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Thereby, new diversity was generated and each single member of the 
library began to diversify. This procedure closely mimics the process of 
somatic hypermutation of antibodies during secondary immunization. 
The final products of selection are different families of closely related 
sequences stemming from a common progenitor that started to evolve 
during ribosome display. A biophysical comparison of the isolated scFvs 
to their progenitors revealed that all selected scFvs had mutated and 
significantly improved their affinities to the antige11 up to 40-fold by 
these mutations. The best scFvs had affinities in the low pi co molar range 
(Hanes et al., 2000). 

B. Directed Evolution of Binding Affinity and Stability 

Directed evolution consists of cycles of diversification and selection. 
Because ribosome display takes place entirely in vitro, it can ideally be 
combined with in vitro methods of generating sequence diversity. Since 
true evolution requires diversification in each cycle, this facile alternation 
between in vitro mutagenesis and in vitro selection is one of the attractions 
of the ribosome display method. 

1. Introducing Diversity 

Depending on the particular protein under consideration, either a 
focused library or a randomization of the whole gene encoding the 
protein may be more appropriate. Clearly, this depends on the prior 
knowledge of the system and its history. If binding affinity is the target 
function, and the binding site is known, it can be advantageous to first 
target the residues presumed to be in direct contact with the ligand and 
then target the whole gene to affect long-range interactions and second 
sphere residues, which may have subtle effects on the positioning of the 
direct contact residues. If the binding residues are not exactly know11 
or if they may already be the outcome of an in vivo evolution (e.g., in 
the case of a natural antibody), or in a target function that invariably 
involves the whole protein such as stability or folding efficiency whole 
gene randomization is probably more effective. 

Directed mutagenesis with oligonucleotides encoding mixtures of 
amino acids (Hermes et al., 1990) , error-prone PCR in the presence of 
nonphysiological metal ions such as Mn2+ (Lin-Goerke et al., 1997) or 
dNTP analogues (Zaccolo et al., 1996) can all be used to randomize the 
gene either at a particular sequence position or over the whole gene 
sequence. If a family of homologous proteins with similar function is 
available, recombination methods such as DNA shuffling (Stemmer, 
1994), family shuffling (Crameri et al., 1998), StEP (Staggered extension 



IN VnRO SELECTION AND EVOLUTION OF PROTEINS 393 

process, Zhao et al., 1998) and RPR (random-priming in vitro recombina­
tion, Shao et al., 1998) can be used to generate a library. Furthermore, 
recombination is especially important in between the selection cycles to 
generate new diversity in the selected pool. 

In many of the approaches, the number of mutations per gene can 
be adjusted, and it is likely that optimal mutation rates exist. On one 
hand, it is important to have a reasonably large collection of mutants 
in order to screen sufficient sequence space. On the other hand, it is 
absolutely necessary to preserve the function of the protein. If too many 
mutations are introduced, the harmful or destructive mutations can 
neutralize the beneficial effect of other mutations in one gene. It is 
generally assumed that evolution occurs by steps of increasing ·fitness and 
that the sequence of a functional protein must form a continuous path 
that can be traversed by single mutational steps without passing nonfunc­
tional or less adapted forms (Spetner, 1970; Macken and Pereson, 1989; 
Smith, 1970; Gillespie, 1984). Favorable double mutations, with one 
mutation leading to an unfavorable intermediate, have been considered 
to be rather rare and therefore not important in evolution (Smith, 1970; 
Gillespie, 1984), even though this is difficult to exclude in general. 
Therefore, several investigators examined the question of an optimal 
mutation rate (Kepler and Perelson, 1995 Leigh, 1973; Sasaki a11d Isawa, 
1989) in different contexts. However, as the tolerance of proteins to 
mutation and the frequency of beneficial mutations is poorly understood 

~ 

at best, further work will be required before this fundamental question 
can be answered. 

2. Evolving the Affinity of Ligand-binding Proteins 

There are, in principle, two ways to select for improved binding con­
stants. The first strategy relies on equilibrium selection. Here, a displayed 
library of proteins is incubated with low amounts of ligand such that the 
concentration of the cognate partner is below the dissociation constant of 
the protein-ligand complex. On reaching equilibrium, interactions with 
higher affinity should be favored and, as a consequence, those binders 
should become enriched during selection. However, the equilibration 
time r increases with decreasing ligand concentration: 

1 r---- -----
kon [L] + korr (1) 

where hun and koff are the kinetic constants and [L] denotes the ligand 
concentration. If huff is asst1med to be very small (e.g., 10-6 s- 1), which 
should be the case for tight binders, the first term with ligand concentra-
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tions in the picomolar range becomes negligible at a typical kon of 
105 M- 1 s-1 and the system needs more than a week to equilibrate! 
Furthermore, weak interactions are not actively excluded from the selec­
tion process. Tl1ese theoretical consideratio11s are in line with experimen­
tal observations: In equilibrium selections with the aim of obtaining 
tighter binders no evolution of the entire sequence pool was observed 
(Jermutus et al., unpublished observations). Therefore, only very few 

. improved binders could be detected. 
Alternatively, the kinetic constants kon and korr can be targeted directly. 

