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Abstract

While the use of enzymes as biocatalysts to assist in the industrial manufacture of fine chemicals
and pharmaceuticals has enormous potential, application is frequently limited by evolution-led
catalyst traits. The advent of designer biocatalysts, produced by informed selection and mutation
through recombinant DNA technology, enables production of process-compatible enzymes.
However, to fully realize the potential of designer enzymes in industrial applications, it will be
necessary to tailor catalyst properties so that they are optimal not only for a given reaction but
also in the context of the industrial process in which the enzyme is applied.

The past two decades have led to major advances in our understanding of the subtleties of
protein structure-function interrelationships. Mechanisms of protein stability in aqueous and
nonaqueous environments'"’, the links between conformational mobility, structural integrity and
activity™!, and the complexities of substrate specificity have all succumbed to the onslaught of
advanced molecular methods, including crystallography”’, site-specific mutagenesis, gene
shuffling, and protein evolution®"'. Scientists are now in a position to visualize, if not design,
catalytic systems that approach the functional "ideal".

The "ideal" catalyst is typically considered by the biochemist in terms of turnover number (k)
/KM). However, from a
bioprocess viewpoint, each bioprocess is constrained by a set of conditions dictated by the

or, for a given process, in terms of maximum specificity constant (A,
specific properties of the substrates, products, and the bioconversion reaction. Thus, while for
any given bioprocess it is clearly possible to specify a set of catalyst properties that would con-
stitute the ideal for that process, only broad generalizations for ideality may otherwise be
identified.

In this review, we discuss molecular properties of enzymes from a bioprocess viewpoint. A
paradigm for design based on the ideal process determining the desired features of the catalyst is
presented. "Ideal" characteristics (generic and process-specific) and methodologies for seeking or
engineering these are discussed. We then review the extent to which significant changes in
protein functional properties have been achieved by application of these methods, together with
issues that require more research and/or development.

Ideal processes

Bioprocess engineers develop processes not only against fixed capital and operating expenditure,
but also rapid, and often, very aggressive timelines. This is particularly the case for
pharmaceutical products where patent expiry on the product demands a robust and scalable
process with short development times'”. Conventionally, once a synthetic route is fixed and the
biocatalytic step defined, bioprocess design and operation are centered on the properties of the
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biocata-lyst. There are two reasons for this. First, biocatalysts are typically characterized by tight
operational specifications. Second, the biocat-alyst can often represent a significant proportion of
the process operating costs. Increasingly, with more expensive substrates and improved
biocatalyst production this contributing proportion is being reduced, and with expansion of the
range of suitable biocata-lysts, it may become desirable as well as possible to center bioprocess
design and operation on the reaction properties, rather than the bio-catalyst (see Fig. 1). Thus,
the conventional paradigm can be reversed and the biocatalyst can be designed to fit the process.
This alternative approach leads us to ask: what are the ideal properties we would want of a
"designer" biocatalyst, and how would we identify these ideal properties?

The flexibility to design the biocatalyst to fit the process still carries a number of catalyst-
independent constraints, set by the thermodynamics of the reaction and the properties of
reactants and products (Table 1). In particular, the water solubility characteristics of the reactants
and products determine the medium for operation'’, and their stability as a function of pH and
temperature determine the range in which the process must operate. In addition, high product
concentrations are important in optimizing product recovery.

Under the ideal process paradigm (Fig. 1), preselection of optimal process conditions can
supersede the constraints of any particular biocatalyst. A range of technologies contributes to the
preselection process (Fig. 2). Having selected the "ideal" process conditions, a growing range of
molecular technologies are available for identification or engineering of the "ideal" biocatalyst.

Definitions

T,, Protein melting (denaturation) temperature, typically determined by physical methods such as
fluorescence, circular dichroism (CD) or calorimetry.

T,,. Apparent temperature optimum for enzyme activity, for a defined set of reaction conditions.
k., Turnover number = maximum number of substrate molecules converted to product per unit
time per active site; a function of the rate constants for the conversion of enzyme-substrate
complex to enzyme + product.

