentrations; and the initial pH was varied in accordance with the
experimental design. Bacteria was transferred by loop to a flask with basal
liquid medium and cultured for 24 h to produce the inoculum. The opti-
mization experiments were carried out in 125-mL Erlenmeyer flasks each
containing 20 mL of one of the culture media. These flasks were seeded
with 0.1 mL from the 24 h-old culture containing 2.6 x 10° cells/mL, and
were incubated for 48 h on a rotary shaker at 37°C and 150 rev/min. After
a 48-h fermentation, the contents of each flask was centrifuged at 10,000g
at 5°C for 15 min, and CGTase activity was measured in the supernatant.

CGTase Assay

CGTase activity was measured as B-CD forming activity based on
phenolphthalein method (26) with slight modifications as described in
Alves-Prado et al. (27). One unit of CGTase activity was defined as the
amount of enzyme that produces 1 umol of B-CD per minute.

Experimental Design and Optimization

The software “Statistica” (version 5.0), from StatSoft Inc., was used
for design experiments and for regression and graphical analysis of the
data obtained. The dependent variable selected for this study was the
CGTase activity, expressed in U/mL, and the independent variables cho-
sen were the concentrations of soluble starch, peptone, and yeast extract,
plus the initial pH of the culture medium. These variables and the value
ranges were chosen based on previous experiments changing one inde-
pendent variable and fixing the other variables at a certain level (28). In
order to determine the optimal conditions for the production of CGTase
by B. clausii E16, a 2* full-factorial central composite design with five
coded levels was implemented, resulting in twenty-six sets of experi-
ments. Eq. 1 shows the code of independent variables used in the statis-
tical analysis.

X;—-Xp
Xi AX; (1
where x, is the independent variable coded value, X, is the independent
variable real value, X, is the independent variable real value of the center
point, and AX; is the step change.

The ranges and levels of the variables investigated in this study are
given in Table 1. In this table, the studied variables are coded as X (initial
pHD, X, (soluble starch), X, (peptone), and X, (yeast extract). The five levels
are the results of previous runs based on a path of steepest ascent analysis of
which (-1) and (+1) points are the minimum and maximum points, respec-
tively. The (0) point is the central point, which was determined from the arith-
metic mean between the minimum and maximum points, for each studied

Applied Biochemistry and Biotechnology Vol. 136-140, 2007



CGTase Production From Bacillus clausii 31

Table 1
Experimental Ranges and Levels of the Independent Process Variables Used
in the 2* Full-Factorial Central Composite Design

Independent variable Symbol Ranges and levels

-1.483 -1 0 1 +1.483
pH X, 9.34 962 102 1078  11.06
Soluble starch (g/L) X, 11.3 12.5 15.0 17.5 18.7
Peptone (g/L) X, 3.8 4.4 5.6 6.8 7.4
Yeast extract (g/L) X, 3.7 4.2 53 6.4 6.9

variable. The (—o =-1.483) and (+0 = +1.483) points are levels which result in
a star configuration, determined by the mentioned statistic software.

The estimated response surface () was expressed by the second
degree Eq. 2:

Y=b,+bX +b,X, +b. X, +b,X, +b,X X,
+b, X, X, +b, X X, +b,, X, X, +b, X, X, +b,, X, X, 2
+b, X7 +b, X3 +b,, X2 +b, X2 +€

where fJ, represents the response variable, b is the intercept, b,, b,, b,
and b, are the linear terms, b}, b,,, b,,, and b, are the quadratic terms, b, ,,
b5 b4 bys by, and by, are the cross-product terms, X, X,, X;, and X, rep-
resent the variables studied, initial pH, soluble starch concentration, pep-
tone concentration, and yeast extract concentration, respectively, and € is
the random error.

Results and Discussion

Identification of the Isolated Strain

The cells were grown in nutrient agar in alkaline condition (pH 9.5)
at 35°C for 24 h. The cells were rod-shaped with stained positive gram and
not motile, the spores were ellipsoidal and subterminal. The colonies were
circular with entire margins of light yellow color, and approximate size of
up to 2.0 mm. The microorganism was strictly aerobe and positive for cata-
lase and oxidase reaction and negative for nitrate to nitrite reduction. The
cellular growth at 30, 35, and 40°C was observed on nutrient medium in
pH 6.8. These characteristics comprehend the Bacillus sp., a phylogenetic
analysis with 16S rRNA sequence was necessary for specie identification.
So, the strain E16, was first identified as Bacillus sp. subgroup alcalophillus
in accordance to Nielsen (29).

The aim of the phylogenetic analysis was to determine the relation-
ships among some alcalophilic bacilli sequences. A parsimonious tree was
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Clostridium butyricum MW8

— Bacillus sp. strain E16
L Bacillus clausii strain zaw3

B. clarkii DSM8720

Mo B. clausii strain Y76-A

" . clausii DSM8716

Bacillus sp. strain ikaite 27

" B. pataginiensis strain PAT 05
Bacillus sp. DSM8714

85 64 ——— B. alcalophilus YB380

B. horti

86 oo Bacillus sp. strain NER

93

Bacillus sp. G1
Bacillus sp. TS1-1
B. oshimae K-11
% Mo B pseudalcalophilus DSM8725
% B. alcalophilus DSM485T
B. horikoshii DSM8719
B. circulans ATCC4513
— B. litoralis
s2— B, thermoamylovorans
—— B. galactosidilyticus

67

Fig. 1. Phylogenetic tree of the alkalophilic isolates based on 165 rRNA gene
sequence using the neighbor-joining method. C. butyricum strain MW8 (AJ002592) was
used as the outgroup. The accession numbers of the additional 165 rRNA sequences
used are as follows: B. clausii strain z a w3 (AY066000), B. clarkii DSM 8720 (X76444),
B. clausii strain Y76-A (AB201796), B. clausii DSM 8716 (X76440), Bacillus sp. strain
ikaite 27 (AJ431332), B. pataginiensis PAT 05 (AY258614), Bacillus sp. DSM 8714
(X76438), B. alcalophilus YB380 (AF078812), B. horti (D87035), Bacillus sp. strain NER
(AJ507321), Bacillus sp. TS1-1 (AY751538), Bacillus sp. G1 (AY754340), B. oshimae K-11
(AB188090), B. pseudalcaliphilus DSM 8725 (X76449), B. alcalophilus DSM 485T (X76436),
B. horikoshii DSM 8719 (X76443), B. circulans ATCC4513 (AY647299), B. litoralis 1B-B4
(AJ309561), B. galactosidilyticus (AJ535638), and B. thermoamylovorans (AJ586361).

obtained by the analysis of the 22 species (Fig. 1). From a total of 762 char-
acters, 365 were phylogenetically informative. The consistency index was
0.8108 and the retention index was 0.7969. Two clades, one major contain-
ing B. clarkii DSM 8720, B. clausii strain Y76-A, B. clausii DSM 8716, Bacillus
sp. strain ikaite 27, B. pataginiensis PAT 05, Bacillus sp. DSM 8714, B.
alcalophilus YB380, B. horti, Bacillus sp. strain NER, Bacillus sp. TS1-1,
Bacillus sp. G1, B. oshimae K-11, B. pseudalcaliphilus DSM 8725, B. alcalophilus
DSM 485T, B. horikoshii DSM 8719, B. circulans ATCC4513, B. litoralis IB-B4,
B. galactosidilyticus, and B. thermoamylovorans (bootstrap value 85) and the
other with the B. clausii strain zaw3 and Bacillus sp. E16 (bootstrap value
100) were highly resolved. These results agree with those observed on
the nucleotides sequence. Based on these results, it is suggested that the
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Bacillus sp. strain E16 be named B. clausii strain E16, owing to the low
divergence shown on the distance between matrixes (3.8%). This sequence
was submitted to GenBank and its access number is D(Q924973.

Experimental Design and Optimization

The identification of the major factors affecting the experimental
response is the first step in determining the optimum conditions for
enzyme production. The culture medium concentrations of the compo-
nents K,HPO,, MgSO,-7H,O, soluble starch, peptone and yeast extract,
and initial pH of the culture medium were studied previously. Based on
these trial runs using a factorial design and a path of steepest ascent, the
soluble starch, peptone and yeast extract concentrations, and the initial
culture medium pH were identified as important factors in CGTase pro-
duction (28) and were therefore selected for further study of the optimiza-
tion of CGTase production.

