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In the past decade combinatorial chemistry has become a major focus of research activity in the
pharmaceutical industry for accelerating the development of novel therapeutic compounds. The same
combinatorial strategies could be applied to a broad spectrum of areas in agricultural and food
research, including food safety and nutrition, development of product ingredients, and processing
and conversion of natural products. In contrast to “rational design”, the combinatorial approach relies
on molecular diversity and high-throughput screening. The capability of exploring the structural and
functional limits of a vast population of diverse chemical and biochemical molecules makes it possible
to expedite the creation and isolation of compounds of desirable and useful properties. Several studies
in recent years have demonstrated the utility of combinatorial methods for food research. These
include the discovery of synthetic antimicrobial, antioxidative, and aflatoxin-binding peptides, the
identification and analysis of unique flavor compounds, the generation of new enzyme inhibitors, the
development of therapeutic antibodies for botulinum neurotoxins, the synthesis of unnatural polyketides
and carotenoids, and the modification of food enzymes with novel properties. The results of such
activities could open a large area of applications with potential benefits to the food industry. This
review describes the current techniques of combinatorial chemistry and their applications, with
emphasis on examples in food science research.
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INTRODUCTION randomizing the 20 natural amino acids at each position will
‘amount to 8000 distinct peptides. A library of hexapeptides will
have a diverse population of 64 million sequence variants. In
contrast to the traditional method, the combinatorial approach
drelies on molecular diversity and high-throughput screening, and

Pharmaceutical research has traditionally relied on the screen
ing of natural substances for “lead” compounds that possess
desirable biological activities. The structure and activity of
various derivatives of these compounds are further investigate ) i
by means of “rational design” to systematically synthesize a OPliterates the need for prior knowledge of the structure
small number of candidate drug molecules and evaluate themfunction relationship of the molecules created.
one at a time. In recent years, this relatively slow discovery Methods for creating diverse molecular libraries can be
process to find new drugs has largely been supplemented bydivided into two categories. The first or chemical approach is
techniques derived from the concept of combinatorial chemistry. based on random or directed synthesis of chemical compounds,
The central idea of combinatorial chemistry is to synthesize a typically displayed on solid supports, such as activated beads,
vast library of all possible variants of the molecule of interest pins, or batch arraysl¢-4). Libraries can also be synthesized
and screen the population for the few variants that exhibit the in liquid-phase using a soluble linear homopolymer [poly-
desirable and useful property. (ethylene glycol) monomethyl ethe)( The second or biologi-

The power of the concept arises from the immense number cal approach uses genetically encoded and expressed systems
of candidate molecules that can be assessed. For example, & generate diverse libraries of RNA, DNA, proteins, and
simple organic molecule with a core structure carrying five peptides §—8). In certain biological systems, the molecules
randomly arranged substituents theoretically produces a library selected in the first round of library screening are again subjected
of 3125 variants. The diversity of a tripeptide library of to mutation and amplification to create a new pool of diverse

molecules for another round of screening. The iterative process

* Author to whom correspondence should be addressed (e-mail Of Mutation, selection, and amplification to evolve the best-fit
dwsw@pw.usda.gov). molecule is known as “directed evolution”.
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In the past few years, the initial emphasis on random or Food Safety and

diversity-driven libraries for high-throughput screening, in which _g:g‘;z';“':ﬁi“ of Natural Nutrition
a huge number of random variants are assayed for a “hit”, has| " stucturally novel carotenoids reiiiovcpihenei
been shifted to more focused strategies. Libraries are now morg ~ Anfifungal and antibiotios Antinutrient removal

Non-natural biopolymers Bioremediation

Combinatorial
Chemistry &Biology

frequently directed toward the biochemical function or chemical
structure/activity of a specific target for knowledge-based or
focused screening (4,0). Design methods are more focused
on delivering maximum success rates using multiple, moderate
scale libraries. Also emerged as a new and promising approach
is thein silico design of focused libraries intended to hit a single
biological target or families of related targeidlj. The merging

of molecular modeling information with combinatorial chemistry
focuses the synthetic efforts to increase the number of hits in | Food Processing

combinatorial libraries. The combined use of the traditional high- E"‘%Z‘f:é’lié’éﬁ?t"f N .'1‘;“,22.‘122‘.:"‘ of Food
throughput approach and the screening of focused or targeted-| & ohanmeertly Tailoring functional properties
directed libraries has become the current trend for drug discovery Enhanced catalytic efficiency ﬁﬁcma?;ﬂ?:ﬁ;?‘;'fayvors stc.
and development. l’\\lllg‘cljliafli:gtfilzts:’t;nal proteins

A key to success in the use of combinatorial chemistry is the
development of high-throughput screening techniques capableFigure 1. Potential applications of combinatorial chemistry and biology
of the rapid selection of molecules with a target property in in food research (22).
libraries containing hundreds or thousands of compounds. The
chemistry of detecting a biochemical function, such as ligand chemistry 21). We have also described the potential applications
affinity against a receptor or selection of catalysis of an enzyme, of combinatorial chemistry in four major areas of agriculture
varies with each experimental design, but sensitivity and and food: (1) food safety and nutrition, (2) food ingredients
efficiency of the detection method are the key features underly- and additives, (3) bioconversion of natural products, and (4)
ing all process development. A popular method employs modification of proteins and enzymeBigure 1) (22). These
arraying the compounds in a microtiter plate format for ideas were further elaborated in an ACS Symposium, “Com-
functional assay. The density of screening formats ranges frombinatorial Methods for Agriculture and Food Processing Ap-
96 to 9600 wells and higher, but in the past few years, the useplications” (23). This paper reviews the techniques of combi-
of “lawn” or “well-less” screening formats has been reported. natorial chemistry and recent examples of applications in food
This assay format is characterized by a continuous biological science.
test matrix on a gel lawn instead of divided into wells in
traditional microtiter platesl@). A no-well format is the densest CHEMICAL APPROACH
format possible. When automated with robotic systems for
chemical synthesis, reagent handling, and arraying, the proces