K,, Michaelis constant, representative of the dissociation of the enzyme-substrate complex,
taken as an indication of substrate binding to the active site.

k JK,, Specificity constant; indicates the rate of association of enzyme and substrate and also

indicates specificity for competing substrates.

Catalyst production

The key to the process architecture defined in a particular case is whether the catalyst is to be
used as a whole cell or an isolated enzyme. For the majority of enzyme-catalyzed reactions, use
of an isolated (immobilized) enzyme is the ideal provided that isolation is simple. However, for
membrane-bound and/or cofactor-dependent enzymes and/or those that are multiprotein

Page | 2



complexes, isolation may not be possible, and here the alternative whole-cell process will prove
the preferred option. It is beyond the scope of this review to consider in depth the presentation
of the enzyme within a reaction system and the very important aspects of free versus cell-
encapsulated biocatalysts, but the reader is directed to a number of relevant publications'*.

Whether a whole-cell or an isolated-enzyme biocatalyst is required, expression in a rapidly
growing, robust host is the first requirement. Constitutive, rather than inducible, expression is
preferred. High levels of expression will minimize the fermentation volume, but may lead to
inclusion body formation. Developments in host-vector systems, coupled with highly evolved
fermentation technologies, have resulted in bacterial and fungal fermentations capable of yielding
recombinant enzymes at levels of upward of 10 g/L, in stark comparison with laboratory-based
expression of recombinant enzymes, where yields of 10-100 mg/L are frequently reported. In all
cases, the cost of media imposes a need to minimize fermentation volumes by high levels of
expression. Protease activities, which can result in substantial loss of biocatalyst yield, also need

to be minimized.

Conventional Ideal design
design paradigm
. Reaction
Non-ideal constraints
biocatalyst

"ldeal" process

Compromised

process
o, v
Search for
) the ideal
Reaction biocatalyst

constraints

& Bob Crimi

Figure 1. The paradigm shift? Traditionally, the characteristics of the
enzyme have constrained the operational limits of the process. New
approaches to enzyme discovery offer the prospect of designing the
biocatalyst to suit the optimal parameters of the process.

Reactors
Ideal reactors are those with high space/time yield to reduce the capital costs. A packed bed of
immobilized enzyme has clear advantages in that the voidage is low: 34% compared with up to
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over 80-90% for a stirred-tank reactor'’. The hydrodynamics of a packed-bed reactor,
characterized by plug flow, have a number of implications, particularly in the generation of
concentration gradients of substrate and product. As a consequence, both low enzyme KMand
substrate inhibition are critical, so as to capitalize on the concentration gradient generated from
column input to output.

Similarly, pH adjustment is not possible during a single pass through a packed bed, so it is
essential that the pH/activity profile for the enzyme is sufficiently broad to accommodate any
pH changes. Critically, multiphasic mixtures cannot be handled in a packed bed, although a
fluidized bed is a reasonable compromise (S. Beveridge efal, unpublished data).

Table 1. Constraints influencing the operating conditions of bioconversion processes

Type of constraint Description
Reaction-specific constraints dependent on the Water solubility of reactants and products
nature of reactants and products (which is dependent on pH and temperature)

Stability of reactants and products

Chemical nature of reactants and products

Production or consumption of gases

Production or consumption of acid or alkali

Reaction equilibrium (which is in turn dependent
on pH and temperature)

Biocatalyst-specific constraints dependentonthe  The pH range over which optimal activity and stability
evolved or maodified properties of the biocatalyst of biocatalyst can be maintained
Temperature range for biocatalyst optimal activity and stability
Concentration range of reactants/products that can be
tolerated by biocatalyst without inhibition or saturation effects

Product recovery
The ideal process involves the minimum number of downstream steps. The catalyst must be
easily recovered (immobilization by retention inside the packed bed is optimal). A bottleneck for
many current processes is the large volume of water from which the product must be removed,
necessitating a concentration step before isolation'.

In the ideal process, the catalyst would withstand concentrations of the product high enough
to allow a single isolation step without prior product concentration.