In this study, these variables were statistically optimized with the
help of a quadratic model consisting of 2* trials plus a star configuration
(o0 = + 1.483) and two replicates at the center point. The design of this
experiment is given in Table 2, together with the experimental results. The
highest CGTase activity (4.82 U/mL) was observed in run number 26 and
this run corresponded to the center point. The average CGTase activity
obtained on the center points was 4.66 U/mL, where the factors soluble
starch, peptone, and yeast concentrations and initial medium pH were 15.0
g/L,5.6g/L,53¢g/L,and 10.2, respectively. This activity was 30.8% higher
than that observed in the control run, where the factors were those used in
the basal culture medium.

The regression obtained after analysis of variance gives the produc-
tion of CGTase from B. clausii strain E16 as a function of the different ini-
tial pH (X,), soluble starch concentration (XZ), peptone concentration (X3),
and yeast extract concentration (X,). These terms were included in the fol-
lowing second-order polynomial equation where the mathematical model
representing the CGTase activity () in the experimental region studied
can be expressed by Eq. 3:

7 =4.472-0.296X, - 0.363X, - 0.384X, — 0.181X, - 0.362X, X,
+0.281X, X, +0.001X, X, —0.082X,X, - 0.162X, X, 3
~0.184X,X, - 0.0674X2 —0.278X2 —0.436 X2 - 0.362X?

The regression model was generated by Statistica software consisting
of 1 offset, 4 linear, 4 quadratic, and 6 interaction terms. Table 3 shows a
regression analysis of the estimates and hypothesis tests for the coefficients
of regression, which were displayed in Eq. 3. At the 5% probability level,
the linear and quadratic coefficients of initial pH (X,) and peptone con-
centration (X,), the linear coefficient of soluble starch concentration (X,),
and the interaction of initial pH and soluble starch concentration (X, X,)
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Table 2
Experimental Design and Results of the 2* Full-factorial Central Composite Design

Uncoded levels

Enzymatic activity

Coded levels Soluble Yeast (U/mL)
- starch Peptone extract

Runs X, X, X, X, pH (g/L) (g/L) (g/L) Observed Predicted
1 -1-1-1-1 9.62 125 4.4 4.2 3.85 3.58
2 ~-1-1-1+1 962 125 44 6.4 417 3.96
3 -1-1+1-1 9.62 125 6.8 42 233 245
4 -1-1+1+1 9.62 125 6.8 6.4 1.85 2.09
5 -1+1-1-1 962 175 4.4 4.2 3.89 3.75
6 -1+1-1+1 962 175 4.4 6.4 3.35 3.44
7 -1+1 +1-1 9.62 175 6.8 4.2 2.63 2.95
8 -1+1+1+1 962 175 6.8 6.4 1.83 1.92
9 +1-1-1-1 10.78 125 44 4.2 3.23 3.14
10 +1-1-1+1 10.78 125 44 6.4 3.95 3.52
11 +1-1+41-1 1078 125 6.8 4.2 3.37 3.14
12 +1-141+1 1078 125 6.8 6.4 2.64 2.79
13 +1+41-1-1 1078 175 4.4 4.2 222 1.86
14 +1+1-1+1 10.78 175 4.4 6.4 1.70 1.58
15 +1+1+1-1 10.78 175 6.8 42 1.97 2.19
16 +1+1 +1 +1 10.78 175 6.8 6.4 1.01 1.17
17 -148000 934 150 5.6 5.3 3.65 3.43
18 +1.48000 11.06  15.0 5.6 53 212 2.55
19 0-14800 1020 113 5.6 5.3 3.97 4.40
20 0+14800 1020 187 5.6 5.3 3.54 3.32
21 00-1480 1020 15.0 3.8 5.3 3.12 4.08
22 00+1.480 1020 150 74 53 3.70 2.94
23 000-1.48 1020 150 5.6 3.7 3.68 3.92
24 000+148 1020  15.0 5.6 6.9 3.47 3.44
25 0000 10.20 150 5.6 5.3 4.49 4.42
26 0000 1020 15.0 5.6 53 4.82 4.42
Control” - 10.0 10.0 5.0 5.0 3.55 -

"basal medium composition.

were found to be significant for the enzyme activity. Similar to our results,
the quadratic coefficients for sago starch concentration, peptone from
casein concentration as well as the interaction sago starch concentration,
and initial pH were significant for the CGTase activity from B. stearother-
mophilus HR1 (14).

The statistical significance of this second-order polynomial model
equation (Table 4) was evaluated by performing the F-test on the analysis
of variance (ANOVA) estimates of mean squares, which showed that this
regression is statistically significant (p = 0.004) at 95% confidence level.
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Table 3
Results of Regression Analysis Using the 2* Full-factorial
Central Composite Design

Term  Standard errors  Coefficient T, value p-value
Mean +0.28 4.472 15.974¢ -
X, +0.23 -0.297 -2.592¢ 0.0250
X2 +0.33 -0.674 —4.054° 0.0019
X, £0.23 -0.363 -3.174° 0.0088
X2 +0.33 -0.278 -1.673 0.1225
X, +0.23 -(0.384 -3.3597 0.0064
X2 %0.33 -0.436 -2.6197 0.0238
X, +0.23 0.181 -1.412 0.1856
X2 +0.33 -0.362 -2.175 0.0523
X, X, 0.56 -0.362 -2.799° 0.0173
X, X, +0.56 0.281 -2.178 0.0521
X, X, +0.56 0.001 0.007 0.9943
X, X, +0.56 -0.082 0.632 0.5403
X,X, +0.56 -0.162 -1.292 0.2226
XX, +0.56 -0.184 -1.422 0.1827

Table 4
Analysis of Variance (ANOVA) for the Regression Model
Representing CGTase Activity

Source 55 DF MS F-value p-value
Model 20,727 14 1480 554 0004
Residue 2940 1 0267 - -
Lack of fit 2889 10 0289 550 0321
Pure error 0052 1 0052 - -
Total 23,669 25 - - -

R2, 0.88; S5, sum of squares; DF, degrees of freedom; MS, mean square.

The model fitted the data well and gave a good coefficient of determination
(R? =0.88), explaining 88% of the variability in the response, the rest (12%)
being explained by the residues.

The response surface described by model equation (f)) to estimate
dependence of CGTase activity on the variables soluble starch concentra-
tion (X,) and initial pH of medium (X,) is shown in Fig. 2. This depen-
dence suggests that when the soluble starch concentration is increased, the
initial pH value should be decreased to obtain results that tend to maxi-
mize CGTase production. For the other studied variables, peptone and
yeast extract, there was no significant interaction at the 5% probability
level. So, for these variables, the concentrations keep at around the 0 point
concentration (central point).
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CGTabe activity (U/mL)

Fig. 2. Response surface described by the model §, which represents CGTase activity
(U/mL) produced by B. clausii strain E16 after a 48-h fermentation, as a function of
soluble starch concentration and initial pH of growth medium.

The second-order polynomial model was significant in the region
studied, the optimum coded values (optimum point) of the variables X,
X,, X,, and X, being determined by Eq. 4, as proposed by Myers (30):

%, =B 2 @

where x, is the vector of optimum values; B is a matrix of the estimated
coefficients of quadratic terms and b is a vector of the estimated coeffi-
cients of linear terms.

The optimum coded values obtained from the experimental data by
Eq. 4 are shown here as components of x, (Eq. 5):

0170,
~0.616

soluble starch
X.=

0 1-0.548 ©)

peptone

-0.527

yeast extract

The coded values presented above correspond to initial culture medium
pH 10.1; soluble starch 13.5 g/L; peptone 4.9 g/L; yeast extract 5.9 g/L.
Under these conditions, the model predicts CGTase activity to be at a high

Applied Biochemistry and Biotechnology Vol. 136-140, 2007



CGTase Production From Bacillus clausii 37

value of 4.64 U/mL, with a possible range from 4.09 to 5.19 U/mL at the 5%
probability level. The decrease of CGTase production at higher concentra-
tions of carbon source (soluble starch) was also found in B. firmus (Gawande
et al., 1998) and B. stearothermophilus HR1 (14), similar to our results.