can rapidly screen huge libraries of compounds at ultrahigh target properties. The underlying chemistry is the solid-phase
speed. ) o o synthesis, pioneered by Merrifiel®4, 25) with subsequent
_Anothe( important aspect for screening _I|brar|es is to develop refinements (26). The commonly used solid polymers include
reliable high-throughput analytical techniques capable of as- the pead-shaped conventional resins, such as polystyrene resins
sessing the occurrence, structure, and purity of the products.cross-linked with poly(ethylene glycol). In addition, paper disks
For the biological _approach, charac_terization of the gctive (27), combinable cartridge28) and columnsZ9), and double-
product can be achieved by sequencing the DNA, peptide, or yalled permeable Teflon wafers (30) have also been used as
protein. The conventional Edman reaction used for peptide ggjig supports.
sequencing is laborious and costly and has been succeeded by gynthetic Peptide Libraries. Libraries are created by the
the more sensitive, high-throughput, and high-specificity mass synthesis of compounds in parallel or simultaneously in
spectrometry (MS) methods (13—15). However, it is in the mixtures, in contrast to the traditional synthetic chemistry of
screening of libraries of small organic molecules that mass preparing one compound at a time. For example, chemically
spectrometry has found wide applications. MS analysis (using coupling a series of homologues A with a series of homologues
TOF-SIMS or MALDI-FTMS, e.g.) is employed for the B would produce a library consisting of a range of A—B
screening, identification, and structural characterization of compounds of all combinations. The process of using parallel
discrete compounds in solution libraries, solid-support libraries, synthesis on solid supports has been the preferred procedure.
and one-pot synthesis (167). The emphasis is also placed on  The method of simultaneous synthesis in mixtures (also known
the characterization of standards, products, and byproducts ings the “one-pot synthesis”) is less desired in some cases. It
the development phase of the chemical library to ensure therequires deconvolution to identify the lead compound in the
quality of the final library (18). Emerging techniques, such as reaction mixture (see below).
flow NMR spectroscopy in which the sample solution can be  The first example of using multiple parallel synthetic
introduced into the NMR probe as a flowing stream to facilitate procedures for the rapid concurrent synthesis of hundreds of
continuous structural analysis, may potentially become a power-peptides was reported by Geysen et dl). (The coupling
ful tool in combinatorial chemistry1@). Recent efforts have  reactions of amino acid mixtures were conducted on the surface
also been directed to the automation of X-ray crystallography of polyethylene rods spatially segregated in a 96-well microtiter
and data collection as a viable utility for high-throughput piate format. A library of 208 overlapping hexapeptides covering
structural determination (20). the entire 213 amino acid sequence of the foot-and-mouth
We have previously proposed that agricultural and food disease virus coat protein VPl was generated and used to identify
research could benefit from the technology of combinatorial epitopes by screening the library using ELISA methods. The

The chemical synthesis approach was initially used to create
Speptide libraries for the selection of peptide variants with unique
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rapid synthesis of libraries of hundreds of individual peptides, 0=

and organic compounds in later studies, using this and similar / l \ Portioning
techniques represents a distinct advancement over the traditional o o- o-

linear stepwise solid-phase synthesis. In the “tea-bag” method R . l Cl Coupling
(3), peptides were synthesized on resin beads contained in

porous polypropylene packets that are coded and treated oA o-B o-¢

batchwise for the various steps of peptide synthesis. This \ l / Mixing
procedure enables the production of useful quantitiel)(mg) 0-a

of a much larger number of peptides §00—1000) at a faster o

rate. These various types of multiple peptide synthesis, including Portioning
the light-directed, spatially addressable parallel synthesis method / l \

(31) and the “spot” synthesis on cellulose pap8&®)( have o-a o-a 0-a

proven to be particularly useful for mapping biological inter- 822 g:g 8:?

actions. In general, these studies are based on the parallel )
synthesis of an array of peptides with a conserved sequence Ai s Cl Coupling

motif and defined positions of the peptide chain. Libraries

JHHE O-AA 0-AB 0-AC
generated by these methods are limited in size compared to the 8:22 8:?2 g:gg
theoretical possible numbers, and they are not universally
random or truly combinatorial. \ l / Mixing

In general, the peptide mixture in the library is screened or M

assayed while attached to the solid support. However, one can 8 B 8 SE 8
design the synthesis so that the peptide mixtures on solid 0-Ch O-CB O~

supports will be cleaved and assayed as free peptides in solution / \ Portioning
(33). The use of solution peptide libraries overcomes the

constraint of the immobilized peptide on the interactions with 0-BA O-AB O-AC  O-BA O-AB O-AC  O-AA 0-AB O-AC

the ligands in the mobile phase. Han et &).developed liquid- o OoR Obe ot oltm olee Oom olma e
phase combinatorial synthesis, which employs a soluble polymer N . . l Goupling
poly(ethylene glycol) monomethyl ester (MeO-PEG) instead of

: : : . . - - - - -ABB O-ACB  O-AAC O-ABC O-ACC
a conventional solid phase as support material for combinatorial 3 s o aEa O AR O A O O hcs ol ohne ohee

assembly. The polymer is soluble in a variety of aqueous and ©-¢AA O-CBA 0-CCA  O-CAB O-CBB 0-CCB  O-CAC O-BCC 0-CCC
organic solvents and can be precipitated out of solution by Figure 2. Portioning—mixing synthesis illustrated by a three-amino-acid
crystallization for purification purposes. This approach makes three-cycle scheme (38).

