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▼ Modern day efforts to discover and develop
small-molecule drugs inevitably entail a con-
siderable amount of medicinal chemistry to
optimize lead compounds that are identified
in the screening process. Initial drug candi-
dates are generally characterized using low
stringency assays with the expectation that
their potency can be increased after comple-
tion of the discovery process by following
well-established SAR principles. Furthermore,
it is also assumed that other crucial character-
istics of the compounds, such as efficacy, tox-
icity and pharmacokinetic parameters, can be
improved dramatically by introducing addi-
tional modifications. By contrast, biologics
frequently enter clinical development with
little or no optimization of their function, po-
tency or safety profile. In addition, some bio-
logics have pleiotropic effects that are precisely
controlled in a normal cellular or corporeal
context but that become liabilities when they
are administered as therapeutics, raising con-
cerns about treatment safety [1]. Although
proteins have already been subjected to a nat-
ural evolutionary process, their use as human
therapeutics poses a unique set of challenges
[2] that can be addressed readily by further

optimization efforts. Directed evolution is a
powerful approach that can be used to optimize
multiple characteristics of protein therapeutics.
It is a three-step in vitro protein engineering
process in which diversity is introduced into a
gene of interest, followed by the expression of
a collection of protein variants that are subse-
quently screened in a functional assay to iden-
tify molecules with improved characteristics.
Directed evolution is significantly faster and
more efficient than traditional protein engi-
neering strategies and has been used to create
new biological entities with optimized thera-
peutic properties.

Directed evolution strategies
Protein engineering often relies on structural
approaches [3], empirical computer modeling
[4] or mathematical predictions [5] to modify
the sequence of a particular protein (Table 1).
However, our limited understanding of how
structure impacts function has, thus far, often
confined the use of knowledge-based ap-
proaches to alterations that produce antagon-
ists [6–8], a limitation that diminishes the
usefulness of such strategies for optimizing
therapeutic proteins. By contrast, directed
evolution requires no previous knowledge
about the structure of the target protein or its
cognate because diversity is generally intro-
duced in a stochastic manner followed by se-
lection steps or screening procedures to direct
the molecule’s evolution towards functional
improvements. The techniques used to iden-
tify improvements bear careful consideration
as they often serve different purposes. Methods
that display protein variants on phages [9],
cells [10] or ribosomes [11] are generally based
upon selection of the tightest binders from a
large pool of variants followed by their subse-
quent identification through linkage of the

Optimization of protein therapeutics
by directed evolution
Alain P. Vasserot, Craig D. Dickinson, Ying Tang, William D. Huse, 
Keith S. Manchester and Jeffry D. Watkins

Alain P. Vasserot*
Craig D. Dickinson

Ying Tang
William D. Huse

Keith S. Manchester
Jeffry D. Watkins

Applied Molecular Evolution
(AME)

3520 Dunhill Street 
San Diego, CA 92121, USA

*e-mail: avasserot@
amevolution.com

Directed evolution is a broadly applicable technology platform that 

is ideally suited to address the need for protein optimization and to 

fully exploit the therapeutic potential of biologics. The approach takes

advantage of the remarkable structural and functional plasticity of

proteins and permits the rapid remodeling of biologics into new entities

with improved functions. The ability to ameliorate virtually any characteristic

of a protein can translate into significant clinical benefits, including

decreased immunogenicity, higher potency, greater efficacy and improved

safety profile, and can considerably increase the probability of successfully

developing and commercializing biotherapeutics.

1359-6446/02/$ – see front matter ©2002 Elsevier Science Ltd. All rights reserved.   PII: S1359-6446(02)02590-4



119

DDT Vol. 8, No. 3 February 2003 reviewstherapeutic focus

www.drugdiscoverytoday.com

Table 1. Engineered protein therapeutics

Engineered molecule Product (organization) Property engineered Benefit Ref

Anti-BvC3 integrin Vitaxin™ (Applied Molecular Directed evolution used to Enhanced activity and [15]
  antibody   Evolution/MedImmune)   humanize antibody, optimize   stability

  affinity, and improve stability
Anti-CD33 antibody Mylotarg® (Wyeth) Humanization by CDR grafting Decreased immunigenicity [30]
Anti-HER2 antibody Herceptin® (Genentech) Humanization by CDR grafting Decreased immunigenicity [32]
Anti-interleukin 2 Zenapax® (Protein Design Humanization by CDR grafting Decreased immunigenicity [31]
  receptor antibody   Laboratories/Roche)
Anti-interleukin 8 Fab (Genentech) Free cysteine engineered for Increased serum half-life [47]