While kon is primarily controlled by translational and rotational diffusion 
as well as orientation factors and ranges usually from 105 to 107 M- 1 s- 1 

(Northrup and Erickson, 1992), koff of typical receptor-ligand interactions 
can vary over several order of magnitudes ( 1 o-1 to 1 o-6 s-'- 1). Off-rate 
selection has the potential to significantly improve binding affinity 
(Hawkins et al., 1992; Yang et al. , 1995; Boder and Wittrup, 1997, Chen 
et al., 1999). Furthermore, the selection time can be controlled easily, 
such that a selection for predefined kinetic constants is feasible. Provided 
that the ligand can be obtained in sufficient amounts and can be tagged, 
the protocol for off-rate evolution is straightforward: The displayed pro­
tein library is equilibrated with a low concentration of tagged antigen, 
usually in the range of the star ting Kn. In the next step, a high molar 
excess of free, untagged antigen is added and the incubation is continued 
for increasing time periods in each evolution round. By adding the free 
antigen in excess, any dissociation of displayed protein with its tagged 
ligand becomes irreversible. In this strategy, weakly interacting molecules 
are titrated from the selection process. Mutants with faster off-rates are 
actively trapped by free antigen and washed away, even if they are present 
at very high concentrations. As a consequence, the background of low 
affinity binding proteins surviving the selection pressure is reduced. 

In a directed in vitro evolution of antibody affinity (Jermutus et al., 
2000), ribosomal complexes coding for the protein library were first 
equilibrated with nanomolar concentrations ofbiotinylated antigen, and 
then an excess of free antigen was added. Mter time periods that in­
creased in each round, complexes still binding the biotinylated antigen 
were rescued by the addition of streptavidin magnetic beads. The mRNA 
coding for these proteins was purified and served as the template for 
the next evolution rou11d. An initial library of the fluorescein-bh1ding 
antibody cl2 with a starting K0 of 1.2 nM was created by error-prone 
PCR with the dNTP analogues dPTP {6-(2-deoxy-/3-n-ribofuranosyl)-3,4-
dihydro-SH-pyrimido [ 4,5-c] [ 1 ,2] -oxazin-7 -one-5 '-triphosphate} and 8-
oxo-dGTP (Zaccolo et al., 1996). Despite the fact that RNA is generally 
regarded a labile molecule, the selection could be carried out for more 
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than 10 days, provided that a high magnesium concentration and low 
temperature were maintained. Three selected mutants were cloned into 
E. coli, expressed and purified. 

Measurements of hen, kofr, and K0 showed that herr and as a consequence 
Kn had indeed been improved by more than one order of magnitude 
(Jermutus et al., 2000). The evolved scFvs all contained multiple muta­
tions, compared to the parent molecule. Between four and eleven amino 
acids (mean value of 7.2) were mutated per scFv. The majority of these 
mutations are located in permissive positions on the surface of the 
molecule, in areas unlikely to be directly involved in antigen recognition. 
Only two positions are mutated in the majority of all sequences, indicat­
ing a strong selection: The mutation of His L94 to tyrosine in CDR L3 
affects a residue that points straight into the antigen binding site (Fig. 
8A). The mutation of Asp HlOl to glycine, alanine, or serine in CDR 
H3 affects a residue on the outer side of CDR H3, pointing away from 
the antigen binding pocket. This substitution will have the effect of 
breaking the salt bridge and increasing the flexibility of CDR H3 such 
that it can adopt a more "open" conformation (see legend to Fig. 8A 
for details). The multiple occurrence of Asp Hl01 replacements shows 
that this solution for improving the off-rate of the scFv fragment has been 
found several times independently during the in vitro evolution process. 

