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The application of single-chain Fv fragments (scFv) in medicine and bio­
technology places great demands on their stability. Only recently has 
attention been given to the production of highly stable scFvs, and in a 
number of examples it was found that such fragments indeed perform 
better during practical applications. The structural parameters influencing 
scFv stability are now beginning to be elucidated. This review summar­
izes progress in rational and evolutionary engineering methods, the struc­
tural implications of these results, as well as some examples where 
stability engineering has been successfully applied. 
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Introduction 

Recombinant antibodies are finding an ever 
increasing number of applications in biotechnology 
and medicine. A variety of antibody formats have 
been employed, which reflect differences in the 
production method, the need for mono- or multi­
valency as well as the intended use. The Fab frag­
ment of an antibody is a structurally independent 
unit that contains the antigen-binding site; it is 

Abbreviations used: CD, circular dichroism; CDR, 
complementarity determining region; Cttl, first constant 
domain of the heavy chain of an antibody; Cu constant 
domain of the light chain of an antibody; COS, CVl 
monkey cells transformed with SV40 (simian virus 40) 
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of an antibody; DTT, dithiothreitol; ELISA, enzyme 
linked immunosorbent assay; Fv, antibody variable 
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hydrochloride; HuCAL, human combinatorial antibody 
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chain of an antibody; Vu variable domain of the light 
chain of an antibody. 
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likely that its stability will not be influenced by the 
Fe part, as it is separated by the hinge region. The 
four domains of the Fab fragment (VH, Cttl, Vu 
Cd interact through a large interface between 
the chains (VH/VL and CHl/Cd and a small 
one between the variable and constant domains 
(VH/CHl and VdCd of each chain. The antigen­
binding ability of an antibody is usually conserved, 
even when only the V H and V L domains are used. 
These two domains can either be associated non­
covalently (Fv fragment) (Skerra & Pliickthun, 
1988), connected by a peptide linker (scFv) (Bird 
et al., 1988; Huston et al., 1988), by a disulfide bond 
(dsFv) (Glockshuber et al., 1990; Brinkmann et al., 
1993) or both (sc-dsFv) (Young et al., 1995). 

ScFv fragments: a popular antibody format and 
model system 

By far the most popular recombinant antibody 
format is the scFv fragment (Bird et al., 1988; 
Huston et al., 1988), and it is on this format we 
concentrate in this review. First, most data are 
available on scFvs, although it should be men­
tioned that other recombinant antibody fragments 
and even whole antibodies have also been studied 
regarding their stability (e.g. Shimizu et al., 1992; 
Yasui et al., 1994; Shirnba et al., 1995; Vermeer & 
Norde, 2000). Second, the role of the domains and 
the interface of scFv proteins for stability has been 
much easier to untangle than would have been 
feasible with other antibody fragments containing 
more domains and interfaces. Even though we will 
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only treat the stability and stabilization of single 
domains and scFv fragments in detail in this 
review, we believe that many of the general prin­
ciples as well as the identified stabilizing mutations 
will also apply to the other formats and whole 
antibodies. 

As outlined above, scFv fragments contain the 
complete antigen-binding site of an antibody. If no 
reorientation of the two domains occurs, they 
should have the same monomeric binding affinity 
as the parental monoclonal antibody, as exper­
imentally demonstrated in a number of cases (e.g. 
Bird et al., 1988; Glockshuber et al., 1990; Huston et 
al., 1991). Moreover, antibody single-chain frag­
ments can be conveniently expressed in a variety 
of hosts (reviewed by Verma et al., 1998), including 
bacteria (reviewed by Pliickthun et al., 1996), yeast 
(reviewed by Fischer et al., 1999), and plants 
(reviewed by Smith, 1996; Shimada et al., 1999). 
Because of these advantages, scFv fragments have 
found broad applications in medicine (reviewed by 
Huston et al., 1993) and have also great potential in 
biotechnology (Harris, 1999). Single-chain frag­
ments and other recombinant antibody constructs 
have, for example, made their way to a number of 
promising pre-clinical and clinical trials in cancer 
therapy (reviewed by Hudson, 1999), either as 
diagnostic or therapeutic agents. In addition, 
multiple applications of scFv fragments in the non­
pharmaceutical sector, such as in the food, cos­
metic or environmental industries can be envi­
saged (Harris, 1999). The unique and highly 
specific antigen-binding ability might, for example, 
be exploited to block specific enzymes (e.g. 
enzymes that cause food spoilage), bacteria (e.g. in 
toothpaste or mouthwashes) or to detect environ­
mental factors present in very low concentrations 
(as biosensors). 