  site specific PEGylation of Fab
Anti-respiratory Synagis® (MedImmune) Humanization by CDR grafting Decreased immunigenicity [33]
  syncytial virus
  antibody
Anti-respiratory Numax™ (Applied Molecular Directed evolution used to Improved viral http://www.
  syncytial virus   Evolution/MedImmune)   improve association rate   neutralzation   medimmune.
  antibody   com
Anti-TGFC2 antibody CAT-152 (CAT) Human antibody discovered Decreased immunigenicity [48]

  and optimized by phage
  display

Epidermal growth (Massachusetts Institute of Single residue change Increased recycling after [49]
  factor   Technology)   reducing receptor affinity   receptor binding and cell

  internalization; enhanced
  mitogenic potency

Erythropoietin Aranesp™ (Amgen) Structure aided design used Increased serum half-life [50]
  to add glycosylation sites   resulting in increased

  efficacy
Granulocyte colony (Massachusetts Institute of Structure aided design used to Increased half life in cell [51]
  stimulating factor   Technology)   add histidines to increase   culture resulting in

  endocytic recycling   enhanced mitogenicity
Human growth (Genentech) Phage display used to improve No improvement reported [52]
  hormone   affinity for the receptor
Heregulin (Genentech) Phage display used to improve No improvement reported [53]

  affinity for the receptor
Interferon B and C Infergen® (Amgen) Sequence of IFNs were aligned Potential for reduced [54]

  and consensus molecule   toxicity
  created to enhance affinity
  and alter receptor specificity

Interferon B and C (Maxygen) Gene shuffling of interferon Improved anti-viral activity [55]
  genes to enhance antiviral   shown on mouse cells
  activity

Interferon B Albuferon™-Alpha (Human Fusion of serum albumin with Increased efficacy due to [56]
  Genome Sciences)   interferon B   increased serum half-life

Interleukin 1 receptor IL-1 Trap (Regeneron) Fusion of IgG Fc region to Increased affinity for http://www.
  soluble interleukin 1 receptor   interleukin 1resulting in   regeneron.

  creating a receptor dimer   more potent antagonist   com

Interleukin 2 (Massachusetts Institute of Combinatorial mutagenesis Improved efficacy through [57]
  Technology)   and screening for improved   enhanced recycling after

  cell proliferation   receptor binding and
  internalization

Tissue factor (Genentech) Phage display used to increase Antagonist of Factor VIIa [58]
  affinity for Factor VIIa

Tumor necrosis Enbrel® (Amgen/Wyeth) Fusion of IgG Fc region to Increased affinity for TNF-B [59]
  factor B receptor   solubleTNF-B   resulting in more potent  receptor

 creating a receptor   antagonist  dimer

Amgen (http://www.amgen.com); Applied Molecular Evolution (http://www.amevolution.com); Cambridge Antibody Technology
(CAT; http://www.cambridgeantibody.com); Genentech (http://www.gene.com); Human Genome Sciences (http://www.hgsi.com);
Maxygen (http://www.maxygen.com); MedImmune (http://www.medimmune.com); Protein Design Laboratories (http://www.pdl.com);
Regeneron (http://www.regeneron.com); Roche (http://www.roche.com); Wyeth (http://www.wyeth.com).
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variants to their nucleotide sequences. Consequently, sur-
face display and selection strategies are frequently used in
discovery efforts where, for instance, high affinity anti-
body variants are isolated from large combinatorial libraries
[12]. However, the use of display technologies is limited to
selections predicated on binding properties. Consequently,
complex biological functions borne by therapeutic pro-
teins, such as cell proliferation or inhibition, metabolic 
responses, signal cascades or enzymatic activities, can not
be optimized by display strategies.

To address these limitations, we have developed a directed
evolution platform [13–15] combined with highly predic-
tive screening methods, that is ideally suited to meet the
unique challenges posed by the optimization of biologics.
By virtue of their ability to monitor the biological function
of each individual variant in a library, screening methods are
amenable to more sophisticated and more predictive assays
that do not rely solely upon binding properties. Furthermore,
this approach permits the use of multiple biological sys-
tems to generate protein variants, including mammalian ex-
pression systems necessary to evolve complex proteins whose
post-translational modifications are required for biological
activity. With an iterative potential for continual improve-
ments until the desired characteristics are obtained, directed
evolution driven by functional screening broadly mimics
the process of natural evolution [15,16] and has enabled us
to efficiently and rapidly evolve several biologics into new
biological entities with optimized therapeutic properties.