it possible to construct more diverse libraries without the need

to use large amounts of solid polymers. Both solution- and Number of Coupling Cycles
liquid-phase combinatorial libraries may eliminate certain #Residues Number of Peptides Portioning-Mixing One by One
limitations that solid-phase synthesis presents, such as nonlinear2 100 40 600
kinetic behavior, uneven distribution and access to the chemical 5 8,000 60 24,000
reaction, and the use of insoluble reagents or catalyts ( 4 160,000 80 640,000
p . . 5 3,200,000 100 16,000,000
However, all of these approaches result in the library synthesized 5 64,000,000 120 384,000,000
as a single reaction pool, and it is necessary to extract individual 7 1,280,000,000 140 8,960,000,000
. . . 8 25,600,000,000 160 248,000,000,000
members of the library for direct chemical analys3§) or to 9 512,000,000,000 180 4,608,000,000,000
indirectly identify the active compound of interest by a recursive 10 16,240,000,000,000 200 162,200,000,000,000

deconvolution strategy36). The one-pot synthesis, in which a
single-batch resin is allowed to react with mixtures of the
combinatorial amino acids without partitioning, also falls into
this category (37).

The size of a library that could be synthesized was immensely resin. For example, a hexapeptide library containing 19 amino
expanded to include millions of individual peptides by the acids, with 4 copies of each peptide, synthesized on a 200 m
development of the portionirgmixing method (4). The basic  bead (~160 000 beads/g) requires 2.94 kg of re3i).(
idea of this method, also known as split-and-mix synthesis, is  The synthesis of peptide libraries has been automated by
to divide the solid support into equal portions before the various procedure$9—41). The techniques in the initial phase
coupling reaction (portioning), couple a different amino acid of the development of combinatorial peptide libraries have been
to each portion (coupling), and mix the portions (mixing), supplemented by various modifications to enhance the versatility
followed by repeating cycles of portioning, coupling, and of the methods, such as the Selectide metiég4?2), positional
mixing. Figure 2 illustrates the principle, using a three-amino- scanning (43), encoded or tagged librariggt)( recursive
acid three-cycle process. The size of the library increasesdeconvolution (36), and libraries from librarie45).
exponentially with increasing number of amino acids and cycles A large number of publications have appeared using com-
(Figure 3) (38). For a pentapeptide library randomizing all 20 binatorial peptide libraries to identify active peptides for novel
amino acids, the number of peptides synthesized is 3.2 million. diagnostic and therapeutic applications. Several recent investiga-
This method has distinct advantages because (a) the library istions in this area are food-related.
truly random,consisting of all combinations of sequences, (b) Antimicrobial Peptides.Houghten et al. 46) screened a
the peptides are formed in an equimolar mixture, and (3) each synthetic peptide library of 34< 10° hexapeptides for new
bead carries one unique peptide sequence. A disadvantage o&ntimicrobial peptides againStaphylococcus aurewsd Sta-
this technique is that diverse libraries require large amounts of phylococcus sanguig&Gram-positive bacteriagscherichia coli

Figure 3. Number of coupling cycles in the synthesis of complete
oligopeptide libraries (38).
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Figure 4. General and expedient solid-phase synthesis of 1,4-benzodiazepine derivatives (58).

andPseudomons aeruginog@ram-negative bacteria), and the structed to examine the sequeneetivity relationships and to
yeastCandida albicansA series of peptides in the form of Ac-  elucidate the mechanisms of radical scavengers, metal chelation,
RRWWCX-NH, was found to exhibit high activity, showing and singlet oxygen removal (54).
the cationic character common to the major families of bioactive  Synthetic Libraries of Small Organic Molecules.Peptides
peptides (47). Kundu et al48) isolated a novel antifungal and oligonucleotides are important biopolymers, but have limited
hexapeptide RwflfH-NH from a library by randomization of  bioavailability because they are rapidly degraded when admin-
the 1-, 4-, and 6-positions of a lead peptide HWfFfK-NH istered in vivo. To circumvent this negative effect, methods to
Libraries were then designed by increasing the chain length to incorporate unnatural building blocks into a peptide sequence
nonapeptides with positions 7—9 subjected to randomization. have received considerable attenti6b,56). Increasing interest
Screening of these combinatorial libraries resulted in the has also been shifted to the creation of libraries of small organic
identification of two nonapeptides, RwfifHKKR-NHICso = molecules, by attaching various organic building blocks (relative
1.64 uM) and RwfifHKKI-NH> (ICsq = 1.65uM), 17 times substituents), other than amino acids and nucleotides, on a core
more active than the lead peptide §G= 28.65uM) against structure (also variously known as templates, scaffolds, back-
C. albicansand Crytococcus neoforman@9). bones), using diverse chemical reactions. High-diversity libraries
Aflatoxin-Binding PeptidesAnother recent application of  of complex structures can be constructed using combinations
combinatorial peptide synthesis was directed to obtaining affinity of a variety of core molecules and building blocks. A recent
compounds that bind to aflatoxins. Aflatoxins are a group of comprehensive surveys7) records a total of 388 chemical
carcinogenic metabolites produced BAgpergillus flavusand libraries in that one year!
Aspergillus parasiticus, and contaminantion of these toxins in ~ Bunin and Ellman (58) first demonstrated the extension of
cereals and nuts has been a continuous health and safety concersolid-phase synthesis methods to the synthesis of non-natural
Tozzi et al. B0) created a dipeptide library using eight amino organic molecules. 1,4-Benzodiazepine derivatives, a class of
acids as building blocks, and screened the pool for the affinity bioavailable therapeutic agents, were constructed by attaching
binding. A tetrapeptide library was then designed based on the 2-aminobenzophenones to polystyrene solid supports through
lead peptide identified, and a tetrapeptide, LLAR-Nkvas an acid-cleavable linker{gure 4). The synthesis of benzo-
selected with binding constaniks= 1.2 x 10* and 2.9x 10* diazepine derivatives on the solid support was carried out by
M~1 for aflatoxins B and B, respectively. removal of the Fmoc protecting group, coupling to @fN-
Antioxidative PeptidesPeptides with antioxidative activities ~ Fmoc-amino acid, cyclization into a diazepine ring, and alky-
have been isolated from protein hydrolysates, including soybeanlation. A library of 192 structurally diverse 1,4-benzodiazepine
proteins, Alaska pollack skin gelatin, and animal skeletal derivatives was prepared by using Geysen’s pin method, and
muscles (51). On the basis of the sequence information on sixscreened by binding assay for cholecystokinin A recefy.(
antioxidative peptide fragments isolated from the digestion of Since this first demonstration, numerous core molecules and
p-conglycinin, a soybean protein, Chen et &R2,(63) chemically building blocks have been derived, with all possible organic
synthesized 28 peptides structurally related to the lead compoundreactions utilized in the synthesis of libraries in a volumetric
HHPLL-NH; and identified HHP-NH to be the most antioxi-  scale. For a review of the recent development on the chemistry
dative. Secondary libraries of peptides structurally related to of small molecule combinatorial libraries, see Burke et@D)(
HHP-NH, and containing varying Tyr subtitutions were con- and Weber (61).
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Figure 5. Synthesis of S-methyl thioesters from carboxylic acids and Rs Rs
methyl chlorothiolformate (68). Mercaptoacetate
Figure 6. Synthetic pathways of mercaptoalcohols for o.,5-unsaturated