3. Increasing Protein Stability 

The energy difference between the native and the denatured state of 
a protein is very small and typically in the range of 5 to 15 kcal/mol. 
As a consequence, seemingly minor changes in the structure can lead 
to reduced stability and/ or open up new pathways leading to misfolding. 
This observation provides the rationale for evolving proteins to higher 
stabilities in vitro: As it is difficult to introduce conditions unfavorable 
for folding without affecting other components of the in vitro system, 
the best strategy is to reduce the stability of the wild-type protein such 
that it no longer functions. The selection is then for additional mutations 
that lead to a regain of function to compensate for the loss incurred by the 
original destabilization. Mutants with increased folding rates or higher 
intrinsic stabilities should then be selected. The selection design must 
be carefully considered, as the level of destabilization will affect the 
selection background. This background is caused by proteins that survive 
the selection process without improved properties. The higher the stabil­
ity of the initial pool, the more difficult it is to select for improved 
mutants. Mter a sufficient number of evolution cycles, single mutants 
that have adapted to the selection stress can be identified. By then 
removing the stress, such as by reversing a destabilizing mutation or 
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HlOl .. A~p-.~GJy 

H36 Lys·>Arg 

H94 Arg C12 

H38 Lys~>Arg 
L.9.4.J::lJ.$~;> T yr 
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L9 Ser->Pro 
L6Ginoo> Pro 

LS Thr~>Pro 

L5 Thr->Pro 
L6Gln•>Pro 

L9 Ser->Pro 

L46Val "'>Ala 

L21 Met->lle 

anti-hag 

FIG. 8. Localization of the mutated residues after ribosorne display. (A) 1-Iomolot,ry 
model of the antibody c 12 with docked fluorescein. The strongly selected n1ut.ations L94 
His to Tyr and HI 01 Asp to Gly, Ser or Ala are labeled and underlined. The rnutation 
in position H 101 destroys the salt bridge to Arg H94, which '"'ill most likely lead to a 
rnore open confo rn1ation of CDR3. Other mutations, which have been selected in several 
clones and are believed to indirectly contribute to binding, are labeled. The substitution 
of Lys H 38 to Arg is very likely to have a stabilizing influence, as it participates in a highly 
conserved charge cluster with Glu H46 and Asp I-I86. The rnutation of (; ly L66 to Arg 
is expected to have a profound effect on the confonnation of the outer 1oop and thus 
indirectly atiect the geornetry of the antigen binding site. (B) Experimental structure of 
the anti-influenza hemagglutinin antibody Fab 17/ 9 (PDB entry lifh). The strongly se­
lected rnutations L83 Leu to Gin is labeled and underlined. This residue is located at 
the bottom of the Yt. domain and in intact antibodies contributes to the interface between 
variable and constant dornain. H.owever, it is exposed in scFv fragn1ents, and thus a 
hydrophilic residue here n1ay be beneficial. Mutations in buried and semi-buried positions 
are concentrated in the ~. domain (Met L21 lie, Val L46 Ala, Tyr L49 His), ·while the 
'0.1 domain acctunulated predorninantly surface and interface nlut.a tions. In one clone, 
a stretch of consecutive proline residues (Thr L5 Pro, (;In L6 Pro, Ser L9 Pro, with L8 
being a native Pro) was selected. Probably these residues lead to a stabilization by lirniting 
the conformational degrees of freedon1 of the unfolded state even though they wil1 not. 
be able to fonn all of the rnain chain H-bonds of the original sequence and will therefore 
1ead to some conformational ac~justn1enL~. The positions of the remaining mutated resi­
dues are indicated in gray without labeling, illustrating how ribosorne display leads to a 
targeting of the whole sequence. 
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removing denaturants, more stable variants of the wild-type proteins can 
be created. To illustrate this method a few examples are given below. 

If certain amino acids (such as disulfide bonds or crucial amino acids 
in the hydrophobic core) are indispensable for protein stability, these 
positions can be changed by site-directed mutagenesis (Proba et al., 
1998). To avoid back-mutations during the evolution process or the 
selection of a residual wild-type contamination, the pool is amplified 
after each round of ribosome display with a primer that reintroduces 
the destabilizing mutation. If the mutation is not close to one of the 
termini, the coding sequence has to be amplified in two parts, which 
are then reassembled by PCR. Thus, to evolve improved stabilities this 
strategy first removes known crucial stabilizing factors to select for com-
pensatory mutations at different positions. · 

Another approach may be used that focuses on the nascent protein 
chain. Since ribosome display depends on in vitro translation and folding 
to the functional state, the folding of the nascent chain can, in the case 
of disulfide-containing proteins, be inhibited by adding DTT (Jermutus 
et al., 2000). Similar approaches should in principle be possible by adding 
proteases and suitable amounts of detergents and denaturants, even 
though this will have to be tested for each particular case. Likewise, 
important chaperones might be removed from the translation mix by 
immunoprecipitation. Another, more speculative strategy could make 
use of published in vitro translation systems from extrema- or thermo­
philes such as Thermus thermophilus (Watanabe et al., 1980, Ueda et al., 
1991) . Here folding, and eventually even selection, could occur at high 
temperatures. 