Key biocatalyst properties
Turnover. Considering that the primary objective of any industrial biotransformation process is
a high degree of substrate conversion to product in the minimum possible time, the turnover of
an enzyme represents a key factor in the concept of the ideal biocatalyst. As many enzymes have
evolved for very specific and selective metabolic roles, the intrinsic activity or turnover of native
enzymes depends fundamentally on the nature and mechanism of the 7 vivo reaction catalyzed
and the position of 7z vive reaction equilibria with respect to metabolic flux. Thus, a particular
enzyme may catalyze a desired bioconversion reaction, but with a k

cat

too low for practical
application, in which case improvement of the turnover using the novel technologies now
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Figure 2. Contributions to the design of the ideal biotransformation
process. Each unit operation can be enhanced by the development of key
technologies. For example, high cell density fermentations lead to
reduced fermentation volumes and simpler dewatering processes.

available (e.g., directed evolution, gene shuffling, and combinations of rational and combinatorial
methods) may be required”. Although turnover characteristics of enzymes typically used in
bioconversions vary widely, high turnovers are characteristic of most current commercial

biocatalytic processes.

In an operational biocatalyst, the turnover may be influenced not only by the genetically
determined functional capacity of the protein, but also by the microenvironment of the enzyme,
and specifically by the form in which the biocatalyst is formulated and applied. Thus process
conditions (e.g., the type and use of immobilized enzymes) have considerable influence over the
maximum achievable turnover exhibited by the biocatalyst. Such chemical modifications

frequently result in lowering of k_, values, attributed to a range of effects, including variations in

cat
protein flexibility and allosteric properties (conformational), decreased accessibility to the
enzyme active site” (steric), and changes in the enzyme microenvironment by the selective

. . . 21
attraction or exclusion of water, ions, solutes, and so on™.

The operating temperature of a biocatalytic process is frequently dictated by factors relating to
the reaction rather than the catalyst, such as substrate/product solubilities, reagent stabilities, or
the need to reduce undesirable side reactions. Arrhenius kinetics suggest that the highest feasible
reaction temperature should be selected, but such selection is always constrained by biocatalyst
stability.

Fortunately, evolution has provided a relatively wide thermal range of native biocatalysts, and
enzymes derived from psychrotolerant (cold-active) to hyperthermophilic microorganisms may
retain high levels of activity and/or stability across a temperature range from below 10°C to
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around 100°C, as demonstrated for a set of functionally homologous enzymes in Figure 3.

Where the reaction temperature is dictated by the process components, a priori selection of an

enzyme from the appropriate thermal group (Fig. 3) may minimize subsequent requirements for

enhancing either turnover or molecular stability.

The ideal biocatalyst for bioconversions involving organic and hydrophobic substrates would

exhibit high turnover in organic or aqueous-organic media. Many enzymes remain active and

stable in organic media, but relatively few exhibit enhanced turnover. Although research using

native enzymes has provided insight into the effects of solvents and ionic conditions on enzyme

activity”>” and control over reaction pathways™, biocatalysts with significantly improved turnover

in organic solvent media have recently been developed (Table 2).

Table 2. Improved kinetic parameters of enzymes modified for biocatalytic activity in organic media