It is noteworthy that a major objective of small molecule ketones (71).
development is to mimic the complex molecular interactions ) . .
of natural peptides and proteins of potential therapeutic values. limits of 0.004 and 0.012 ng, respectively. Combinatorial
The structure-activity relationship and conformation properties Synthesis of mercaptoaldehydes was created by a similar
of a peptide structure provide the lead for the design of non- @pproach and also by the reactiorogf-unsaturated aldehydes
peptide analogues with equal or often enhanced bioact&ay ( with thioacetic acid70). Three 3-mercapto-_2-m¢t_hylaldehydes
Strategies in the development of peptidomimetics include (Propanal, butanal, and pentanal) were identified to possess
peptide backbone modificationgd-turn-based architecture, ~Meaty aroma at GC—sniffing levels. The same group also
constrained cyclic structures, and othe88)( In one of the synthesized primary mercaptoalcohols and analogues and identi-
studies, Lowe’s group has illustrated the utilization of structure ~ fied @ number of characteristic flavor compounds (72).
activity information derived by X-ray crystallography and  Food Enzyme Inhibitorddentification of enzyme inhibitors
computer modeling to create focused libraries of peptidomimics 1S Of interest to the industry. For example, inhibitors of
for the refinement and optimization of the active analogi®.( ~ Polyphenol oxidase are used to prevent enzymatic browning in
On the basis of the conformation analysis of the hydrophobic fruits and vegetables, andamylase inhibitors are therapeutics
core dipeptide Phe132—Tyr133 of staphylococcal protein A for diabetes, obesity, and hyperlipemia. In one recent investiga-
involved in the binding interaction with IgG Fc fragment, tion, polyphenol oxidase inhibitors were selected from a
analogues were designed using a triazine ring as the frameworkcombinatorial library of compounds generated by lipase-
for the two mimetic groups. One of the analogues was shown cgtalyzed random acylation of four commercial ph_enols with
to bind IgG with a binding constant of $910° M~ and used six vinyl esters (73). It was found that benzoylation of the
as the lead compound to create a combinatorial library of triazine 4-hydroxybenzyl alcohol by vinyl benzoate produced the best
ring with various amino substituents for activity optimization inhibitor, 4-hydroxybenzyl benzoate, withka of 40 uM. This
(65). The same group utilized similar strategies to identify a value compares favorably with thé of the starting phenol (400
triazine—histamine/tryptamine ligand for glycoproteins. This #M) and is less competitive with the commercial antibrowning
involves detailed investigation of proteiarbohydrate inter- ~ @gent, 4-hexyl resorcinok{ = 2 uM). In another investigation,
actions to identify key residues for binding specificity, followed @ library was prepared by coupling 11 aromatic amines with
by library synthesis of mimetic analoguesj. In essence, this 14 sugars, in a Maillard-type reaction, in 96-well plates. It was
is a minimization approach to reduce the binding complex of found thqt the.products fructose anq 4-hydroxyaniline showed
two macromolecules to the few residues at the recognition site & Strong inhibition of polyphenol oxidas&4).
at the interface.

Libraries of Flavor CompoundsTwo research groups have BIOLOGICAL APPROACH
constructed flavor libraries in the past few years. Volfson’'s  The precursors of this type of librarry are genetic codes, and
group prepared a library @-methyl thioesters and screened it the approach is to randomize the nucleotide sequence of the
for sensory unique componenty( 68). Thioesters are known  protein/peptide of interest in vitro, resulting in a vast population
to form in maturing cheese and contribute to the characteristic of millions of variants that can be expressed in various biological

o, B-unsaturated ketone

aroma with very low thresholds. Library synthesisSsfnethyl systems. One of the early versatile systems developed to express
thioesters involves a reaction between methyl chlorothiolformate random libraries of peptides and proteins employs a derivative
and carboxylic acids with various carbon chain lenggigire of filamentous bacteriophage.