The canonic form was obtained from the second-order polynomial
model (#) as follows:

7 =4.64-0.786w2, - 0.518w2, 1. o
~0282w2_  —0.165w?

peptone yeast extract

(6)

In this equation, all of the coefficients are negative, indicating that the
optimum point found is the maximum for the surface and thus the
adjusted response surface model produces the highest results. Equation 6
may also indicate that any change in its values will cause a fall in CGTase
activity. The greatest interference is caused by changes in initial pH and
soluble starch concentration. The changes in peptone and yeast extract
concentrations cause the least interference on CGTase activity.

Figures 3A and 3B are comparisons of growth and activity in the opti-
mized culture medium found in this study with those achieved in the
basal medium proposed by Nakamura and Horikoshi (25). Optimized
medium produces the highest CGTase activity (5.9 U/mL) after a 48-h fer-
mentation as analyzed in this study. The biomass production peaked
between 32 and 40 h (Fig. 3A). However, with basal medium, the highest
CGTase activity was 3.5 U/mL after 48-h fermentation, and the maximum
biomass production was obtained in a 24-h fermentation (Fig. 3B). These
results indicated that it was possible to increase the CGTase activity by
68%, using the optimized medium, in relation to the original basal culture
medium. Another important point was that the CGTase activity on base
medium after a 48-h fermentation was similar to that obtained on opti-
mized medium after a 24-h fermentation. This shorter time fermentation
for the optimized medium can compensate the increase of the medium
components and can lead to a decrease in production costs, because the
equipments and energy sources are used only half of time when compared
with the basal medium for obtaining the same CGTase activity.

Other authors have successfully improved enzyme production, using
RSM. Gawande et al (9) working with B. firmus, obtained the maximum
CGTase activity of 7.05 U/mL after a 80-h fermentation. The optimum
composition of the culture medium was found at the central point of the
23 full-factorial design, made up of corn starch 21.0 g/L, yeast extract
23.0 g/L, and pharmamedia 22.0 g/L. According to the authors, these
results led to an increase of about 20-fold in CGTase activity, compared with
the basal medium. Gawande and Patkar (8) applied two-level fractional
factorial designs to optimize medium composition, in the production of o-
CD-specific CGTase from K. pneumoniae AS-22. The optimized medium
resulted in ninefold higher production of CGTase than in the basal
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Fig. 3. CGTase production in (A) optimized medium and (B) basal medium by B.
clausii strain E16 at 37°C. (— B —) pH; (— @—) enzymatic activity; (—A—) biomass.

medium. The optimum composition of the nutrient medium was dextrin
49.3 g/L, peptone 20.6 g/L, yeast extract 18.3 g/L, ammonium dihydrogen
orthophosphate 6.7 g/L, and magnesium sulfate 0.5 g/L. The CGTase pro-
duction from B. stearothermophilus HR1 was analyzed through RSM, an
optimized culture medium was performed, which was made up of sago
starch 16.02 g/L, peptone from casein 20.0 g/L, K,HPO, 1.4 g/L, CaCl,
0.2 g/L, and initial pH 7.54. The maximum CGTase activity obtained was
14.20 U/mL (14). Ibrahim et al. (13) studied the optimal concentration
of the culture medium for CGTase production from Bacillus sp. G1 using
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a 2 central composite design. In this case, the optimized medium increased
the CGTase activity by 53% over the basal medium. The optimum compo-
sition of the culture medium was tapioca starch 40.0 g/L, peptone 20.0
g/L, MgSO,-7H,0 4.0 g/L, and Na,CO, 10 g/L at pH 9.9.

Comparing the literature results, in relation to U/g of substrate, it
was observed that better CGTase production was obtained by Bacillus sp.
G1 (1372.5 U/g of tapioca starch) followed by B. stearothermophilus HR1
(886.4 U/ g of sago starch), B. clausii strain E16 (437.0 U/g of soluble starch),
B. firmus (434.1 U/g of corn starch), and K. pneumoniae AS-22 (335.7 U/g of
dextrin). So, better conditions for CGTase production from B. clausii strain
E16 could be obtained, if other variables such as starch source, inoculum
quantities, and time were optimized.

Conclusion

A new CGTase producer was isolated and identified as B. clausii strain
E16 and the compounds medium for better CGTase production was stud-
ied. The 2* full-factorial central composite design, with independent vari-
ables soluble starch, peptone and yeast extract concentrations, and culture
medium initial pH were used to optimize the culture medium composition
for CGTase production from B. clausii strain E16. The optimized medium
resulted in a more than 68% higher CGTase production, compared with that
in the basal medium. Optimum conditions found in this work were: solu-
ble starch 13.4 g/L, peptone 4.9 g/L, yeast extract 5.9 g/L, K, HPO, 1.0 g/L,
MgSO,7H,0 0.2 g/L, and initial pH 10.1 wherein this pH was obtained
using Na,CO, 13.0 g/L sterilized separately. The study was carried out in
shaker flasks at a 48-h fermentation. These results demonstrated that it is
possible to apply statistical design to CGTase production, with a strategy
RSM that is relatively simple, and saves both time and material.
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Abstract

A cyclomaltodextrin glucanotransferase (E.C. 2.4.1.19) from a newly iso-
lated alkalophilic and moderately thermophilic Paenibacillus campinasensis
strain H69-3 was purified as a homogeneous protein from culture supernatant.
Cyclomaltodextrin glucanotransferase was produced during submerged fer-
mentation at 45°C and purified by gel filtration on Sephadex G50 ion
exchange using a Q-Sepharose column and ion exchange using a Mono-Q
column. The molecular weight of the purified enzyme was 70 kDa by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and the pI was 5.3. The
optimum pH for enzyme activity was 6.5, and it was stable in the pH range
6.0-11.5. The optimum temperature was 65°C at pH 6.5, and it was thermally
stable up to 60°C without substrate during 1 h in the presence of 10 mM CaCl,.
The enzyme activity increased in the presence of Co?*, Ba?*, and Mn?". Using
maltodextrin as substrate, the K and K_, were 1.65 mg/mL and 347.9

t
umol/mg-min, respectively.

Index Entries: CGTase characterization; CGTase purification; cyclomal-
todextrin glucanotransferase; thermostable CGTase.

Introduction

Cyclomaltodextrin glucanotransferase (CGTase; EC 2.4.1.19) is a mem-
ber of the a-amylase family (family 13) of glycosyl hydrolase (1). CGTase can
also hydrolyze glucan chains in a manner similar to a-amylases, but differs
in its ability to form cyclodextrins (CD) as reaction products. CDs are formed
from starch molecules through intramolecular transglycosylation (cycliza-
tion) and can be made up of 6-8 glucan residues, a-, B-, and y-CD, respec-
tively. This enzyme is in fact multifunctional; besides cyclization reaction it

*Author to whom all correspondence and reprint requests should be addressed.
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displays intermolecular transglycosylation (coupling and dispropor-
tionation) and hydrolytic activity on starch and CDs (2-4). CDs are dough-
nut-shaped molecules with a hydrophilic outer surface and a relatively
hydrophobic cavity. Owing to their ability to form inclusion complexes
with many organic molecules, CDs have become increasingly useful in
pharmacy, food, cosmetics, agriculture, analytical chemistry, and biotech-
nology. They can be used to capture flavors and odors, stabilize volatile
compounds, improve the solubility of hydrophobic substances, and protect
substances against undesirable modifications (2-7).

CGTases are produced extracellularly by a variety of bacteria mainly by
the alkalophilic, mesophilic, and thermophilic Bacillus genus (4,8). However,
other producers have also been reported such as Klebsiella sp. (9,10),
Brevibacterium sp. (11), Paenibacillus sp. (12-15), Thermoanaerobacter sp. (16,17),
Thermoanaerobacterium sp. (18), Thermococcus sp. (19), and Thermoactinomyces
sp. (20). Most of these CGTase producers are able to produce a mixture of
CGTase types, mainly o-CD and/or B-CD.