Demands on scFv stability 

One common requirement for almost all of these 
medical and non-medical applications mentioned 
above is that the scFv fragment is highly stable. A 
therapeutic or diagnostic tumor-binding scFv frag­
ment employed in a human patient needs to retain 
its activity for several hours or days after injection 
at 37 °C in human serum without precipitating or 
being degraded, in order to localize and enrich at 
the specific site, e.g. tumor tissue. Even more 
adverse environments, such as non-polar solvents, 
surfactants, proteases or higher temperatures may 
challenge the molecules in some of non-pharma­
ceutical applications (Dooley et al., 1998; Harris 
1999). Unfortunately, many scFv fragments are not 
stable for longer periods under such conditions. 
Even when provided with superb antigen-binding 
properties, they often fail to show convincing 
effects during such practical applications, because 
they tend to denature and aggregate under the 
conditions faced in practice (e.g. by Reiter et al., 
1994b; Willuda et al., 1999). We will show, how­
ever, that this is not an intrinsic drawback of the 
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scFv format, but rather a property of particular 
sequences, which can be corrected by engineering. 

A further application of scFv fragments with 
great demands on stability is the cytoplasmic 
expression in eukaryotic host cells. Intracellularly 
expressed antibodies, often called intrabodies 
(Biocca & Cattaneo, 1995), can be directed to a 
number of compartments (such as the cytoplasm, 
endoplasmic reticulum, Golgi apparatus, mito­
chondria, or lysosomes) by attaching the corre­
sponding signal sequence to the fragment. These 
intrabodies are intended for binding and inactivat­
ing their target protein in the respective compart­
ment. Many regulatory and proliferating viral 
proteins are active in the cytoplasm, once a cell has 
been infected. Therefore, cytoplasmically expressed 
intrabodies might in the future be used to treat 
viral infections and perhaps also to inhibit the 
action of specific oncogenes, possibly in a gene 
therapy setting (Marasco, 1995). 

Under the reducing conditions of the cytoplasm 
(Gilbert, 1990) the conserved intradomain disulfide 
bond of antibody domains (Williams & Barclay, 
1988) cannot form. Indeed, cytoplasmically 
expressed scFv fragments in COS cells, plants and 
bacteria were shown to carry free sulfhydryl 
groups (Biocca et al., 1995; Martineau et al., 1998; 
Tavladoraki et al., 1999). As the highly conserved 
intradomain disulfides are critical for the stability 
of scFv fragments (Proba et al., 1997; Glockshuber 
et al., 1992), only intrinsically very stable scFv frag­
ments will be able to fold correctly in sufficient 
amounts to be active as cytoplasmic intrabodies. 
This is consistent with the finding that many cyto­
plasmic intrabodies show low expression levels 
and limited half-lives (Cattaneo & Biocca, 1999), 
and therefore only weak inhibitory effects. More­
over, many fragments selected under oxidizing 
conditions (for example, by phage display) fail to 
be active as intrabodies at all in the reducing cyto­
plasm (Visintin et al., 1999), probably because they 
are not stable enough. Others only prove to be 
active in the cytoplasm when expressed at lower 
temperature (20 °C), but not at 30 °C (Visintin et al., 
1999), which would prevent many in vivo appli­
cations. 