5). Sensory evaluation of the synthetic library using -6C Phage and Cell Display.The technique of phage display
olfactometry identifiedS-methyl thiopropionate as the most was first described by Smith (6), with subsequent refinements
possible characteristic aroma of Camembert cheese. (75, 76). The method employs a specially constructed filamen-
Collin’s group synthesized libraries of mercaptoketones by tous fusion-phage system that enables the expression of peptide
simple addition of hydrogen sulfide to-unsaturated ketones  variants displayed on the surface of the phage particles by gene
with various substituents and subsequent reduction of thefusion (Figure 7) @2). The general scheme involves the
mixture to mercaptoalcoholsFigure 6) (69). Two flavor synthesis of a combinatorial library of DNA sequences encoding
compounds, 4-mercapto-4-methylpentan-2-one and 4-mercaptothe peptide of interest. The DNA sequences are then inserted
3-methylpentan-2-ol, were identified with very low detection downstream of the signal sequence of géheor VIII (of the
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Gene a-agglutinin gene
Signal sequence (3'-end)
Peptide random /
DNA sequence |
Promoter Protein encoding-gene

Signal

Promoter .
Yeast transformation

Transfection

E. coli Protein displayed
Multiple copies of
a random peptide

Figure 8. Display of proteins on the cell surface of yeast using the

Phage vector o-agglutinin gene sequence (87).
Virion (Phage particle)
Figure 7. Construction of peptide libraries displayed by filamentous phage mRNA of the spleen cells of immunized mice. Amersdorfer et
(22. al. (83) constructed phage antibody libraries from the MG

genes isolated from mice immunized with the botulinum

bacteriophage major coat proteins) in the phage vector. Infectionneurotoxin type A binding domain (the region that binds to
of E. coli with the resulting recombinant phage vector will presynaptic neuronal receptors leading to toxin internalization
produce progeny phage particles each displaying a single peptideand toxicity). Phage-displayed antibodies binding four non-
variant. The phage library can be selected by various methodsoverlapping epitopes of BONT/A were isolated with equilibrium
depending on the experimental objective. By far, the most constants of 7.3< 1078 to 1.1 x 107° M. A combination of
common selection imposed on phage displayed peptide librariesantibodies binding epitopes 1 and 2 prolonged the time to
is affinity for a target protein such as receptor proteins. An neuroparalysis by 389% compared to the control. The sequences
affinity-selection method called “biopanning” is often us&d)( and structures of these epitopes were later determined by
The target protein is immobilized to a solid support, such as a mapping the locations using phage library techniq@ds (The
polystyrene Petri plate, and incubated with the phage mixture. neutralization of botulinum neurotoxin A by these antibodies
Phage patrticles carrying displayed peptides that bind to the targetwas evaluated using in vivo systend%), and a human antibody
protein are captured on the plate, with the unbound phagesfor botulism prevention was developed (86).
removed by repeated washing. Finally, the bound phages are Displayed Enzymes as Whole-Cell Bioreactdrsgeneral,
eluted with acidic buffer, yielding an enriched population of the phage display technique has not been widely applied to the
high-affinity clones. These eluted phages can be used for anothefield of protein engineering. Expression of proteins/enzymes on
round of infection and affinity selection. The amino acid the yeast cell surface &accharomyces cerevisiaéfers more
sequence of the peptide that shows high affinity for the target advantages than phage and other microbial systems, particularly
protein can be deduced from the coding sequence in the viralif the system is intended for food and pharmaceutical production.
vector. Saccharomycess a generally recognized as safe (GRAS)

Phage display has been successfully used in various researclorganism. Yeast with enzymes displayed on the cell surface can
and development applications. These include mapping andbe used as whole-cell bioreactors. Yeast can be cultivated to a
mimicking of epitopes, identifying new receptors and natural high cell density and commonly results in high fidelity of folding
ligands, identifying high-affinity antibodies and analogues, and glycosylation of eukaryotic heterologous protein expression.
isolating specific antigens that bind to bioactive compounds, Schreuder et al. (80) first developed the yeast display system
producing novel enzyme inhibitors and DNA-binding proteins, by fusing the o-galactosidase gene (frorf@yamopsis tet-
probing cellular and tissue-specific processes, and numerousragonolobaseeds) to the gene encoding the C-terminal half of
other examples (78). The phage display technology has alsoo-agglutinin, inserted downstream of the phosphoglycerate
been extended to expressing peptides and proteins on bacterigkinase (PGK) promoter and the invertase signal sequence
and yeast cell surfaces (780). (Figure 8) (87). The fusion protein was expressed and anchored

Phage-Displayed Botulinum Antibodiézhage display offers  onto the surface of the yeast, due to the tight binding (by the
a high-throughput method of generating antibodies in vitro and formation of covalent linkage) between the truncate@g-
has been a major source of diagnostic and therapeutic antibodiegjlutinin and the cell wall structural glucans.
in clinical development&1). The principles are identical to that Using a similar approach, Tanaka’'s group immobilized
of displaying peptides and proteins except, in this caseyVthe Bacillus stearothermophilue-amylase andRhizopus oryzae
genes that encode antibody variable domains (the antigen-glucoamylase coexpressed in active forms on the surface of yeast
binding fragments, Fab) are targeted. Emanuel et al. (82) cells, and observed enhanced degradation of starch compared
demonstrated the use of phage display to isolate antibodies withto a single-enzyme-displaying strain (88).
high specificity toward botulinum neurotoxin serotype B. The  The same group displayed on yeast cell surface another
combinatorial antibody library was constructed by isolating IgG industrially important enzyme, lipase froR. oryzae active
sequences via cDNA synthesis and PCR amplification of the toward soluble 2,3-dimercaptopropanol tributyl ester and in-
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soluble triolein. Because thRhizopuslipase active site is at Gene of interest