As the majority of the CGTases studied are produced by mesophilic
microorganisms, they possess low-thermostability. In the CD production
process, therefore, it is necessary to add a thermostable a-amylase during
the liquefaction step carried out at high-temperature (95-105°C). On
completion of liquefaction, the stream is cooled to 50-55°C for the CD
production by CGTase (16). Thermostable CGTases would make it less
necessary to reduce the temperature for CGTase action, and this would
decrease the cost of final CD production. On the other hand, the high pro-
duction cost of CGTase and CDs is considered the limiting factor in CD
applications on an industrial scale. Research aimed at decreasing the cost
of CGTase production is, therefore, necessary if commercial use of CDs is
to become economically feasible. The search for a thermophilic CGTase
producing microorganism with high-thermostability is thus of commer-
cial interest.

We have isolated a new CGTase producer from soil cassava crop sam-
ples, which grows at 45°C and is classified as P. campinasensis strain H69-3
(henceforth referred to as H69-3). Although many studies have been car-
ried out on detection of CGTase in different microorganisms, few reports
have described CGTase from the alkalophilic thermophilic P. campinasensis.
Therefore, in the present study we report its classification and the purifi-
cation and characterization of its CGTase for the first time.

Materials and Methods

Materials

CDs (o, B-, and y-CD), maltodextrin, phenolphthalein, orange methyl,
and bovine serum albumin were purchased from Sigma (St. Louis, MO).
Yeast extract, peptone, and agar were obtained from Difco (Detroit, MI).
Soluble starch and all other chemicals of analytical grade were obtained
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from Merck (Darmstadt, Germany). Resins for enzyme purification were
purchased from Amersham Pharmacia Biotech (Uppsala, Sweden).

Microorganism Isolation and Identification

The bacterial strain H69-3 was isolated from soil cropped with cas-
sava in Sdo José do Rio Preto, SP—Brazil, as described in our previous
work (15). The phylogenetic properties of H69-3 were determined with the
help of the Centro Pluridisciplinar de Pesquisas Quimicas, Bioldgicase Agricolas
(Unicamp, Campinas, SP, Brazil) using molecular techniques of the
sequencing and phylogenetic identification analysis of the 165 rRNA gene
fragments. The 165 rDNA sequence was amplified by polymerase chain
reaction (PCR), using as template the genomic DNA that was isolated off
the H69-3 strain. The primers used in PCR were a p27 forward primer and
a pl1525 reverse primer that corresponded to a homologous conserved
region of the 165 rRNA gene in bacteria.

The amplified PCR product was purified and sequenced directly on a
MegaBACE 1000 (Amersham Biosciences) automatic sequenator. The for-
ward primers p10 and 765 and reverse primers 782 and p1100 were used
during sequencing. The 165 rDNA sequence was compared with known
sequences on databases from Ribosomal Database Project (RDP, WI;
http:/ /www.cme.msu.edu/RDP/html) and GenBank (http://www.ncbi.
nlm.nih.gov/). The 165 rDNA sequences related to H69-3 sequence were
selected for phylogenetic analysis. The evaluative distance matrices were
calculated with the Kimura model (21) and the phylogenetic tree was built
using the Neighbor-Joining method (22) in accordance with analysis soft-
ware from RDP.

Assay of CGTase

CGTase activity was measured as B-CD forming activity based on
phenolphthalein method (23) with slight modifications as described in
Alves-Prado et al. (20). One unit of CGTase activity was defined as the
amount of enzyme that produced 1 umol of B-CD per min.

Protein Determination

Protein concentration was estimated according to the Hartree-Lowry
method, using bovine serum albumin as standard (24).

Purification of CGTase

The culture medium used for CGTase production was based on the
proposal by Nakamura and Horikoshi (25) with some modifications: solu-
ble starch 10.0 g/L, peptone 5.0 g/L, yeast extract 5.0 g/L, K,HPO, 1.0
g/L, MgSO,7H,0 0.2 g/L, Na,CO, 5 g/L (separately sterilized), pH 9.6.
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The CGTase was produced by cultures of H69-3 in 500-mL Erlenmeyer
flasks, containing 80 mL culture medium with soluble starch as substrate.
The cultures were incubated on a rotary shaker at 45°C, for 48 h at 200
cycles per min. The cells were removed from the medium by centrifuga-
tion at 10000g for 15 min at 5°C. Supernatant containing crude CGTase was
concentrated by ultrafiltration using the Pellicon® system (Millipore,
Beldford, MA). The concentrated CGTase was subjected to gel filtration
chromatography on a Sephadex superfine G-50 column (2.6 x 100 cm?) that
had been preequilibrated with 20 mM Tris-HCl buffer (pH 7.5), containing
20 mM NaCl. Elution was carried out by the same buffer at a flow rate of
0.3 mL/min at room temperature, and 5 mL fractions were collected using
a fraction collector (Pharmacia Biotech Frac-100, Sweden). The CGTase-
containing fractions were spin-concentrated using Centricon® YM10 tubes
(amicon bioseparations, Millipore, Beldford, MA) with 10 kDa cutting
membrane and purified to homogeneity on an AKTA purifier system
(Pharmacia Biotech, Sweden). The following chromatographic steps were
performed using a Q-Sepharose® Fast Flow column (5.0 x 10.0 cm?) fol-
lowed by a Mono-Q HR 5/5 column with bed volume of 1.0 mL
(Pharmacia Biotech, Sweden) using 20 mM Tris-HCI buffer (pH 7.5). The
purity of the CGTase was determined by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE).

Determination of Protein Molecular Weight

The molecular weight of the pure protein was estimated by SDS-
PAGE according to Laemmli (26). The SDS-PAGE was performed on a 10%
homogeneous gel using the Mini-Cell electrophoresis apparatus (BioRad
Laboratories, Richmond, CA). The gel was stained by means of the Blum
silver-staining method (27). BenchMarker™ Protein Ladder (Invitrogen)
was used as standard.

Activity Gel

The native gel was performed on a 10% homogeneous gel using the
Mini-Cell electrophoresis apparatus (BioRad Laboratories) in accordance
to Laemmli (26), but without SDS. Part of the gel was stained by means of
the Blum silver-staining method (27) and other part of this gel was incu-
bated on soluble starch solution 1% overnight, rotating at 5°C and after
this, the gel was stained with I-IK solution 1%.

Isoelectric Focusing

Isoelectric focusing (pI) was performed in an Ettan IPGphor II two-
dimensional electrophoresis apparatus (Amersham Biociences), using a strip
holder with a pI scale from 3.0 to 10.0 for focusing and a 12% (w/v) acry-
lamide gel for the second dimension. During isoelectric focusing, the strip
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holder was submitted to rehydration loading together with the enzyme sam-
ple for 12 h. It was subjected to different voltage steps, with the first step car-
rier in 500 Vh, the second step carrier in 1000 Vh, and the third step carrier in
12,500 Vh. After focusing, the strip holder was transferred to a polyacry-
lamide gel (SDS-PAGE) for the two-dimensional. SDS-PAGE was carried out
at a constant voltage of 90 V for the first half hour and 220 V for the next 4 h
at 25 mA. The gel was stained by the Blum silver-staining method (27).

Kinetic Parameters

The kinetic parameters were determined by incubating the pure
enzyme in maltodextrin with DE 13.0-17.0 (Aldrich, Milwaukee, WI)
(from 0 to 10 mg/mL) in 50 mM acetate buffer, pH 6.5, at 60°C, for 10 min
under phenolphthalein assay conditions. The values of K_and V___were
estimated by fitting the data to a Michaelis-Menten model using the GraFit
program, version 5.0 (Erithacus Software).

Effect of pH and Temperature on Activity and Stability
of the Enzyme

The optimum pH of the pure CGTase was determined by measuring
activity at 60°C using Macllvaine buffer (pH 2.5-8.0) and glycine-NaOH
buffer, 0.1 M (pH 8.0-11.5). The reaction was carried out using the CGTase
assay as previously mentioned. Optimal pH was the pH where the enzyme
displayed its maximal activity, which was considered 100% activity. The opti-
mum temperature of the pure enzyme was determined by incubating the
reaction mixture of the CGTase assay in different temperatures, ranging from
5 to 90°C for 10 min. Optimal temperature was the temperature where the
enzyme displayed its maximal activity, which was considered 100% activity.

The pH stability was determined by incubating the CGTase prepara-
tion without substrate in the same buffer systems used previously, at 25°C
for 24 h. The remaining activity was assayed under standard conditions at
60°C. The temperature stability was checked by subjecting the enzyme,
without substrate, at various temperatures at 5°C up to 90°C for 60 min
and then cooling in ice before measuring the residual activity under stan-
dard conditions at 60°C and pH 6.5.