Single-chain Fv antibody fragments contain two conserved disulfide 
bridges. These are important stability elements, and the removal of the 
disulfide bond usually results in a significant loss of activity. Based on 
this observation a strategy for evolving improved stability was defined 
(Jermutus et al., 2000). An anti-hemagglutinin scFv with a stability of 
about 24 kJ/ mol and midpoint of denaturation of 4.5 M urea was used 
as a test case. Because it was shown previously that oxidizing conditions 
during in vitro translation were necessary for maximal yields of functional 
protein, more stable mutants were selected by choosing a reducing 
redox potential during the translation step in ribosome display. Over 
five rounds the selection pressure was gradually increased by increasing 
the DTT concentration from 0.5 mM to 10 mM, corresponding to a 
final redox potential of at least -300 mV (assuming less than 0.1% 
oxidized species at equilibrium). Mutants could only survive the selection 
process if they folded to a stable structure in the presence of DTT 
and retained their antigen binding activity. For this purpose, ribosomal 
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complexes were incubated under reducing conditions on immobilized 
antigen (hag-peptide) and washed only briefly to avoid any selection for 
tighter binders. Since the selection is designed to enrich mutants that 
regain sufficient functionality, higher affinities are a possible selection 
shortcut (Jung et al., 1999). Mter five selection rounds single mutants 
were cloned into E. coli, expressed, and purified. The most stable protein 
had increased its stability by about 30 kj/mol, shifted its denaturation 
midpoint by 0.9 M urea, and displayed an m-value from the denaturation 
curve very close to the theoretical value for a two-state transition. From 
urea renaturation experiments under reducing conditions it was con­
cluded that the evolved mutants could quantitatively refold in the pres­
ence of DTT. In contrast, the transition of the wild-type protein under 
reducing conditions indicated a population of nonnative species remain­
ing after refolding and, thus, incomplete reversibility. Moreover, unlike 
the wild-type protein, all the mutants could be functionally expressed 
in the cytoplasm. Sequencing revealed that the mutants had acquired 
three to seven mutations in the coding sequence (mean value of 4.8). 
From modeling (Fig. 8B) and biophysical analysis of these mutants it 
could be concluded that they had all used different mutation strategies 
to adapt to the selection pressure. Both experiments, the maturation of 
off-rate and stability, indicated that the mutants had used different lin­
eages during the evolution process, which is most probably due to the 
large library size in each ribosome display selection. 

V. PERSPECTIVES OF DIRECTED In Vitro EvoLUTION 

The in vitro evolution of proteins is now a reality. To date, most of 
the evolutionary experiments have been carried out with ribosome dis­
play, but applications of the other described technologies will surely 
follow. The increased library size during selection and the experimental 
ease of including complex diversification techniques make in vitro selec­
tion techniques the methods of choice for the deliberate alteration of 
protein characteristics. However, in vitro selections will only be successful 
if protocols can be designed that direct the evolution process to the 
intended phenotype and minimize the risk of selection shortcuts. While 
selection for binding, improved affinity, and increased stability have 
now been described in the literature, more challenging goals such as 
enzymatic activity, expressability, or, in the case of scFvs, shifts in 
monomer-dimer equilibrium will need considerable effort for designing 
generally applicable selection strategies. 

It is likely that future developments will address the automation of in 
vitro evolution technologies, as chemical processes are in general easier 
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to automate than biological ones. Cellular processes are variable and 
dependent on more parameters, some of which are difficult or impossible 
to influence. 

In vitro protein evolution will complement but not replace hypothesis­
driven or structure-aided engineering, as it would be very uneconomical 
to not make use of available knowledge regarding crucial residues, inter­
actions, or known structural transitions. Directed evolution is suited to 
making the small adjustments that are beyond today's predictive meth­
ods. Further, instead of repeatedly discovering the same features in every 
directed evolution experiment, it can be advantageous to ''dope'' a 
library with possible mutations in the suspected positions. Thus, a combi­
nation of both methods structure-based rough sketching and evolu­
tionary fine-tuning is likely to become a standard approach for solving 
practical problems in protein engineering and design. A very important 
corollary of this perspective is that there is great merit in detailed biophys­
ical study of the effect of point mutations, as this knowledge will greatly 
facilitate the design of "smart libraries." 

In conclusion, there are four key advantages in carrying out selections 
and evolutionary refinements in vitro. First, it is rapid, as no cellular 
cloning is involved. Second, the size of libraries is only limited by the 
amount of DNA (or RNA) that can be handled. Third, it is, in general, 
easier to focus the selection pressure on the quantity in question in vitro 
than in the highly variable context of a living cell. Fourth, the interfacing 
of selection from complex libraries and their simultaneous evolution is 
more convenient, as both can be carried out in vitro. In vitro protein 
evolution thus has a bright future. 
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