the C-terminal region, a flexible peptide spacer was placed

between theR. oryzadipase and thex-agglutinin to preserve

the conformation of the active region of the enzyrd@)( A

novel display system was developed that enables the fusion of

the N terminus of the lipase enzyme with Flolp, a lectin-like

cell wall protein inS. cerevisiae. The yeast cells were used as

a whole-cell bioreactor to synthesize methyl esters from \ 4 YyvY

triglyceride and methanoB(). Cell surface-engineered yeast y y 4

displaying a hexahistidine oligopeptide has been demonstrated Yy V V

to enhance the adsorption of copper and, hence, its potential

use for bioremediation of pollutants (92). Y . S
Combinatorial Biosynthesis. Metabolic pathways often . Y AA

employ multienzyme cascades to catalyze sequential reactions

to synthesize natural biopolymers. These reactions can be

manipulated, shuffled, and recombined in different ways in an DNasel digestion

in vitro system. Applying the concept of combinatorial chemistry

to metabolic engineering therefore results in a structurally

Error-prone PCR

diverse library of products with novel functional properties. \ 4 \ A /
Polyketide Biosynthesisn the biosynthesis of polyketides, vy | \ 4

the multifunctional polyketide synthase enzyme complex cata- I' vl v | | =

lyzes repeated Claisen condensations between acylthioester= |

(acetyl, propionyl, malonyl, or methylmalonyl). Each condensa-  SH .5

tion cycle results in the formation of A-keto group on a Y Y l Yy
growing polyketide chain that may undergo all, some, or none

of a series of reduction cycles of ketoreduction, dehydration,

and enoylreduction. The start unit and chain length as well as Shuffling

the degree of reduction and the type of elongation can be varied

by combinatorially cloning the genes encoding the various PKS

subunits, yielding a large repertoire of unnatural polyketides.

Reassembly path

Engineered biosynthesis of the polyketide pathway has been ¥ ¥ _ ¥ Y Y YYvyYy
harnessed to design medicinally active compounds, such as
antibiotics and anticancer (994). YY V vy

Biosynthesis of Novel Carotenoidslore relevant to agri-
cultural and food science research is the recent focus on the

design of novel carotenoids by combinatorial biosynthesis. A in a six-step desaturation and 3,4-cyclization to produce'3%4,3
variety of structurally different carotenoids have been success-tetradehydrolycopene and the cyclic carotenoid torulene.

fully biosynthesized by noncarotenogenic microorganisms, such  Directed Evolution. The method of directed (molecular)
ask. coliand yeast, by manipulation of the terpenoid pathway. evolution was initially developed for creating RNA with novel

A majority of carotenoids are 4 molecules derived from a  binding and catalytic activities, through cycles of in vitro
head-to-tail condensation of diterpene geranylgeranyl diphos- mutation, selection, and amplification, of RNAQQ). The same
phates (GGDP) to form a colorless carotenoid, phytoene. approach was later extended to evolve DNA enzymes that can
Subsequent desaturation creates the conjugation system tgleave RNA and enzymes with Mtrdependent RNA phos-
produce neurosporene or lycopene, which are further branchedphoesterase activity (10102). The application of this concept
into acyclic and cyclic carotenoids. More than 150 genes for evolving proteins was expanded in capability by the
encoding 27 different carotenoid enzymes genes) have been  development of DNA-shuffling techniques, (L03). Subsequent
cloned from bacteria, plants, and fungi, including various modification, refining, and expansion of the technique in the
synthases, desaturases, cyclases, hydrolases, methyltransferasgasst decade has resulted in a proliferation of evolutionary
epoxidases, oxygenases, glucosylases, and elong85¢s ( methods as a major tool for protein design and engineering
Combinations ofcrt genes from different species (mostly (104). The general scheme of the method involves random
Erwinia uredovoraand Rhodobacter species) have been used mutation of the gene encoding the protein of interest, using error-
to engineer new pathways in heterologous hosts for the synthesigorone PCR. The resulting pool of gene mutants is digested with
of novel carotenoids not found in nature. For example, acyclic DNase | to a mixture of small DNA fragments. These DNA
and cyclic hydroxycarotenoids with enhanced oxidative proper- fragments are shuffled by PCR, relying on self-priming of the
ties were produced by the combination of several carotenogenicoverlapping end sequences, resulting in crossover of the
genes encoding various desaturases, hydratases, cyclases, ameimplates (Figure 9) 105). The reassembled gene library is
hydroxylase 96, 97). Two new carotenoid glucosides, asta- subjected to selection for individual protein variants that best
xanthin-p-diglucoside and astaxanthift3-p-glucosidediglu- fit the desired properties. The candidate molecules selected can
coside, were produced I coliengineered with a combination  further undergo a new cycle of mutation, shuffling, and
of sevencrt genes (98). Using gene-shuffling techniques, amplification to generate a new population of variants for
Schmidt-Dannert et al. (99) created diverse libraries of phytoene selection. In each of the repeated cycles, the selection constraint
desaturasec(tl) and lycopene cyclasertY) mutants by in vitro applied to screen the library will effectively concentrate a
recombination, and transformed them if#ocoli harboring a combination of beneficial mutations to evolve the best-fit protein
combination of other carotenogenic genes. The approach resultsnolecules. From the original single-gene shuffling, the method

Figure 9. DNA shuffling by fragmentation and PCR reassembly (8).
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has been extended to include the shuffling of a family of genes modifications of fat and oil, manufacture of cheese and
from diverse species (106) and genome shuffling (107). confectionery, and development of flavors in processed foods.