For the reasons mentioned above, the general 
interest in stability engineering as one specific 
aspect of antibody engineering in the broader 
sense (reviewed by Dall'Acqua & Carter, 1998) has 
increased over the last few years. It is a very 
important challenge for protein engineers to under­
stand the factors influencing scFv stability in more 
detail, in order to be able to produce highly stable 
fragments, following either rational or evolutionary 
approaches. The significantly improved activity of 
scFv fragments with increased in vitro stability 
during extracellular and intracellular applications 
in vivo has been demonstrated in a number of 
examples (Benhar & Pastan, 1995; Willuda et al., 
1999; Worn et al., 2000) and further underlines the 
fact that stability engineering is worth the effort. 
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The challenges in engineering antibody scFv 
fragments for higher stability are not fundamen­
tally different from those in stability engineering of 
other proteins (reviewed by Fa.gain, 1995; Shaw & 
Bott, 1996; Rubingh, 1997; Forrer et al., 1999), 
where also rational and evolutionary approaches 
have been used. However, in the case of antibody 
fragments, and scFvs in particular, several advan­
tages are apparent, which may even make them 
useful as a model system for extracting general fea­
tures about protein stability. Firstly, there are prob­
ably more crystal structures solved than for any 
other class of related topology (not counting the 
point mutants of some enzymes). Secondly, the 
domains do interact, but can also be expressed and 
studied individually, allowing a quantification of 
the contribution of the domain interactions to stab­
ility. Thirdly, the conserved disulfide bonds can be 
taken out and thus the domains can be studied as 
"low-stability" and "high-stability" versions. 

The present article summarizes and critically 
reviews the literature about stability and stability 
engineering of scFv fragments. In the first section, 
the various definitions of the term "stability" in 
connection with scFvs are discussed as well as 
common ways of measuring scFv stabilities. We 
explicitly discuss the possibility and limitations of 
deriving free energies of folding from transition 
curves of scFv fragments. This section is followed 
by a summary of the known structural parameters 
influencing scFv stability, such as intrinsic domain 
stability, stability of the interface, contribution of 
intradomain disulfides and monomer-dimer equili­
bria. The central part of this article covers rational 
and evolutionary approaches for engineering stable 
scFv fragments. We will provide some guidelines 
to answer the question as to how to increase the 
stability of a chosen scFv fragment. Examples 
where scFv fragments with increased stability have 
shown improved effects for particular applications 
in vivo are also included. Finally, the interplay 
between scFv stability and expression behavior is 
reviewed. 

Measuring scfv stability 

Experimental approaches 

The thermodynamic definition of stability 
requires the quantification of a freely reversible 
equilibrium. From such measurements one can, in 
principle, derive a free energy of folding (Pace, 
1986, 1990). This is usually done by measuring the 
fraction of unfolded protein as a function of dena­
turant concentration (either urea or GdnHCl) and 
linearly extrapolating from the free energy of 
unfolding in the transition region to zero denatur­
ant (Pace, 1986). Even though the merits of using 
other methods than linear extrapolation have been 
discussed (Pace, 1986), the linear method is most 
widely used and, as far as we are aware, all scFv 
literature has employed it. 
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Different biophysical properties of the protein 
have been used to follow denaturation of the scFv 
fragment. Circular dichroism (CD) (e.g. Yasui et al., 
1994) measures the amount of secondary structure 
directly, but has the disadvantage that the change 
in signal upon denaturation of a purely ~-sheet 
protein such a scFv fragment is rather small and 
requires relatively high concentrations of protein 
(about 10 µM). This, in tum, may compromise the 
reversibility, because of aggregation in the tran­
sition region. Much less protein (sub-micromolar) 
is needed if scFv denaturation is followed by the 
intrinsic Trp fluorescence of the protein. This is 
usually done by measuring the fluorescence emis­
sion maximum (e.g. Worn & Pli.ickthun, 1999) or 
the fluorescence intensity at a given wavelength 
(e.g. Langedijk et al., 1998; Jager & Pli.ickthun, 
1999a,b). Practical aspects of preparing and per­
forming equilibrium denaturation measurements 
are covered by Pace & Scholtz (1997). 