Benefits of codon-based mutagenesis and focused
libraries
Directed evolution technologies also differ in their ap-
proaches to generating protein diversity. Methods such as
error-prone PCR [17], gene-shuffling [18], and in vivo mu-
tagenesis [19] are geared toward broadly distributing mu-
tations throughout a protein, but suffer from the inability
to precisely control the location and number of mutations.
Although the introduction of numerous amino acid mu-
tations into a molecule at random locations might be ac-
ceptable for industrial applications, the accumulation of
unnecessary changes is undesirable for pharmaceutical
proteins, where immunogenicity is a primary concern.
Moreover, by introducing changes at the nucleotide level,
random mutagenesis can only explore a limited number of
amino acid substitutions at a given position, which con-
siderably diminishes the probability of identifying the ap-
propriate combination(s) of changes required to optimize
a specific biological function.

Most mutations have a neutral or detrimental effect on
protein function [16], therefore, a selective and targeted
mutagenesis process is crucial to the successful engineering

of human therapeutics, where the objective is to signifi-
cantly improve specific protein properties by changing 
the minimum number of amino acids. We have pioneered 
a mutagenesis procedure that introduces diversity into 
nucleic acids encoding the protein of interest through 
the targeted insertion of synthetic oligonucleotide pools 
generating changes at the codon level. This codon-based 
strategy enables full control over the location and extent
of changes and permits the evaluation of the entire reper-
toire of natural amino acids at every position [13,20]. The
procedure also facilitates the integration of structural data,
when appropriate, while permitting the scanning of an en-
tire protein in situations where no information is available.
Mutagenesis oligonucleotides usually encoding all 20 amino
acids at any given position are generated in a parallel syn-
thesis process that creates multiple libraries of increasing
diversity. Importantly, the procedure is designed to segre-
gate the libraries into distinct pools enabling the number
of amino acid changes to be predetermined and based
upon the complexity of the engineering task and the bio-
logical assay used to monitor improvements.

Among the benefits of exerting precise control over li-
brary diversity is the ability to tailor the size of the libraries
to ensure that the most predictive, functional assays can be
used, irrespective of their throughput. For instance, while
large combinatorial libraries with high diversity are screened
in high throughput assays, more focused libraries with fewer
randomized positions can be synthesized to take advantage
of lower throughput, yet more predictive cell-based assays.
Because of their small size and diversity, highly focused 
libraries can be screened extremely rapidly and the impact
that each individual amino acid has on the function of the
particular protein can be determined efficiently [15,21].
Beneficial mutations that emerge from this initial screening
step can be combined in a new library and the iterative 
nature of the process permits the stepwise evolution of the 
target protein until a variant with the desired characteristics 
is created. Changes found at one position in a protein can
often be combined with improvements found at other posi-
tions [22], thus significant ameliorations can be achieved
extremely efficiently by combining beneficial changes iden-
tified in multiple, small, focused libraries [15] rather than
exhaustively screening a single, large, fully randomized 
library. This unique directed evolution platform has been
applied successfully to all major classes of biologics and 
the following examples detail some of the improvements
achieved and their impact on the drug development process.

Engineering antibodies with fully human frameworks
Murine and chimeric antibodies used as human therapeu-
tics frequently engender an immune response in patients
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that results in rapid elimination of the drug and, thus, 
severely limits their development as therapeutics [23]. In
chronic disease indications where repeat administration is
necessary, the problems posed by the development of neu-
tralizing antibodies can be remedied either by humaniza-
tion of the therapeutic antibody [24] or by de novo discovery
of human antibodies using transgenic mice [25] or phage
display libraries [26,27]. However, because of the distinct
immune repertoires of mice and humans, these discovery
platforms do not necessarily generate antibodies with the
same epitope specificities.