The techniques of directed evolution have been successfully TO €xpand the functionality of lipase B fro@andida antarctica,
employed in numerous investigations to engineer various aspectzhang et al. 120) used directed evolution to create mutants
of structure—function of proteins and enzymes. Although there with improved resistance toward irreversible thermal inactiva-
are ~4000 known enzymess100 of them are considered to tion. Two mutants were generated with 20 times increases in
be food-related, and only a handful of them are currently used half-life at 70°C compared with the wild type. The increase in
in the food-processing industri@8). The future expansion of half-life was attributed to a lower propensity of the mutants to
enzyme technology for food industry use depends on the @ggregate in the unfolded state and to improved refolding.
continuous discovery and development of novel enzymes for Amino acid substitutions at positions 221 and 281 were
better utilization of our food resources. Combinatorial chemistry determined to be critical for the lipase stability. Liebeton et al.
will be essential for realizing the potential of this relatively (121) created a novel mutant froRseudomonas aeruginosa
unexplored territory. Several recent studies report on the use oflipase with high enantioselectivity by directed evolution to

directed evolution to create new and improve existing properties catalyze the hydrolysis of the chiral substrate, 2-methyldecanoic
of food-related enzymes. acidp-nitrophenyl ester. The best variant contained five amino

acid substitutions that resulted in increased flexibility of distinct
loops in the enzyme molecule. Kauffmann and Schmidt-Dannert
(122) convertedBacillus thermocatenulatupase into phos-
pholipase with a 1612 times increase in the hydrolysis of the
sn-1 acyl ester bond of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine. Song et al. (123) created libraries of DNA-
f shuffled and incrementally truncated genes to successfully alter
the substrate specificity of @erratiaspecies phospholipase to
d that of a lipase. The same group also engineered the phospho-
lipase to enhance thermostability with an“ClLincrease in the
Imelting temperaturel@4) and to increase stability in an organic
solvent, dimethyl sulfoxidel25). The half-life of the wild type
in 50% DMSO was 90 min compared te-3 h for the mutant
enzymes.

PeroxidasesPeroxidases are distributed ubiquitously in plants
and animals, and cause irreversible damage to most foods if
they are not inactivated before processing. Inactivation of
peroxidases is widely used as an indicator for the blanching of
vegetables and in life sciences as a reporter for various
diagnostic assays. A peroxidase from the ink cap mushroom

enzyme. In another study, a high-performaBeeillus licheni- Coprinus cinereusvas subjected to multiple rounds of directed
formis alamylase mutant,containing five amino acid replace- evolution to generate a mutant with 110 times the thermostability
ments. L13P. W194R. S197P. E356D. and N414S. was iden-in high-alkaline pH of 8.5—10 and 2.8 times the oxidative

tified by directed evolution13). The mutant exhibited a shift stability of the Wild-t)_/pe gnzymelQG). In_ another _study, Lin

in the pH optimum from pH 6 to 7 and was active over a broader et al. (L27) screened libraries of horseradl_sh per_omdgse mutants
pH range than the wild type with a 5 times increase in specific progluced F’y error-prone F?CR and shufﬂmg to |qlent|fy enzyme

activity at pH 10. variants with measurable improvements in folding and expres-

. N . . sion of the active form irk. coli. The same group also isolated
In our recent investigation, directed evolution was used to

. mutants that were more stable and active in the presence of

createa-amylases targeted for cold hydrolysis of starch and H,0, SDS, NaCl, and ureal8)
. . . 22, y y .
other unique properties. The gene encoding basleymylase
was cloned into and constitutively secretedSycerisiae (114,
115). The barley gene was subjected to error-prone PCR andCONCLUSION
gene shuffling, and the mutant library was screened by halo  Combinatorial chemistry has revolutionized the discovery and
formation on starch agar plates, followed by high-throughput development of therapeutic and diagnostic compounds by the
liquid assay and chemiluminescent detection mettid6)( After pharmaceutical industry. Recent studies have begun to demon-
three rounds of mutation and shuffling, a mutant enzyme was strate that the incorporation of combinatorial techniques in food
isolated with>100 times the total activity and considerable research could open a large area of novel applications with huge
increase in the specific activity of the wild-type enzyme (117). potential benefits to the food industry. Traditional rational design
Comparison of the amino acid sequence of this mutant with requires prior knowledge of structuréunction to guide the
the wild type revealed five substitutions. Two of these mutations manipulation of the starting molecule for specific changes in
resulted in amino acids highly conserved in cexe@mylases,  chemical or biochemical properties. Combinatorial chemistry
and the others were located in the raw starch—binding fragmentemploys a reverse strategy by which a Iarge number of
of the enzyme molecule {8,119). This investigation, together  structurally distinct molecules are created and subjected to
with others, substantiates the hypothesis that natiaenylases,  screening for the target molecule. Once a “hit” is registered in
and enzymes in general, that have been optimized in vivo for the search, one then goes back to determine its structure and
specific biological and physiological requirements can be altered elucidate the mechanistic bases for the functional change.
and further optimized to meet particular industrial demands. Combinatorial synthesis can provide a greatly expanded
LipasesLipases are another group of enzymes that have wide collection of libraries for lead identification of active compounds

applications in the food industry, including lipid hydrolysis and for a defined criterion in food application. This means accelera-