Enzymé and reaction condiSons Kingc paramaters reporied Comments
Wom Fom Fu Kol M
Subdlisin E and mutanis generated by Mathve enzyme Varant shows Improved K In DMF
saquential random mutagenesis; esler  Aqueous medium MAE | 056 38 35 COmpared with aqueous medum,
nydrotysis actvity In presence of DMPSs  40°% DMF A 33 209 0.16  and KK, approaching that of natve
ErZyME IN SqUe0Ls medum
Varlant PC3
Agquenus medium HA 27 o1 ar4
4% DMF HA 62 236 21
Subdlisin BEN solubllzed Dy lon Afuenus medium N& N& M 3,500 Solubiltization by kon paining results in
palring; transesterification of APEE Solunlized enzyme in cataiytic efdency that Is 6 that
and propanof octane medum HA NA Ha 3na of the suspended enzyme and only 10x
Suspended enzyme kwver than In agueous medum
In octane HA 2] HA 0.6
Rhzopus smhizus Ipase-cataiyzed Watar-saturated 280 WA 430 A Depreased Ky and simiar Vi, Were
estertication of dodeczanal and glisapropyl ether repostad In medlum with increased
decanpic acid®! water activity In a hydrophobic soivent
Dry disopropyl sther 340 MA 33 A EyEEm
Mushoom potyphanci oddass Anuecus sution s MA 198 MA  Impmoved tumover suggesied o be dus
nyelraxyiation of p-cresor? o Increasad solublity of producss In
Chiomform medium E12 2] 243 NA organic soivent
Subdlisin Cansberg ransesienication  Toluene 00EF MA A MA Significantly Increased catalylic
of CBZ—alamyl OHPe In waler- eMciency In hexanse was attributed to
saturated solvenis™ |scpropyiether 095 MA Ha A subeirate sohvation effects
Hexane 436 NA Ha A
Subslisin lyophillzed In presence of Erzyme lyophillzed In -~ HA 0027 260 0.104 Salt-ntuced acivaton of enzymes s
Increasing proportions of KCH absance of KOl attributed to protecion of the anzyme
and appiied In anhydrous hexans from soivent deactiation, resantion of
Erzyme lyophillzedin~ HA 10.04 267 340 the active site struchure, and refention
presence of 96% KICI of water In the enzyme struciure
a-Chymoinypsin iyophillzed In presence  Enzyme hyophillzad In
of Increasing proportions of KCP abesance of KC N 4x1H 33 0.013
Erzyme lyophillzed In -~ HA kA 33 067
presence of 38% Kl
Subdlisn tansesieriication of APEE Sait-ree enzyme N& 0.0069 B.18 052
Inpresence and abeence of salls, mesdiune
In hexane medlum preparation
Erzyme preparedby WA 216 234 565

hyaphillzation with 8%
Ko

"AbbreviaSons: APEE, anefyl pheynl alanyl ethyl ester; DMF, dmethyformamide; ONP, o-nitnopienol.

Ehid, Mot availlabie.

B Mg i M QIR Uniliess offesnwvise stated, units are 25 S0WE" Wy, (UmolmINgC Ko (5710 My (MM KoM (M5~ )
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Selectivity. Substrate selectivity and affinity are evolved properties of an enzyme, related
specifically to its metabolic role. For instance, the substrate range for highly specialized
mammalian enzymes may be far narrower than that of extracellular fungal enzymes. In certain
cases, broad substrate specificity is essential, as in the use of prote-olytic and lipolytic enzymes in
laundry detergents, whereas in the production of most pharmaceuticals and fine chemicals, strict
substrate selectivity is required to ensure fidelity in the reaction pathway, and viable conversion
yields.

Control and optimization of stercoselectivity in synthetic bio-transformations and chiral
resolutions have been seminal focus areas in biocatalysis in recent years, largely as a result of the
inefficiency of conventional methods for stereochemical control. Many highly stereoselective
biocatalysts are already in large-scale industrial use (see Table 3), and novel moleone reaction
type to another, for example, in the modification of indole-3-glycerophosphate synthase, by a
combination of rational design and directed evolution, to produce novel phosphoribosyl
anthranilate isomerase activity”. Substrate selectivity can readily be altered, using molecular or
reaction engineering methods, to the extent where compounds of very different steric structure
and chemical nature from the natural substrates can be efficiently converted by the biocatalyst .
For instance, the D-selectivity of a native hydan-toinase was reversed by mutagenesis and
selective screening procedures, giving an L-specific enzyme with no equivalent in nature, able to
catalyze the production of I-methionine®. Gene-shuffling techniques have been used to
randomly recombine genes from two organisms possessing biphenyl dioxygenase activity,
yielding a recombinant enzyme capable of oxidative degradation of polychlori-nated biphenyls
(PCBs) and simple aromatic monomers”.