Traditional antibody humanization [24,28] involves the
direct transfer, or grafting, of murine complementarity-
determining regions (CDRs) into a human framework, a
process that usually results in a loss of activity. Structure-
based computer modeling and algorithms are then used to
predict which human residues in the new framework need
to be reverted to the original mouse amino acids in an at-
tempt to recover the affinity lost during the grafting process
[29]. To date, four humanized antibodies [30–33] have 
received market approval (Table 1), while several others 
are in clinical development (Protein Design Laboratories:
http://www.pdl.com).

By contrast, the frAMEworks™ (Applied Molecular
Evolution; http://www.amevolution.com) approach (Fig. 1)
combines fully human frameworks with synthetic CDRs
and yields higher affinity antibodies that are devoid of any
potentially immunogenic murine residues in the framework

regions. Fully human, functional frame-
works for both antibody chains are se-
lected from among commonly occur-
ring germline genes to maximize the
occurrence of tolerance in the relevant
patient populations. Libraries of syn-
thetic CDR variants that are closely 
related to those of the parent molecule
are then inserted into the selected
frameworks and a functional assay 
is employed to identify amino acid
changes that accommodate the new
framework and simultaneously improve
affinity or any other crucial property of
the antibody. A concomitant increase
in potency by simultaneous optimiz-
ation has the potential to further
minimize immunogenicity issues by en-
abling less frequent and/or lower dos-
ing of the therapeutic protein. This 
approach has been successfully applied
to numerous antibodies (Marquis, D. 
et al., unpublished data) with a wide

range of affinities. Whereas binding affinity lost during
other humanization strategies, such as CDR grafting,
might prove impossible to recover in the case of high af-
finity immunoglobulins, the frAMEworks™ approach has
generated several antibodies with femtomolar affinities.

Increasing antibody potency by engineering binding
affinity
Vitaxin™ (MedImmune; http://www.medimmune.com) is a
humanized antibody that recognizes a conformational epi-
tope on the αvβ3 integrin and functionally blocks ligand ac-
cess to the cell surface receptor [15]. Interfering with αvβ3 inte-
grin signaling prevents new blood vessel formation in a chick
embryo chorioallantoic membrane model of angiogenesis
[34] and could be of use in blocking osteoclast-mediated bone
destruction, two properties that support the evaluation of this
antibody in multiple, ongoing Phase I/II clinical trials in
oncology and rheumatoid arthritis indications (MedImmune:
http://www.medimmune.com). The original murine antibody
was humanized and its affinity improved by approximately
two orders of magnitude (Table 1). Mutations were introduced
into each CDR of the antibody and multiple beneficial
changes were identified, with H3 and L3 being the most pro-
ductive regions. Among these mutations, several single amino
acid substitutions resulted in a ≥10-fold improvement in
affinity. Single mutations that significantly improved the
binding properties of the antibody were combined in addi-
tional libraries to identify combinations of mutations that

Figure 1. The frAMEworks™ humanization process. Libraries of CDR variants derived from
the original murine or chimeric antibodies are inserted into a fully human, germline
framework. Codon-based mutagenesis is used to create the variant libraries and to
explore all possible amino acid changes at each position of the CDRs. A functional screen
is then used to identify humanized variants that maintain or improve antigen binding.
Subsequently, additional amino acid substitutions are introduced into the CDRs of the
antibody and the process is reiterated until the desired improvements are reached. This
approach generates antibodies with fully human frameworks and significantly enhanced
affinity and/or activity.
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further enhance binding. Several antibody molecules from
these combinatorial libraries were extensively characterized
and revealed improvements in affinity ranging from one to
two orders of magnitude. Moreover, in a cell adhesion
assay, the improved variants were able to inhibit ligand
binding at significantly lower concentrations than the
parent antibody [15] and affinity improvements correlated
almost linearly with an increase in potency (Fig. 2).

In several instances, particularly where antigen binding
is driven predominantly by monovalent interactions
rather than by avidity, an increase in potency can be
achieved by creating antibodies with higher binding af-
finity. Screening is generally performed under prolonged
incubation conditions that favor the discovery of variants
with slower dissociation rates resulting in tighter, protracted
binding to a particular target. This, in turn, translates into
more efficacious ligand blocking and the ability to achieve
comparable therapeutic results at lower doses. Importantly,
the identification of several more potent anti-αvβ3 integrin
antibodies was successfully completed in a two-step process
after screening less than 2600 variants and in the absence
of any structural information on the antibody or the con-
formational epitope that it recognizes. However, even if
this information had been available, simultaneously ran-
domizing the five beneficial positions found in one of 

the highest affinity variants would have necessitated the 
construction of a library of over three million members, 
an arduous and time-consuming alternative that clearly
demonstrates the superiority of a method that combines
small, highly focused libraries with functional screening. It
is also noteworthy that, in the course of the first clinical
trials, no evidence of immune response to Vitaxin™ was
observed in the treated patient population [35].