Amylolytic Enzymesy-Amylase is used in many industrial
applications and is one of the major enzymes in starch hydrolysis
for the production of high-fructose corn syrup and modified
starch. Progress in engineeriegamylases has been traditionally
focused on bacterial enzymes and improvement of thermosta-
bility and pH activity using rational desigi@9 110). Recently,
Richardson et al.111) used high-throughput screening o
microbial libraries to identify bacteriad-amylases with im-
proved thermostability at low pH in the absence of adde
calcium. The result is particularly attractive to starch processing,
because, in the current scheme, the pH of the starch slurry afte
liquefaction (at pH~6.5) has to be adjusted to pH 4.2 for
saccharification. The development of aramylase with a low-
pH optimum without added calcium would eliminate the
chemical cost of pH adjustment and calcium addition. Kim et
al. (112) generated thermostable maltogemiamylases from
Thermusspecies by random mutation and DNA shuffling. The
highly thermostable mutant enzyme had an optimum reaction
temperature 18C higher than that of the wild type, with a half-
life of 172 min at 80°C compared with<1 min for the native
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tion in the discovery and development of novel antioxidants,
antimicrobial agents, sweeteners, flavors, and other functional
additives that do not presently exist. The lead compounds can
be further improved with refinement of the structure—activity
by the synthesis and screening of knowledge-based, small
focused libraries of families of related targets through design
strategies. The latter step can be applied directly to existing
food compounds that are already in use with considerable
information available for predicting the structure and function
relationships. In this case, the aim is then to improve and expand
the capability of an existing functional ingredient by focusing
on a particular property, instead of creating an entirely new
additive. Some examples include increasing the intensity and
stability of existing sweeteners and antioxidants, eliminating
undesirable side effects of antinutrients in foods, identifying
structure—activity and changing the characteristics of flavor
compounds, and many other potential applications. With the
tremendous number of functional additives used in the food

industry, this approach is the more appropriate route, because

it is relatively inexpensive, target-specific, and result-oriented

and can be easily implemented into existing research programs.

The same strategies of screening density-driven libraries
versus more focused libraries are also applicable to macromol-

ecules, which require biological systems to create and screen

DNA or peptide/protein libraries. These libraries are genetically
coded, and the hit molecules can be amplified and mutated in
successive cycles for further screening. This concentration of
beneficial mutations under selection pressure is uniquely found
only in the biological approach, which is not possible by the

chemical methods. However, this advantage also implies that
the development of assays for functional screening is critically

J. Agric. Food Chem., Vol. 52, No. 24, 2004 7195

(5) Han, H.; Wolfe, M. M.; Brenner, S.; Janda, K. D. Liquid-phase
combinatorial synthesi®roc. Natl. Acad. Sci. U.S.A995,92,
6419—6423.

(6) Smith, G. P. Filamentous fusion phage: novel expression vectors
that display cloned antigens on the virion surfegeiencel 985
228, 1315—-1317.

(7) Joyce, G. F.; Inoue, T. A novel technique for the rapid preparation
of mutant RNAs.Nucleic Acids Resl989,17, 711—722.

(8) Stemmer, W. P. C. Rapid evolution of a proteinitro by DNA
shuffling. Nature 1994,370, 389—391.

(9) Golebiowski, A.; Klopfenstein, S.; Portlock, D. E. Lead com-
pounds discovered from librarieSurr. Opin. Chem. Biol2001,

5, 273—284.

(10) Golebiowski, A.; Klopfenstein, S. R.; Portlock, D. E. Lead
compounds discovered from libraries: Par€2rr. Opin. Chem.
Biol. 2003,7, 308—325.

(11) Rose, S.; Stevens, A. Computational design strategies for
combinatorial librariesCurr. Opin. Chem. Biol2003,7, 331—
339.

(12) Marron, B. E.; Jayawickreme, C. K. Going to the well no more:
lawn format assays for ultra-high-throughput screenigrr.
Opin. Chem. Biol2003,7, 395—401.

(13) Brummel, C. L.; Lee, I. N. W.; Zhou, Y.; Benkovic, S. J,;
Winograd, N. A mass spectrometric solution to the address
problem of combinatorial librariesSciencel994, 264, 399—
402.

(14) Youngquist, R. S.; Fuentes, G. R.; Lacey, M. P.; Keough, T.
Generation and screening of combinatorial peptide libraries
designed for rapid screening by mass spectrométm. Chem.
S0c.1995,117, 3900—3906.

(15) Song, A.; Zhang, J.; Lebrilla, C. B.; Lam, K. S. A novel and
rapid encoding method based on mass spectrometry for “one-
bead-one-compound” small molecule combinatorial librades.
Am. Chem. So2003,125, 6180—6188.

important so that the mutations accumulated in each successive (16) Chu, Y.-H.; Kirby, D. P.; Karger, B. L. Free solution identifica-

cycle are directed specifically toward the defined property. In
general, more elaborate manipulations are required in this
approach, but this is the only appropriate system for working
with processes involving biocatalysis. With the increasing

number of enzymes being used in food processing, the demand

for specialty enzymes that can function optimally in a defined

set of processing conditions is on the rise. Characteristics such (18)

as improved stability, efficiency, substrate specificity, and

cofactor requirements for existing food enzymes are targets that

tion of candidate peptides from combinatorial libraries by affinity
capillary electrophoresis/mass spectromeiryAm. Chem. Soc.
1995,117, 5419—-5420.
(17) Egner, B. J.; Langley, G. J.; Bradley, M. Solid-phase chemis-
try: Direct monitoring by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry. A tool for combi-
natorial chemistryJ. Org. Chem1995,60, 2652—2653.
Triolo, A.; Altamura, M.; Cardinali, F.; Sisto, A.; Maggi, C. A.
Mass spectrometry and combinatorial chemistry: a short outline.
J. Mass Spectros@001,36, 1249—1259.

can be attained by the use of combinatorial chemistry. Because (19) Keifer, P. A. Flow NMR applications in combinatorial chemistry

many of these enzymes have been extensively investigated and

the three-dimensional structural information is available, the

synthetic efforts could be focused on the specific parts of the

molecule or motifs that are most likely to effect changes in the

target property. The combination of structure-based design and
combinatorial chemistry will enhance the success rate, whether
the chemical or biological approach is employed.
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