Molecular stability. Biocatalyst stability is a major concern in virtually all bioprocesses, because
it may affect process economics at a number of levels. Poor biocatalyst stability will result in
longer process operations (resulting from decreasing catalytic efficiency), increased frequency of
catalyst replacement and reduced product yields. The causes of reduced biocatalyst stability are
intimately associated with the process conditions, and may include extremes of temperature,
ionic strength, or pH that are outside the operating "stability window" of the catalyst, or the
presence of denaturants, such as substrates/products, organic solvents, sutfaces, or interfaces.
Some of the options currently available to the bioprocess industry to address the problem of
biocatalyst stability are summarized in Table 1.

Table 3. Stereoselective large-scale biocatalytic processesas

Procass Subatrate Product Enzyma Scale Company
{tonnss
par annumj
Resciution Racemic alcohois Enantiomenc aicohols Lipase 1P BASF
Resoiution Facemic amines R~ and S-amides Lipase i BASF
¥Inedc resolution Racemic amino ackd amides  L-Amino acids Amidase 1E DM
Amination Fumaric acd L-Azpartc acid Aspartate 1R DM

AMMona yase
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The effect of any deleterious condition on the lifespan of a biocat-alyst is dependent first on the
intrinsic molecular stability of the protein, and second on the mode of presentation of the
enzyme in the reactor system (e.g., whether the enzyme is cell-encapsulated, immobilized, or
crosslinked). Intrinsic molecular stability is a function of both amino acid sequence and tertiary
(and quaternary) structure and is dictated, at least in part, by the origins of the protein. Studies of
extremophilic organisms and their enzymes have provided extensive insights into both the outer
limits of molecular stability and molecular mechanisms responsible for structural stabilization.
Proteins of extremely high thermal stability (e.g., Tm values of 80°-130°C) are typically isolated
from hyperthermophilic organisms (growing at up to 115°C), whereas the proteins of
psychrophilic organisms (growing to well below 0°C) are generally relatively unstable (e.g., T,
values of 20°-50°C). While the selection of a hyperther-mophile-derived biocatalyst provides a
ready means of ensuring high molecular stability, such enzymes have evolved to function
optimally at near the organism's growth temperature and exhibit reduced catalytic rates if
employed at lower temperatures (see Fig. 3).
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Over two decades of intensive study into the mechanisms of protein stability have led both to
the identification of a range of molecular stabilization mechanisms (e.g., the presence of salt-
bridging networks: see reviews™ ) and to the engineering of increased structural stability by
random and site-specific mutagenesis, enzyme evolution, and gene shuffling. While small
increments in enzyme stability are typically achieved by site-specific mutagenesis’', some remark-
able increases (T, values enhanced by 10°-15°C) have been achieved by directed enzyme
evolution®”. Such changes are not always to the detriment of catalytic activity. For example, the
engineering of a 340-fold increase in stability at 100°C in a Bacillus stearothermophilus protease by
eight site-specific mutations™ was achieved without compromising catalytic —activity,
contradicting the dogma that molecular stability and activity are reciprocally related (through
global conformational flexibility). Furthermore, there is good evidence for a general correlation

6

between molecular stability to temperature and to other denaturing conditions™, suggesting

common initiators and/or pathways of protein denaturation, whether induced by high
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temperature, extremes of pH, or the presence of organic solvents or detergents. The practical
consequence of this observation is that the selection of a more thermostable enzyme variant
(e.g., derived from a thermophilic source) or the engineering of enhanced thermostabil-ity may
also result in increased molecular resistance to a range of deleterious conditions.

Virtually all the industrially significant changes in catalyst stability (e.g., in the evolution of xylose
isomerases in the glucose conversion/high-fructose sytup industry) have come from strain
selection, chemical modification (immobilization, chemical crosslinking), classical mutagenesis,
or random mutagenesis. Of these, chemical modification is still the most widely used technology
in industry for increasing biocatalyst stability. This preoccupation with traditional technology
may reflect the simplicity and reliability of the procedures, and their cost-effectiveness in

comparison with more modern and sophisticated genetic technologies. Recent developments in