Results and Discussion

Microorganism Isolation

The bacterial strain H69-3 showed high CGTase activity and growth
at 45°C. The strain H69-3 was identified according to 165 rDNA sequence
comparisons and correlation with the physiological characteristics of this
isolate. H69-3 has rod-shaped cells and Gram coloration was variable.
During early growth phase Gram-positive cells could be observed, but
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‘{ Strain H69-3
Paenibacillus campinasensis KCTC 0364BP

— Paenibacillus lactis MB 1871

Paenibacillus glucanolyticus DSM 5162
{ Paenibacillus lautus NRRL NRS-666
Paenibacillus polymyxa \AM 13419
Paenibacillus azotofixans DSM 1735
Paenibacillus xylanilyticus XIL 14

Paenibacillus illinoisensis NRRL NRS-1356

Paenibacillus pabuli HSCC 492

—— Paenibacillus macquariensis NCTC 19419

Streptococcus hyointestinalis ATCC 49169
0.1

Fig. 1. Phylogenetic tree based on the 165 rRNA gene sequence, of the H69-3 strain
and other related microorganisms. The Neighbor-Joining method was used and
Streptococcus hyointestinalis was used as the out-group. The GeneBank accession num-
bers of the additional 165 rRNA sequences used are as follows: P. campinasensis KCTC
0364BP (AF021924); P. lactis MB 1871 (AY257868); P. glucanolyticus DSM 5162 (D78470);
P. lautus NRRL NRS-666 (D78473); P. polymyxa 1AM 13419 (D16276); P. azotofixans DSM
1735 (X77846); P. xylanilyticus XIL14 (AY427832); P. illinoisensis NRRL NRS-1356
(D85397); P. pabuli HSCC 492 (AB045094); P. macquariensis NCTC 10419 (X60625).

after 50 h of growth, only Gram-negative rods were visible. This microor-
ganism was facultative anaerobic, positive for catalase reaction and nitrite
to nitrate reduction as well as negative to oxidase reaction. The cellular
growth at 30°C, 37°C, 40°C, 50°C, and 55°C was observed for nutrient
medium in pH6.8. These physiological properties indicated the gender of
the strain H69-3, but only with 165 rRNA was possible to identify correctly
this strain. The partial 165 rRNA sequence of H69-3, with 892 pb revealed
99% similarity with sequences of the P. campinasensis strain 324 (28) and
other Paenibacillus sp. strains included in RDP and GenBank. Similarity
of 94 and 96% was found with other Paenibacillus sp., such as P. lactis and
P. pabuli. Phylogenetic analysis and physiological characteristics con-
firmed the similarity found in databases and clearly grouped the strain
H69-3 with P. campinasensis (Fig. 1). Based on these results, the studied
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microorganism (strain H69-3) was classified as P. campinasensis strain H69-3.
The partial 165 rDNA sequence has been deposited in the GeneBank and
has been assigned the accession number D(Q153080.

CGTase Purification

After 50 h of fermentation, the supernatant from the P. campinasensis
strain H69-3 culture was used for purification of CGTase in four steps. The
supernatant containing crude enzyme was first concentrated by ultrafiltra-
tion and subsequently purified by gel filtration and anion exchange (Table 1).
These steps resulted in a 115-fold purification with a yield of 13.3%, and spe-
cific activity of 8.1 U/mg of protein (Table 1). The purification steps resulted
in one homogeneous band on a silver-stained SDS-PAGE (Fig. 2A). A native
polyacrylamide gel for activity staining also gave the purified CGTase one
single band in the presence of soluble starch (Fig. 2B).

Previously, CGTase purification from Bacillus sp. AL-6 was performed
using starch adsorption chromatography and two DEAE-Sephadex A-50
chromatographies, with a yield of 14.4% and a 230-fold purification, sim-
ilar to the yield (29). In another study, CGTase from the P. campinasensis
(B. firmus) strain 324 was purified by ion exchange- and affinity-
chromatography resulting in a 26.6% yield and a 90-fold purification (30).
Finally, process chromatography was used to purify the CGTase from P.
illinoisensis ST-12K using a DEAE-cellulose column and a Butyl-Toyopearl
column, resulting in a 4.5-fold purification and a 27% yield (13).

Molecular Weight

The molecular weight of the purified CGTase was estimated by elec-
trophoretic mobility under denaturing conditions to be 70 kDa (Fig. 2A).
This molecular weight is in agreement with the majority of purified CGTase
reported in literature, which is between 70-88kDa (4,8-13,25,29-31).
However, in some cases, CGTase has been reported to have a lower molecu-
lar weight, such as those from B. lentus (33 kDa) (32), B. coagulans (36 kDa) (33),
and Bacillus sp. 1919 (42 kDa) (34). On the other hand, CGTases with a higher
molecular weight have also been reported, such as those from B. agaradhaerens
(110 kDa) (35), B. licheniformis (144 kDa) (36), and Thermoanaerobacter sp. (103
kDa) (16, 17) (Table 2). The variation of the pI values among studied CGTases
can be owing to adaptations from environmental properties of the screening
place. Different environments can lead to genetic sequence changes of this
enzyme during the evolutionary process (40).

Isoelectric Focusing

The pl of the purified CGTase was 5.3. The plI exhibited by this CGTase
is slightly acidic, similar to CGTase from B. stearothermophilus (37), which
has a pl value of 5.0. Some CGTases have shown high acidic p! values, such
as CGTase from Brevibacterium sp. (11) with a pl value of 2.8 and from
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Table 1
Summary of Purification Results

Total  Total Total  Specific

volume protein CGTase activity Fold Percent

Step (mL) (mg) activity (U) (U/mg) purification yield
Crude enzyme

(supernatant) 350.0 1393.0 91.0 0.07 - 100
Concentration

by ultrafiltration

(Pelicon) 400 316.0 87.2 0.28 4.0 95.8
Gel filtration

Sephadex G-50 123 32.0 49.2 1.54 22.0 54.1
Ion exchange

(Q-Sepharose) 70 2.8 39.9 14.25 203.6 43.8
Ion exchange

(Mono-Q column) 7.5 1.5 12.1 8.07 115.3 13.3

Enzymatic activity determined by phenolphthalein method.

180 kDa ~ |
120 kDa |

90 kDa
80 kDa | #
70 kDa | L
60 kDa |

50 kDa

40 kDa

30 kDa

25 kDa

20 kDa « —m

Fig. 2. CGTase from P. campinasensis strain H69-3 (A) determination of molecular
weight on SDS-PAGE. Lane 1, molecular weight marker; lane 2, crude enzyme; lane 3,
elution from gel filtration; lane 4, Q-Sepharose fast flow elution; and lane 5, purified
CGTase (Mono-Q elution). (B) Native gel, 1: silver stained and 2: amylolytic activity
I-KI stained.
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B. autolyticus (38) with a pl s value of 3.0 and 4.0. However, other CGTases
have a high basic pl, such as that from Bacillus sp. G1 (31) with a pI of 8.8.
There are also neutral pI CGTases, such as B. agaradhaerens LS-3C (35) with a
pl value of 6.9, and B. circulans E192 (39) with pl values of 6.9 and 6.7 (Table 2).

Kinetic Parameters

The K_and V__ values obtained were 1.69 + 0.39 mg/mL and 4.97 £
0.30 umol/min-mg, respectively. K__ values ranging from 0.15 to 21.2 mg/mL
and V__ values ranging from 7.4 to 249 U/mg have previously been
reported for few CGTases (10, 30, 31, 35, 39, 41). However, only the B.
agaradhaerens LS-3C (35) and B. circulans E192 (39) used maltodextrin as sub-
strate. The K _ of CGTase from P. campinasensis strain H69-3 was larger than B.
circulans E192 (0.7 mg/mL) and smaller than CGTase form B. agaradhaerens
LS-3C (18.0 mg/mL). As K_ might be correlated with the affinity for sub-
strate, by comparison it is possible to infer a good affinity of the CGTase of
P. campinasensis strain H69-3 for maltodextrin. The K_,, and K ,/K  were
calculated and it was 347.9 uM/mgmin and 205.9 min/umol, respectively.
The K_,, value exhibited by this CGTase was larger than those obtained by
CGTases from Klebsiella pneumoniae AS-22 (249 uM/mg-min) (10) and B. firmus
(145.17 pM/mg-min) (41). However, here any conclusion might be

obtained, as the used substrates were not the same.