Increasing potency by selectively engineering
association rate
Increases in binding affinity often translate linearly into
higher potency antibodies, but in certain cases, the correla-
tion is more tenuous. In efforts to create a more potent ver-
sion of Synagis® (MedImmune; http://www.medimmune.
com), a humanized monoclonal antibody (Table 1) directed
against the respiratory syncytial virus (RSV) and currently
marketed to prevent respiratory infection in neonates [33],
binding affinity was improved by more than 2000-fold, pre-
dominantly through decreases in the dissociation rate con-
stant of the antibody. However, when a panel of improved
affinity immunoglobulin variants was further tested in a mi-
croneutralization assay measuring the ability of the antibody
to prevent RSV infection of target cells [36], no significant
correlation was observed between binding affinity and viral
neutralization. We reasoned that, not unlike the situation
encountered in the inhibition of barnase activity by barstar
[37], faster docking of the antibody to the virus particle
might confer superior anti-viral properties to Synagis®, and
new assays were developed to specifically monitor improve-
ments in the association rate of the antibody with the F pro-
tein of RSV. Single mutations proved to have a rather small
impact on the association rate constant and, consequently,
designing assays that are capable of reliably measuring mar-
ginal improvements was crucial to the success of this pro-
ject. By combining specific beneficial amino acid changes in
the CDRs of the antibody, several variants with significantly
improved association rates were created that exhibited a 10
to 35-fold increase in potency in the microneutralization
assay. The exact mechanism(s) by which the association rate
of an antibody ultimately influences its efficacy as a thera-
peutic are not well understood. Assuming that RSV neutral-
ization is a function of the availability and degree of occu-
pancy of the docking protein on the viral particle, the
improvement achieved in the association rate constant of
Synagis® would proportionately decrease the concentration
of antibody required to block infection and enable the
therapeutic agent to compete more effectively with the cel-
lular receptor used by the virus for productive infection.

Interestingly, mutations that affected the association
rate constant were distinct from those that predominantly

Figure 2. Inhibition of ligand binding. Fibrogen binding to αvβ3

integrin was measured in the presence of increasing
concentrations of three engineered Vitaxin™ variants displaying
gradual increases in binding affinity. The inset shows the
correlation between affinity (Kd) and inhibition of ligand
binding (IC50). Higher affinity variants identified in the initial
engineering process display the same extent of functional
inhibition at significantly lower concentrations. Reproduced,
with permission, from Ref. [15]. 
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impacted the dissociation rate of the antibody. This em-
phasizes the power of an engineering approach that has
the capability to identify and selectively modify predeter-
mined amino acid positions that have dramatically dif-
ferent impacts on protein performance or function. The 
new variants, termed Numax™ (MedImmune; http://www.
medimmune.com), are being evaluated in animal models
to determine which molecule will enter clinical development
(MedImmune: http://www.medimmune.com).

Simultaneous class switching, humanization and
optimization of potency
Antibody discovery approaches often favor the identifi-
cation of high affinity immunoglobulins against dominant
epitopes, perhaps limiting the diversity of antigen recogni-
tion and binding specificities. In some cases, despite repeat
discovery efforts, the only antibodies exhibiting the de-
sired biological properties are IgM molecules [38,39] whose
pentameric structure and inherently low affinity not only
make it difficult to achieve the desired level of potency or
efficacy, but also create significant manufacturing challenges.
In vitro affinity maturation by directed evolution provides
an alternative to rediscovery and enables research efforts
to focus on therapeutically relevant epitopes, irrespective
of the class or the affinity of the original immunoglobulin.
For instance, in a discovery effort aimed at identifying anti-
bodies against tumor-specific antigens, in vitro immuniza-
tion of human lymphocytes was used to generate several
antibodies, all of which were eventually determined to be
IgM molecules. Because these IgMs appeared to have the
required tumor-specificity, simultaneous class switch to
IgG1 and in vitro affinity maturation was chosen to obviate
the need for rediscovery and to transform these molecules
into high affinity IgG antibodies (Fig. 3) appropriate for
clinical development [38]. Directed evolution was also ap-
plied to murine IgM antibodies that recognize cryptic epi-
topes on human collagen generated during the proteolytic
degradation of the extracellular matrix that accompanies
the angiogenesis process [39]. These epitopes are not as 
accessible on native collagen, and antibodies against these
neoantigens displayed properties and unique specificities
warranting further development as potential anti-cancer
agents. During the engineering process, the CDRs of two
mouse antibodies were optimized to support fully human
frameworks and to substantially improve antigen binding,
thereby facilitating class switching to IgG molecules. In
this case, the inherently low affinities of the original mouse
IgM antibodies were increased by three orders of magni-
tude while preserving the required epitope specificities.