37,38
>

immobilization and related technologies, including cell-surface expression of enzymes
multipoint covalent immobilization™, and the application of crosslinked enzyme crystals*’, are
likely to ensure that industrial biocatalysis continues to employ such methods. The last two of
these methods take advantage of the fact that a restriction of conformational flexibility, as in
covalent crosslinking or embedding in a crystal lattice, significantly increases the activation

energy of denaturation and prevents enzyme aggregation.
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Table 4. Examples of technologies available for enhancing biocatalyst characteristics
Target Improwament Tachnodogy avallabls Example

Acthity snhancement

Increased tumover  Solublization of enzyme

ARered

ARered funcionaliy

Comversion of non-
natural sunsirates

Incr2ased enzyme
stahillty

Malecular Imprinting

Dvrectad evolulon

Reafional design and
directed evolution

Rafional deslgn

Gene shufing and

Direciad evoluzon

DHrectad evolulon

Solublization of subtilsin
(LI [S00CtanE + AOTY for
appilcation In organic sofvents

Efncataiyst piasiics using
chymOirypsin and suotiisin

Solubiltzation of
and subtiisln or use In organic

soivents using propanod Ansing
freatment

Imprinting of subtiksin
{Cartsbeny and mutanis) wiih
sucie:, thymidine, and other
mucleosides

Inguction of enzyme actvity by
Iyopnlizaton of papsin and
IaCiogiobulin In pEEERC of
Fanshion-sate analog

Improved enantioseiectty In
lipases

enantioselectivity

Improved enantossecsdty In
eEerase-catayzed
sharepesiceive MEcoiltion

New lsomerasa aciivity evolved

Desaturase altersd o
Iydromylase

Modfied B-galacioskdase

Recombination 10 alter sUDSEE

Themosiable esterase feveinped
oy direci=d evoiuson

conEtant KM of solubilized
suntiEsin In octane = 10P = that of suspended
enzyme, and . 1x that In aquecus medium;
stanlity In ociane 10 < = In agquecus mediumre

Incorporation of chymotrypsin and sustilsin In

syninetic poymers gave 107 = Increased reaction
rates with high staolity, In polar sohents,
faciiiating efcient pedtide symmesis=

Activity of n and subtiisin
Carisberg 10° gredter than freeze-dried powdar
and comparatia with CLEC preparations

Acylation of Symidine by subblisin In THF with
S0« rate enhancemeni ml"ﬂll’m—
Imprinted anzyme. Subsirate spechichy aliersd
and reacivity Improved [S0—160x
E"IrE"H}ET‘I'Eﬂt:Im altemaiive nuciedsides as
suDsirates, by Imprnting with similar
nucieopiliest

Fapaln and lactogiobuin Imprinted with 3
bransition-siate anaiog showed actvity In
the eatalysis of B-aimination reactions 3« higher

than norimgrimed protein®

Psaugomaonas aenpinass Ipase acivity with
Improved S-erantcssacivity, 2% e Increased
t081% 22 afer four generations of mutanis™

COnversion of o- 10 L-6electvity with fivatid
Increase In total acthity, In Arthvobaciarsp.
hydanboinase us=d for production of
L-methionine. Mo natural -speciic hydanininase
I5 knowma=

Estarasa Trom Pseudomanas Musrescens Iin E col
mutants selected to ydrotyze bulky
Ihydroeyesters, gving 25% &2 [FEL53)

COMVErSIon of Indoie-3-giycend phospnate
EyniMase Into phosphanzosylantraniiate
ISDMERAEE WIT < W Ko 3N 15: lower Ky
than Me nathve enzyme of . ool =

Change of achvity from doutie—bond Insertion i
hyairicylation In oleate desaturase, by s

directed mutageness at seven shes, seiectad by
comparalve anaiysls of amino acd seguences of
nieale desanrases and unreiEied ydnylasess

DINA shuffing gave an evoived f-galaciosidase
with 10-id Increased fucosidase and A0-oid less
galactosidase actyity, due to six aming ackd

Burkholdens !
spacildiies, recombined to give diseygenase
achity for effident PCE conversion®®

Improved thermostability (=14"C Increase In T
aner sh cycles of mutation) without loss of
actvity, showing that the two properties are not
mutualy exciushe™
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[Table 4. Examples of technologies available for enhancing biocatalyst characteristics (continued)