Effect of pH on Activity and Stability of the Enzyme

The activity CGTase was determined at varying pH values ranging
from 2.5 to 11.5 at 60°C. The purified CGTase was highly active between
pH values 5.5 and 7.0 with maximum activity at pH 6.5 in Macllvaine
buffer (Fig. 3). The optimum pH value suggests that, in order to effect the
cyclization reaction, CGTase from the P. campinasensis strain H69-3 needs a pH
near to neutral. This optimum pH was also noted for CGTase from B. lentus
(32) and B. coagulans (33). The pH stability was determined by incubating
the crude CGTase on different pH values, ranging from 2.5 to 12.0 for 24 h
at 25°C. Then, the residual activity was measured at standard activity con-
ditions. The purified CGTase was found to be stable over a wide range of
pH (6.0-11.0) after 24 h of incubation at 25°C (Fig. 3).

Effect of Temperature On Activity and Stability of The Enzyme

The activity of pure CGTase was measured at temperatures between
30°C and 80°C at pH 6.5. The enzyme exhibited maximum activity at temper-
atures between 60°C and 65°C (Fig. 4). The effect of temperature on stability
of pure CGTase was also investigated. The enzyme was incubated for 1 h
at various temperatures (30-70°C) followed by measurement of residual
activity under standard assay conditions. Hundred percent CGTase activity
was maintained up to 55°C, indicating good thermal stability (Fig. 4). The
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Fig. 3. Effect of pH on CGTase activity (=—e=—) and CGTase stability (=——s—) from
the P. campinasensis strain H69-3. The buffers used were: Macllvaine (pH 3.0-8.0) and
glycine-NaOH (pH 8.0-11.5).

enzyme was completely inactive at 80°C. The thermal stability increased when
the CGTase was incubated in the presence of the Ca®*. About 90% of CGTase
activity was maintained up to 60°C when it was incubated with 10 mM CaCl,
(Fig. 5). Ion Ca?* has been used as enzyme stabilizer and these results were
similar to that obtained by Chung (37) studying CGTase from B. stearother-
mophilus ET1.

Effect of Metal lons and Chemicals on CGTase Activity

The enzyme was incubated with a number of salts and reagents, at 5 mM
and 1 mM,, in 100 mM acetate buffer, pH 6.5 at 25°C for 60 min. A sample
of the mixture was used to determine residual activity under standard
assay conditions, while maintaining salt and reagent concentrations. The
results are summarized in Table 3. Considering the presence of metallic ions
and other reagents, the response of CGTase activity from the P. campinasensis
strain H69-3 was similar to that reported for other CGTases (29,35). This
CGTase was strongly inhibited by Ag'*, AlI**, Cr?*, Cu?*, Fe**, Fe3*, Hg*",
NH,?*, Sn?*, and B-CD. It was slightly inhibited by Cd!*, Pb?*, Zn?*, Zn3*,
Sr?*, SDS, and y-CD with 20-70% of the activity. CGTase activity was not
inhibited in the presence of Mg, K*, Ca?*, Na'!*, Ni** ethylenediamine
tetra acetic acid, phenylmethylsulfonyl fluoride, sodium m-arsenite,
sodium azide, 2-mercaptoethanol, dithiothreitol, and a-CD and it was
enhanced in the presence of Co?*, Ba?*, and Mn?".
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Fig. 4. Effect of temperature on CGTase activity (=—e=—) and CGTase stability
(=—w—) from the P. campinasensis strain H69-3.
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Fig. 5. Effect of CaCl, on temperature stability of CGTase from P. campinasensis
strain H69-3. (—w—) control, without CaCl); (==e=) 5 mM CaCl, and (—aA—)
10 mM CaCl,.

Unlike our results, the activity of CGTases from Bacillus AL-6 (29) was
not inhibited by Fe?*; the same was reported from P. campinasensis strain
324 (B. firmus) (30), B. firmus (42), and B. autolyticus (38). The activity was
increased using the CGTase from Brevibacterium sp. (22) and Bacillus sp. G1
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Table 3
Effects of various reagents on CGTase activity
from P. campinasensis strain H69-3

Reagent (1 mM) Residual activity (%)
None 100
SDS? 70.0
EDTA? 84.0
PMSF- 95.0
Sodium azide 96.5
Sodium m-arsenite 97.0
2-mercaptoethanol 98.0
Dithiothreitol 106.5
o-CD 90.0
B-CD 0
y-CD 69.0

?Sodium dodecyl sulfate.
YEthylenediaminetetra acetic acid.
‘Phenylmethylsulfonyl fluoride.

(31). It has been reported that Cu?* has a significant inhibitory effect on
CGTases from Bacillus AL-6 (29), B. firmus (42), Brevibacterium sp. (11),
and B. agaradhaerens (35), whereas CGTases from B. autolyticus (38) and
P. campinasensis strain 324 (B. firmus) (30) were not inhibited in presence of
the Cu?* at 2 mM. Also, the CGTase activity from B. agaradhaerens (35),
B. autolyticus (38), and Brevibacterium sp. (11) was maintained in presence
of the Zn?*, Pb?*, and Sr?*, unlike the CGTase from P. campinasensis strain
H69-3. Metal ions such as Hg?*, Ag'*, Zn?*, and Cu?* have been reported
as inhibitors of thermostable o-amylases. As one of the mechanism of pro-
tein thermostabilization is by formation of disulfite bridges, the presence
of cysteine residues are higher in themostable molecules. These metal
ions (Hg**, Ag'*, and Cu?*) have affinity to the sulfhydryl groups. So,
these ions inhibit the enzymatic activity of some proteins by oxidation of
the functional cysteine residue groups (43). The almost complete inhibi-
tion of CGTase activity from the P. campinasensis strain H69-3 by Hg?",
Ag', and Cu?* reinforces the hypothesis that the thiol group is essential
for the enzymatic activity of the CGTase. About the CD type effect on the
CGTase activity, the presence of B-CD and y-CD has exhibited an
inhibitory effect for the CGTase from B. autolyticus (39). In the case of
CGTase activity from B. agaradhaerens (35), a slight increase in the pres-
ence of B-CD is reported. In common with the studied CGTase, the
majority of the CGTase reported present stimulated activity in the pres-
ence of Ca?* that also has been reported to be a stabilizer of thermal
denaturation (11,12,21,30,35,38).
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Conclusions

The CGTase from new producer P. campinasensis strain H69-3 isolated
from soil cassava crop was purified and characterized with molecular weight
of 70 kDa, optimum pH at 6.5, and optimum temperature at 65°C. So, this
bacteria P. campinasensis strain H69-3 proved to be a viable alternative
microorganism for CGTase production. The moderate optimum temperature
and thermostability of the purified CGTase would be advantageous in cer-
tain industrial applications.
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Abstract

The influence of several factors on the hydrolytic activity of lipase, present
in the acetone powder from dormant castor seeds (Ricinus communis) was
evaluated. The enzyme showed a marked specificity for short-chain sub-
strates. The best reaction conditions were an acid medium, Triton X-100 as the
emulsifying agent and a temperature of 30°C. The lipase activity of the ace-
tone powder of different castor oil genotypes showed great variability and
storage stability of up to 90%. The toxicology analysis of the acetone powder
from genotype Nordestina BRS 149 showed a higher ricin (toxic component)
content, a lower 25 albumin (allergenic compound) content, and similar aller-
genic potential compared with untreated seeds.

Index Entries: 25 albumin; castor seeds; lipase; ricin; Ricinus communis;
acetone powder.

Introduction

Lipases (glycerol ester hydrolase, enzyme comission [EC] 3.1.1.3) are
defined as a group of enzymes that are capable of catalyzing the hydroly-
sis of long-chain triacylglycerols into glycerol and free fatty acids,
although they can also utilize other substrates such as medium or short
fatty acid esters. Because of the hydrophobic nature of their substrates,
lipases generally act in an aqueous-organic interface. Apart from their
hydrolytic activity, lipases may also present reverse activity (esterification
and transesterification reactions) in water-restricted environments, such as
organic solvents. Their capacity to carry out all these transformations with

*Author to whom all correspondence and reprint requests should be addressed.
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a high chimio-, regio-, and enantio-specificity means that lipases have great
potential as biocatalysts in technological applications, such as in detergents,
foods, pharmaceuticals, oleochemicals, and other industries (1,2).