Examples abound in the scientific literature where mul-
tiple antibodies can be discovered against a specific target,

but only a few of them display unique specificities for a
particular epitope that justify further clinical development.
Often, the early humoral response to a particular antigen
results in the production of interesting IgM antibodies that
exhibit a multifarious antigen recognition profile subse-
quently narrowed during the later stages of the maturation
process. In most cases, the impracticalities associated with
the development and commercialization of IgM antibodies
prompt rediscovery efforts, an onerous and time-consuming
process that can be readily avoided by optimization.

Engineering broader reactivity of antibodies
Antibodies have emerged as useful therapeutics in the treat-
ment of multi-drug resistant infectious agents. However,
the degree of neutralization observed toward clinical isolates
of a pathogen can vary considerably. For instance, a murine
monoclonal antibody developed to prevent nosocomial 
infections in premature neonates displayed sub-optimal 
reactivity toward several bacterial isolates, a limitation that
might have required the development of an antibody

Figure 3. Optimization of a low affinity IgM antibody reactive
with a tumor-associated antigen. The heavy and light chain
variable regions of a human IgM reactive with cultured tumor
cells were cloned into a bacterial expression vector to allow
class switching to an IgG molecule and affinity maturation by
directed evolution. To characterize the optimized variants,
soluble Fab fragments were titrated against the LH13 tumor-
associated antigen in an ELISA format. The intrinsically low
affinity (Kd > 100 nM) of the non-engineered monovalent IgM
fragment is demonstrated by the weak signal obtained at high
concentrations (blue). By contrast, an affinity-matured variant
containing two amino acid changes in the light chain CDR3 and
one change in the heavy chain CDR3 displays a considerably
higher affinity for the antigen (red). Reproduced, with permission,
from Ref. [38].
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cocktail as a viable clinical alternative. We were interested
in demonstrating that directed evolution could broaden
the recognition and neutralization properties of this anti-
body to all relevant isolates of the pathogen and generate a
superior therapeutic candidate. The strategy was to engi-
neer individual CDRs to substantially increase the binding
characteristics of the antibody toward non-reactive isolates
while preserving its existing neutralization properties. The
parent antibody was simultaneously engineered against a
panel of numerous clinical isolates, a process that led to
the identification of several variants whose binding affini-
ties exceeded the threshold necessary for recognition and
neutralization of all isolates, including those that were pre-
viously classified as non-reactive (Fig. 4).

Here again, the optimization process was successfully
completed in the absence of any underlying information re-
garding the structural basis for the differential recognition
of these isolates by the antibody. This further demonstrates
the power of a function-based approach to protein engineer-
ing and augurs a possible generalization of this strategy to
other antibodies against infectious agents, such as anti-HIV
antibodies [40], whose limited recognition of specific viral
clades might impede their potential clinical development.

Engineering catalytic activity and substrate
specificity of enzymes
Although the previous examples describe the engineering
of antibodies, directed evolution can be applied to virtu-
ally any protein, including cytokines, hormones, growth
factors and enzymes. Butyrylcholinesterase (BChE) is a
serum enzyme that displays a broad range of detoxifica-
tion properties, including the catalysis and breakdown of
organophosphate compounds that are present in nerve
gases and pesticides [41]. BChE also metabolizes and inac-
tivates cocaine, albeit in an extremely inefficient manner
[42]. Because the administration of plasma-derived BChE
provides some protection against cocaine toxicity in vivo
[43], we were interested in engineering the catalytic effi-
ciency (kcat/Km) of its cocaine hydrolase activity to support
further development as a viable therapeutic for treating
acute cocaine toxicity and addiction [44,45]. Libraries of
BChE variants, designed to evaluate multiple regions of the
protein including the highly conserved catalytic domain,
were screened for hydrolase activity at substrate concen-
trations substantially below the Km of the enzyme to iden-
tify mutations that either increased the kcat or decreased
the Km of BChE. Beneficial mutations were identified
throughout the protein, including mutations spatially 
distant from the proposed active site of the enzyme, and
several single amino acid substitutions were characterized
that increased the cocaine hydrolase activity by as much as