The emission maximum signal is normally 
"robust" and not influenced by small changes in 
protein concentration. Moreover, all changes occur­
ring during denaturation of a scFv (disruption of 
the interface, denaturation of VH and Vd will 
cause a change of the fluorescence emission maxi­
mum into the same direction (red shift). One has to 
caution, however, that a free energy of folding can 
only be derived from emission maximum curves if 
the signal reflects the molar ratio between native 
and denatured protein. This will strictly only be 
the case if the quantum yield of native and 
denatured state are identical (Eftink, 1994). 

A related method is to use the determination of 
the "center of spectral mass" as an empirical 
measure of the shift of the maximum (Royer, 1995). 
Occasionally, this may be easier and more precise 
to determine than the shift in fluorescence emission 
maximum, especially if the latter is very small. 

The fluorescence intensity at a given wavelength 
can also be monitored to follow scFv denaturation. 
However, for many scFv fragments this is difficult 
because denaturation of V tt, V L and disruption of 
the interface can cause opposite changes in fluor­
escence intensity, mutually compensating each 
other. Moreover, intensity data are often more 
noisy because fluorescence intensity is very sensi­
tive to protein aggregates possibly forming at inter­
mediate denaturant concentrations, where protein 
solubility is often decreased 0aenicke & Seckler, 
1997). 

Global-fit algorithms can be used in which the 
intensities at all wavelengths are simultaneously 
fitted to a model (Gualfetti et al., 1999). In prin­
ciple, with this approach all available data are 
used and models more complicated than two-state 
can be directly fitted and thereby tested. However, 
in practice, the data from denaturation experiments 
are often not sufficiently accurate to obtain a 
unique solution and unique set of parameters. Par­
ticularly, the enormous influence of the pre and 
post-transition baselines on the thermodynamic 
parameters derived make a multi-parameter fit 
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truly challenging with the typical data that can be 
obtained, and thus seemingly acceptable solutions 
may be obtained with a variety of models. Never­
theless, such global fits are very useful as tests for 
internal consistency Gager & Pli.ickthun, 2001). 

Another property that can, in principle, be used 
to measure stability is the rate of hydrogen/ deuter­
ium exchange of the protein at equilibrium. The 
group of highly buried protons of a protein, which 
is most slowly exchanging, can only exchange 
when the protein unfolds completely. From the 
measurement of this exchange rate, ~G values can 
be extrapolated (Clarke et al., 1997). Such measure­
ments have to be carried out by NMR, however, as 
mass spectrometry is not well suited to untangle 
simultaneous exchange processes of fast and 
slowly exchanging protons. Although such equili­
brium exchange measurements have been carried 
out with scFv fragments (Freund et al., 1997; 
Williams et al., 1997), this is far too laborious as a 
routine procedure. 

Deriving free energies of folding 

No matter which biophysical property is fol­
lowed, deriving free energies of folding obviously 
requires the system to be two-state, if two-state 
equations are used, with only the native and fully 
denatured state present in significant amounts at 

Schematic depiction 
of intrinsic and 

extrinsic domain 
stabilities 

Species present during 
equilibrium unfolding 

denaturant concentration 
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equilibrium (Pace, 1986). However, this prerequi­
site is often not fulfilled during equilibrium dena­
turation of those scFvs where equilibrium 
intermediates (e.g. with one native and one 
denatured domain) accumulate in large quantities 
(Worn & Pli.ickthun, 1998a, 1999). When a clear 
intermediate is visible, this is obvious (Figure 1). 
Even though such equilibrium unfolding curves 
can in principle be divided into two subsequent 
two-state transitions, the pre and post-transition 
baselines are often not long enough to be reliably 
fitted. Much more problematic, however, are those 
cases, possibly the majority of all scFv fragments, 
where no obvious plateau is visible, and the tran­
sition curve is simply broad. 