Lipases are generally found in animals, plants, and microorganisms,
but microbijal enzymes have been studied the most and applied most to
industrial processes. However, in recent years plant lipases have also
attracted the attention of researchers. There still exists a huge diversity of
plants to be explored and the discovery of lipases with different specifici-
ties and stability would extend these enzymes’ range of application. Plant
lipases generally exhibit a particular specificity, usually a substrate speci-
ficity (more pronounced than in microbial enzymes), and are a low-cost
raw material. Most of the literature on plant lipases concerns oil seed
lipases, of which the most studied seeds are probably from oats, colza, and
castor seeds. Lipases from the dormant seed of the castor plant (Ricinus
communis) could be an option of some interest for industrial applications,
given that they are found in large quantities in the ungerminated seed,
whereas lipases from oil seeds generally need the seed to start germinat-
ing for them to be synthesized, and the quantities produced are very small
(3,4). Additionally, the castor bean grows throughout Brazil, it is easy to
cultivate and is attracting interest because of its oil, which presents a chal-
lenge in finding the best ways to exploit the seeds using the latest scientific
and technological approaches.

The lipase activity of dormant castor seeds has been recognized for
over a century. Lipases are found in association with the lipid body (small
intracellular organelles that store the oil) membranes, and are probably
anchored by their hydrophobic region close to the N-terminal end (4,5). The
lipase accounts for 5% of the total proteins in the lipid bodies and its molec-
ular weight has been estimated at around 60 kDa (6). Recently, Eastmond (4)
cloned the lipase of the dormant castor seed with the purpose of clarifying
the role this enzyme plays in starting germination; however, its physiologi-
cal function is still unclear and a new hypothesis is that it might be involved
in defending the seed against parasites.

The presence of compounds with a high-toxicity (ricin) and pro-
nounced allergenicity (2S albumin isoforms) (7,8) in castor seeds should be
taken into account whenever industrial uses are planned for castor seed
derivatives, including lipid biotransformation. Ricin is the most lethal of
the toxins present in castor cake; it is a member of the family of ribosome-
inactivating proteins constituted of two polypeptide chains: the A-chain
hydrolyses a conserved region of the 285 rRNA, blocking protein synthesis
and bringing about cell death, whereas the B-chain exhibits lectin proper-
ties by which the toxin is endocyted (8,9). The castor seed allergen is a non-
toxic and unusually stable protein belonging to the 25 albumin class, which
exhibits an exceptional capacity to enhance individuals’ sensitivity to small
concentrations of dust from castor seeds or castor cake (7). The aim of this
work was to characterize the lipase activity present in dormant castor seed
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acetone powder and to evaluate the acetone treatment for inactivating toxic
and allergenic compounds. The castor oil genotypes with the greatest
potential as sources of lipases were also selected.

Materials and Methods

Castor Seeds

The castor bean seeds were supplied by Embrapa Cotton Research
Center in Campina Grande, Brazil, and stored at 4°C until use.

Extraction of the Acetone Powder

One hundred and fifty milliliter acetone at 4°C was added to 10.0 g seeds
and the mixture was blended (Turmix blender; ARNO) and sieved to obtain
particles smaller than 500 um. These were washed with 300 mL acetone at 4°C
and incubated with 150 mL acetone for 16 h. After incubation they were washed
with 150 mL acetone. The fat-free powder was left in an open flask for 24 h to
complete the removal of the residual acetone and then stored at 4°C until use.

Lipase Assay

Lipase activity was determined by adding 90.0 mg acetone powder to
10 mL emulsion consisting of tributyrin* (5% [w/v]), Triton X-100* (25%
[w/v]), and acetate buffer, 0.05 M, pH 4.0 (50% [v/v]). This was incubated at
37°C* for 3, 5, and 7 min under agitation (200 rpm). The reactions were
stopped by adding 20 mL ethanol and the fatty acids were extracted under
agitation (200 rpm) for 10 min and titrated until the end point (pH 11.0) with
a NaOH solution (0.04 N). The blank assays were performed by adding the
acetone powder after the ethanol had been added. The activity (U) was calcu-
lated from the o of the graph (umol free fatty acids vs reaction time), which
resulted in the specific activity (U/g acetone powder). One lipase activity unit
(U) was defined as the amount of enzyme that produced 1 umol fatty acid per
min under the assay conditions. The reactions were performed in triplicate.

Effect of Different Factors on Lipase Activity

The assays were carried out as previously described except when
evaluating the influence of pH.

o Temperature: 25, 30, 35, 40, 45, and 50°C.

o Type of emulsifier: Triton X-100 (25% [w/v]) and gum arabic (5%
[w/v]); the reaction times were 10, 20, 30, and 40 min.

e Type of substrate: olive oil, sunflower oil, castor oil (the oils were from
local stores), trycaprylin and tributyrin (purchased from Sigma);
reaction emulsions contained 10% (w/v) substrate.

*These conditions were changed in some assays.
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o Comparison among different genotypes: acetone powder from castor
genotypes Nordestina BRS 149, Brejeira CNPAM 93-168, CSRN 393,
Pernambucana SM-5, and CSRD-2.

e Storage stability: acetone powder was stored for 7 mo at 4e<C before use.

Two experiments were performed to evaluate the influence of pH.

¢ Hydrolysis catalyzed by the acetone powder: ten milliliter sunflower
oil was incubated with 50.0 mg acetone powder in 10-mL buffer
(acetate pH 4.0 or phosphate pH 7.2) at 50-C for 68 h. The blank
assays were performed by incubating the oil and buffer solution only.

e Autohydrolysis: the action of the endogenous lipase on the seed oil
was verified by incubating 1 g ground seed with 10-mL buffer
(acetate pH 4.0 or phosphate pH 7.2) at 50°C for 1 h under agitation.
The control or blank assay was performed with ground seeds and no
addition of a buffer. The thin-layer chromatography (TLC) of the
sunflower oil reactions (eluted with 70/30/1 hexane/diethyl
ether/acetic acid) and castor seed oil reactions (eluted with 40/60/1
hexane/diethyl ether/acetic acid) were visualized by spraying the
TLC plate with a (1 : 1) saturated solution of cupric sulphate : phos-
phoric acid 85%, followed by 5 min at 180°C.

Determination of Toxic and Allergenic Compounds

In these experiments untreated Nordestina BRS 149 seed and acetone
powder were compared.

Determination of 2S5 Albumin Content

3.2 mL water at 80°C was added to 16.0 mg acetone powder or
ground castor seed and was incubated at 60°C for 6 h under agitation.
After decantation, 500 uL from the upper layer was removed and submit-
ted to gel-filtration chromatography using a 50 x 1.5 cm? Sephadex G-50
column, eluted with trifluoroacetic acid (TFA) 0.1%, at 0.7 mL/min. 200 uL
was taken from the fraction containing 25 albumin and injected into the C18
reverse phase chromatography column. The sample was eluted using a sol-
vent gradient consisting of solvent A (TFA 0.1%) and solvent B (acetonitrile
80% and TFA 0.1%): 0-10 min 0% of B; 10-40 min 0 to 80% of B; 40-45 min
80% of B; 50-55 min 80 to 0% of B.

Immune-Detection of 2S5 Albumin

The fractions containing 25 albumin that originated from the reverse
phase chromatography were concentrated 15-fold and 10 uL of this concentrate
was spotted on a nitrocellulose membrane using 2% milk powder as a blocker.
After exhaustive washing, an anti-2S albumin rabbit antibody (dilution 1 : 500)
and a secondary antibody were added. The primary antibody was not added
to the negative control so that any unspecific reactions could be observed.
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Evaluation of Allergenic Properties

The mast cells used came from Wistar rats, which were put down by
CO, asphyxia. The peritoneum cavity was washed with 20 mL Dulbecco’s
Modified Eagle Medium containing heparin, and 15 mL was incubated in
a Petri dish at 37°C for 30 min, after which time 2/3 of the upper phase
was discarded. The mast cells (100 pL) resulting from sedimentation in the
Petri dish were treated with:

1. Only the preimmune rat serum.

2. Only the anti-2S albumin serum.

3. Anti-25 albumin serum and 2S albumins (10 pg/mL).
4. Negative control (without any treatment).

The pool of IgE obtained from immunized RA/thor rats was diluted at
1:100 in the mast cell suspension and subsequently incubated at 37°C for 1 h.
In order to observe degranulation, 10 pL cell suspension was incubated for 15
min with 10 uL of a solution containing 0.1% toluidine blue, 10% formaldehyde,
and 1% acetic acid at pH 2.8. The count of whole and damaged cells was per-
formed with a microscope using a Neubauer (BOECO, Germany) chamber.