Target Improvament  Technology avallabla Example Activity anhancemant
Incraased thermostaiity of Subdlisin was aibarad by eight amin acd
suntlisin E sunsiitutions, o give funcional Themitas:e using
PCR muiagenesls and siaggersd exension
PIOCEES Mecombinations

Genetic and ratonal

Increased thermaosiEoiity In a

Protaase acthvity with hat-ife 170 min
et 1 min In native encyme) at 100°C, In the

presance of denaturants, and wild-fyps level of
acTvity, In akghtiokd muiant of thenmoiysin-ike
prodeEss from Backivs stearothermophiius™
Increzsed S0y Cel-EUMSCS Sxpression Funchonal disglay of Levansucrase acihily of Zpmomaonas mosis
and acthity levarsucase activity on and anchord with lce-nucdeation
cedl surface of E. col achity In comversion of probain from
Psaudomanas SyTingas gave high sLCmss bo
gucsse and resisiance o prolsase™
Chemical Comvalent Hyperstablization of 3 Thermophilic esterase from Saciis
midification to Immobillzztion— Termophillc eslerase searcthermopiuius modified to give 3 = 102
Incease saplity  muliipoint atachment Increasad thanmesiabliiy, companed with native
enzyme, by multpoint covalent Immoblization
AT AN Qrouns nked to giyory) agarses
Chemical crosslinking Use of textran dlakderyoe for Stablization of E. coll pericliin & acylass
CrossInking against Mmermal inactivation by crosslinking with
daxiran dlaldefyte polymess. Modifled enzyme
showed ninefisld Increase In hat-ife of Inadivabion
a1 55°C and no decreasa In Ve, (ref. 53)
CLEC formation Cmssinking and chemical Sublliisin erystallzad, crosslinked, and
modfication of subliisn chamically converted o ghee permxdase acihity
WIth Regner stabillty [10:x] wiTiout k55 of
enaniiaselecviy™
Lipid coatirg of Application of giycosite Lipid coatings on marnosidasa, glucosidase, and
EIZYTES ydrolases In organic medium glucesaminkdase gave hydrophobic natue to
enzyme surfaces and Increased (B0% of. 10%)
trarsgiycosyiation acivity In Isoprogyi edhes T
Chamical modification Modication with Modficaton of catalase with Calalasa activity Increased 200 In
f0Incresse acthvily  monofuncsonal Bil| 25 surtactant trichioroemylene and 15:x 1N 3quaous medun,
COmpansd with natve enzyme”
Modified reaction Directed evolulon Increased esterase acivity In p-HEmDenzyl esterase acivity of subdlisin in
miliau aguaousionganic maglum 30% DMF Increased 50 using random
i

MUtagenasls

"anbrevisSons: ACT, Asmsol OT, CLEC, crossinked snzyme orystal; ez, enanbomernc syoess

Catalyst diversity

Whether a process is designed around the catalyst properties, or the catalyst is selected to suit

process needs, the available range of relevant catalysts is a key issue. The range of enzymes

potentially available to the bioprocess industry is firstly dictated by evolution, that is, by genetic

diversity. Although little consensus exists on true genetic diversity (genetic represented as species

diversity), estimates for plant, animal, and microbial diversity (see Table 5) are in the order of

107-10° species. With an average of 10*-10° open reading frames per genome, many of which

encode enzymes, the total enzyme genetic diversity may be as great as 10" distinct functional

sequences. This figure is, of course, substantially reduced by the varying, often high, homology

between enzymes from related and even unrelated organisms.

This diversity of closely, distantly, or unrelated sequences represents the core biological resource,
conceptually considered in terms of "sequence space"*'. Native sequence space, representing the
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diversity of functional (and nonfunctional) protein sequences available from nature, still
represents a relatively small proportion of total sequence space—theoretically estimated as the
total number of permutations of 20 amino acids (which is 20" for a polypeptide of 100 amino
acids). Only a relatively small proportion of native sequence space is currently available to the
scientific and bioindustrial community, for the simple reason that a very high proportion of
extant species have never been investigated, or, even if investigated, are not readily accessible.
The acknowledged reality that a very high proportion of microbial species are currently

n42

"unculturable"™ (Table 5) further restricts access to microbial (bacterial, archaeal, fungal, and

unicellular algal) genomes and gene products.