Figure 4. Enhancing the reactivity of a monoclonal antibody to
a broader range of clinical isolates. The heavy and light chain
variable regions of a murine IgG that displayed selective
reactivity toward clinical isolate 4 of a bacterial pathogen were
cloned into a bacterial expression vector to enable engineering
by directed evolution. Antibody variants with enhanced binding
to a broader range of clinical isolates were identified by
quantitation of Fab fragment binding to the bacterial pathogen
immobilized in a 96-well plate. The binding profile of a variant
with optimized reactivity is shown for four representative clinical
isolates (red), including those that were the most (isolate 4) and
least (isolate 1) reactive toward the original murine antibody
(blue). Enhanced efficacy of the variants (neutralization of the
pathogen) requires the expression of intact IgG (not shown).
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10-fold. Subsequently, the catalytic efficiency of the enzyme
was further improved through the synthesis and screening
of new libraries combining these initial mutations. Variants
displaying ≥100-fold improvement in hydrolase activity
are currently being tested in animal models of acute co-
caine toxicity (Pancook, J.D. et al., unpublished data).

This project necessitated the development of a mam-
malian expression system capable of generating thousands
of individual variants properly glycosylated and assembled
in a tetrameric structure, a technology that facilitated the
subsequent engineering of other complex proteins whose
post-translational modifications are required for biological
activity. Furthermore, the engineering of BChE expanded
the applicability of our directed evolution approach beyond
the optimization of protein–protein interfaces and into the
engineering of small molecule recognition and catalysis by
proteins, reinforcing the notion that efficient optimization
of complex biologics requires a dedicated strategy.

Improving protein stability by removal of
deamidation sites
A common problem encountered during the development
and commercialization of biologics is chemical instability,
such as susceptibility to deamidation at asparagine residues
or methionine oxydation [46]. In its worst manifestations,
deamidation of proteins results in the loss of biological ac-
tivity and undesirable heterogeneity that can significantly
impact the purification process and the overall costs of
production. Often, simple replacement of the affected as-
paragine detrimentally impacts function and, consequently,
additional engineering is required to recover biological ac-
tivity. By excluding the susceptible asparagine residue and
simultaneously randomizing amino acids at adjacent and/or
distant positions in the protein, compensatory changes
can be identified that completely eliminate deamidation
while preserving or even improving activity. In the case of
the aforementioned Vitaxin™ antibody, a deamidation site
was eliminated from a CDR position, further increasing its
affinity and resulting in a 300% improvement in purification
yields (Wu, H. et al., unpublished data).

Conclusion
Directed evolution is a powerful approach for improving
virtually any property of a therapeutic protein for which
an appropriate screen can be devised. It is a broadly applic-
able technology designed to remodel a wide range of 
proteins and to ameliorate the clinical profile of approved 
biologics or the therapeutic use of molecules under devel-
opment. Strategies to improve biologics are generally based
on the particular function of the protein and might involve
several approaches including, for instance, engineering

enhanced neutralization properties, altered specificity for
cellular receptors or recruitment of cellular functions. 
As the previous examples demonstrate, significant im-
provements in potency, efficacy, enzymatic activity, anti-
gen recognition profile and manufacturing have been
achieved by using our directed evolution platform.
Substantial clinical benefits can also be realized through
modifications that impact safety by reducing immuno-
genicity of antibody therapeutics or by narrowing the re-
ceptor specificity of a hormone or cytokine to reduce side
effects. The ability to improve such crucial parameters
could ultimately determine whether a drug is commercial-
ized because optimization of biologics paves the way for
less frequent injections, new routes of administration, 
decreased manufacturing costs and expanded therapeutic
applications. Finally, by creating new functional entities,
optimization applied to existing pharmaceuticals can
broaden and extend intellectual property as second-gener-
ation therapeutics.
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