Determination of Ricin Content

Sixteen milligrams acetone powder or ground castor seed was dis-
solved in 3.2 mL deionizer and distilled water and incubated at 80°C for 4 h
under stirring and a further 16 h at room temperature. The proteins were ana-
lyzed in 12% (w/v) SDS-polyacrylamide gel (SDS-PAGE) according to the
methodology described by Laemmli (10). Sample preparation: 40 uL sample
buffer containing SDS (10%) and B-mercaptoethanol (5%) was added to 80 uLL
protein extract, and 35 uL of this mixture was used to run the SDS-PAGE.

Results and Discussion

Effect of Different Factors on Lipase Activity

Acetone powder of genotype Nordestina BRS 149 was used to study
the influence of pH, emulsifier type, substrate type, and temperature on
the lipase activity of dormant castor seeds.

Influence of pH

Figure 1A shows the TLC of hydrolysis conducted in acid and neutral
reaction media by the acetone powder on sunflower oil. The results for the
reaction at pH 4.0 (Iane b) show the hydrolysis products: fatty acids (reten-
tion factor [Rf] = 0.76) and partial triacylglycerols (Rf 0.60, Rf 0.50, and Rf
0.14). At pH 7.2 (Iane c), no reaction took place so the pattern was much
the same as for the starting oil (lane a). This result is in agreement with
Eastmond (4) who only found significant activity from cloned dormant
castor seed lipase at pH 3.5-5.0. The same pH influence was observed for
autohydrolysis (Fig. 1B). The reaction at pH 4.0 (lane c) shows fatty acids
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Fig. 1. (A) TLC of sunflower oil hydrolysis by acetone powder in neutral and acid
media: (a) sunflower oil, (b) hydrolysis at pH 4.0, (c) hydrolysis at pH 7.2, (d) standard
fatty acid, (e) negative control at pH 4.0, and (f) negative control at pH 7.2. (B) TCL of
autohydrolysis in neutral and acid media: (a) commercial castor oil, (b) extracted cas-
tor seed oil, {c) hydrolysis at pH 4.0, (d) hydrolysis at pH 7.2, (e) reference sample of
ricinoleic acid (Rf 0.41), and (f) negative control of ground seed hydrolysis.

(Rf 0.41), but the reaction at pH 7.2 (lane d) only shows the seed oil tria-
cylglycerols (Rf 0.44 and Rf 0.35), as does the starting oil (lane b).

Influence of Emulsifier Type

Considerable lipase activity was observed of the acetone powder on
tributyrin (5% [w/v]) emulsified with gum arabic (5% [w/v]) or Triton
X-100 (25% [w/v]): 139 £ 6 U/g and 220 £ 7 U/g, respectively. The almost
twice as high-activity obtained with Triton X-100 may have been caused by
alterations to the substrate aggregation state and/or changes to the
enzyme’s structure (11). One hypothesis is that the lipase’s capacity to
anchor to the interface may be greater because of the lower interfacial ten-
sion of emulsions prepared with Triton X-100 (12), or this lower tension may
cause a larger interfacial area that makes a greater amount of lipid available
for lipase activity. Some enzymes, not just lipases, have been reported to be
activated by triton-X 100 (13-15), possibly by molecular structural changes
to a more compact protein (14). The result could also be associated to the
composition of the emulsifiers. For example, higher lipase activity has been
reported in the presence of nonionic emulsifiers (like Triton X-100) than with
ionic emulsifiers (like gum arabic) (15), and castor seed lipase seems to be
partially inhibited by some ions (16) present in gum arabic (the gum is a
plant exudate and has no fixed composition) (17).

Influence of Substrate Type

The lipase activity of acetone powder with different substrates (10%
[w/v] substrate emulsified with 25% [w/v] Triton X-100) was: olive oil
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Fig. 2. Lipase activity of the fresh acetone powder from different castor genotypes
and after storage for 7 mo at 4°C. Reactions were conducted using tributyrin (5%
[w/v]) emulsified with Triton X-100 (25% [w/v]) in a buffer, pH 4.0, at 37°C, catalyzed
by acetone powder from the different castor genotypes.

28+3 U/g, sunflower oil 24 2 U/g, castor 0il 28 +2 U/g, tricaprylin 56 +
7 U/g, and tributyrin 811 + 54 U/g. The lipase exhibited a marked speci-
ficity for triacylglycerols formed by shorter chain fatty acids such as tribu-
tyrin (C4). As reported for Geotrichum candidum lipase, the chimio-specificity
could be attributed to a few aminoacid residues both at the entrance and at
the bottom of the active site cavity (18). However, some authors believe that
greater lipase activity on a smaller substrate may be caused by the increased
water solubility of these short chain compounds, which would create a
larger interfacial area and a less pronounced inhibition by products because
the free fatty acids would have a stronger tendency to go to the aqueous
phase than those of medium and long chains (19).

Influence of Temperature

The lipase activity of the acetone powder (5% [w/v] tributyrin with 25%
[w/v] Triton X-100) was higher in the 25 (429 £9 U/g) to 35°C (368 £ 6 U/§g)
range, and the optimal temperature was 30°C (429 +9 U/g). The higher tem-
peratures resulted in lower activities: 216 +5U/g at 40°C; 57 £ 4 U/g at 45°C;
and not detectable activity at 50°C.

Lipase Activity of Different Castor Genotypes and Storage Stability

The lipase activity presented by the acetone powders from the differ-
ent castor genotypes (Fig. 2) shows a great variation (96%) among them.
This pronounced variation in lipase activity among different genotypes has
also been observed for other plants, such as Carica papaya latex (92%) (20)
and palm fruit (70%) (21). The most promising castor genotypes as sources
of dormant seed lipases were Nordestina BRS 149 (511 £ 63 U/g) and
Brejeira CNPAM 93-168 (468 * 47 U/g) (Fig. 2). After the acetone powders
had been stored for 7 mo at 4°C, their remaining lipase activity (Fig. 2) was
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Table 1
Ricin Content, 25 Albumin Content, and Allergenic Properties
of Acetone Powder and Untreated Castor Seed of Genotype Nordestina BRS 149

Material Ricin (%)* Albumins 25 (%)* Mast cells degranulation (%)”
Castor seed 0.85 2.1 43
Acetone powder 215 0.7 45

“gram per 10.0 g of material.
bnumber of mast cells degranulated per 100 mast cells.

80-90% of the fresh powders, except for genotype CSRD-2, which lost all its
activity (22).

Toxic and Allergenic Compounds in Acetone Powder

The ricin protein was isolated by water extraction and gel-filtration
chromatography then detected by SDS-PAGE (Table 1); 0.85% (gram per
10.0 g of material) content was found in whole seeds and 2.15% in acetone
powder. The higher toxin concentration found in acetone powder may be
owing to the elimination of the oil from the seed (about 50% of the seed
mass). However, investigations into acetone powder toxicity are recom-
mended because the ricin molecule could be inactive yet present. The 25
albumin was isolated by gel-filtration and reverse phase chromatography
(Table 1) and its content dropped by 2.1 to 0.7%. This reduction was con-
firmed by immune-blot analysis (data not shown). Castor bean allergens
demonstrate extreme stability and there are few methodologies for remov-
ing the allergen from the cake. Recently, Kim (23) proposed a drastic heat-
and NaOH- or NaOCl-based treatment to reduce antigenic activity, so the
acetone treatment proposed here could be another option. The biological
assays to evaluate the allergenic properties of acetone powder based on
mast cell degranulation presented very similar degranulation percents to
untr