The rapid development of genetic technologies has provided increasingly inventive methods for
indirectly accessing new areas of sequence space (Fig. 4). Chemical, site-directed, and random
muta-genesis technologies access regions proximal to the native sequences, whereas methods,
such as gene and domain swapping, DNA shuffling, and other forms of combinatorial genomics
access the regions between the parent sequences.

46 and similar

Modern bioprospecting methods such as multiplex or metagenome cloning
methods used by companies such as Diversa Corporation (La Jolla, CA) and TerraGen
Discovery (Vancouver, BC, Canada) directly access environmental genomes (whether culturable
or unculturable). These methods access sequence space in a virtually random manner and have
been successfully employed to isolate novel z#ahR (ref. 45) and amylase, lipase, and hemolytic

46
enzyme genes .

Perspective

If we accept the new paradigm that the design of an optimized process may proceed without
intimate consideration of the limitations of the biocatalyst, and that technologies are available for
the subsequent selection or design of the "ideal" catalyst, the following questions are highly
relevant: First, where are the limiting factors? And second, what more is required to overcome
the limiting factors?

It is evident from the recent literature that zz vifro enzyme evolution technologies are being very
rapidly assimilated. These offer a relatively fast and inexpensive approach to the incremental
modification of selected enzyme properties, with a reduced risk that desirable enzyme
characteristics will be lost in the process.

A major limitation is the monoselective nature of almost all protein-engineering and enzyme-
screening technologies. Single-function screening is essentially incompatible with the
requirements of the "ideal process" paradigm, in which a defined set of target properties will
requite polyfunctional screening and/or engineering strategies. First attempts at multifunction
screening have been reported”’.
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However, despite the recent development of sophisticated molecular engineering and screening
technologies, our ability to move around sequence space in search of the ideal catalyst for a given

Table 5. Estimates of species diversity in nature®-™

Group of organiams Estimatsd accensibla
spachas (known) spacies

{a8 % of total)

Animals {mammals, birds, fishes) 3.5 10% =00

Arthropodsirvertebrates 1010 10

Nematodes 55 108 3

Higher plants 2.7 <108 >0

Al 10°-10° [70]

Bryophytes 2.5 104 70

Fungs 1.5 108 [5]

Bactera® 100108 [1-10%]

Archaeas 108108 [0.1-1%]

Vinusess 102108 [4]

IThsse vabsss are thought o b= umdsrestraded, posshiy by ons o beo

orders of magniude. Estimaies of acoessbie speck=s wil be proporionally
[

process is still limited. Rational design methods face the greatest limitation in scope. For
example, despite the intense focus over the past decade on the molecular determinants of protein
stability, site-specific protein engineering cannot yet be reliably applied to protein stabilization.
None of the "design rules" for thermostability that have evolved from comparative structural

studies of more and less stable protein homologs***

can be simply employed to indicate site-
specific modifications for reliably enhancing molecular stability. The use of design algorithms for
predicting multiple additive muta-tions” may provide a future guide to the engineering of
hyperther-mostable enzymes. Such algorithms are not currently available for other functional
characteristics (solvent stability, alterations in specificity, pH behavior, or turnover, for example)
for which even less generic molecular information is available. Direct (i.e., metage-nomic)
screening and DNA-shuffling technologies offer the widest access to sequence space. However,
both are limited by the fact that any single environmental DNA sample is a poor representation

of the enormous genomic diversity present in the multitude of global biotopes.

So are we ready to implement the ideal process paradigm? We conclude that many of the
necessary molecular and screening technologies are in place, and there is early evidence of an
evolution from monofunctional to multifunctional screening. In our opinion, the full
implementation of the latter is the key to the successful acquisition of new "designer"
biocatalysts for truly optimized "ideal" bio-processes.
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