The steepness of a transition curve is described 
by them value. ~G values are calculated at differ­
ent denaturant concentrations by determining the 
fraction of unfolded protein. The ~G of unfolding 
at a given denaturant concentration, as explained 
above, is treated to be linearly dependent on the 
denaturant concentration (Pace, 1986, 1990). The m 
value represents the slope of the straight line that 
results when the calculated ~G values in the tran­
sition region are plotted against the corresponding 
denaturant concentration. Obviously, this slope has 
an enormous influence on the extrapolation from 
the transition region to zero denaturant, which is 

Equilibrium transitions 

denaturant concentration 
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Figure 1. Effect of domain interactions on the stability of a domain. This is an illustration of the model of Brandts 

et al. (1989). VA and VB are the respective domains of the scFv fragment (either VH or Vd and VA is defined as the 
intrinsically more stable domain. The unfolding curve of a stable domain VA is pictured, which undergoes a two­
state unfolding. The second row shows the two-state unfolding of a less stable domain, VB. In the bottom row, the 
unfolding of the same domains (VA and VB) is shown when they form a linked dimer such as in a scFv fragment. In 
this case, a stable intermediate is formed, in which VB is unfolded and VA is still native, as the stability of the two 
domains is very different. Note that the transition of the less stable domain is shifted to higher denaturant concen­
trations, while that of the more stable domain remains as in isolation. When VA unfolds in the scFv fragment, no 
folded VB is left, VA denatures at the same denaturant concentration as in the absence of VB. In the bar graph on the 
left, the intrinsic energy of each domain is indicated by the black bars, while the additional energy provided to VB by 
the presence of native VA in the context of the scFv is indicated by the white part of the bar (termed extrinsic energy). 
fu, fraction unfolded; f>.G, free energy of folding. 
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necessary to obtain the flG value in the absence of 
denaturants. 

The suspicion that most scFv fragments do not 
show real two-state transitions is strengthened by 
the following observation. It has been noticed by 
comparing published data from 45 different pro­
teins with known crystal structures and evaluated 
m values that the change in solvent-accessible sur­
face area upon unfolding shows a strong correlation 
to the m value (Myers et al., 1995). The solvent­
accessible surface area itself can be determined 
from the crystal structure and even estimated fairly 
accurately from the molecular mass and the number 
of disulfide bonds of a globular protein. If we fol­
low this approach and calculate typical m values for 
a protein of the size of a scFv, they should be 
around 5.3 kcal mo1-1 M-1 in GdnHCl and around 
2.6 kcal mo1-1 M-1 in urea (taking into consider­
ation the presence of two disulfide bonds) (Myers 
et al., 1995). However, almost all m values reported 
for scFv fragments are significantly smaller by 
approximately 25-50 % (see e.g. Pantoliano et al., 
1991; Tan et al., 1998; Tavladoraki et al., 1999). Such 
m values, which are suspiciously smaller than 
expected, based on the theoretical calculations, are 
most likely due to a deviation from a two-state 
mechanism (Myers et al., 1995; Pace, 1986). These 
low m values are unlikely to be a typical property 
for all scFv proteins, - even through such a devi­
ation might conceivably be caused by some residual 
structure in the denatured state - since an m value 
of the expected size has been observed in at least a 
few cases Gager & Pliickthun, 1999a; Jermutus et al., 
2001). If a denaturation curve represents a more 
complicated unfolding model than two-state, but is 
fitted anyway with an equation for a two-state 
model, an incorrect flG will be deduced. 

Taken together, deriving conformational stab­
ilities of scFv fragments from denaturant-induced 
transition curves, although theoretically feasible, is 
often problematic and may give misleading results. 
In such cases, a semiquantitative comparison of the 
denaturation midpoints may provide a rough idea 
about the relative stabilities, especially if related 
point mutants and transition curves with similar 
slopes are compared. Reliable absolute values of 
free energies can actually only be obtained if the 
two-state nature of a transition is confirmed exper­
imentally. In denaturant-induced transitions this is 
rather difficult, but it is best done by monitoring 
the denaturation by different spectral probes, such 
as fluorescence, CD and NMR. Only if the tran­
sitions obtained from these different measurements 
coincide, the transition is consistent with a two­
state model. And only in this case (or in the case of 
two clearly separated subsequent two-state tran­
sitions), the determination of flG is correct. 

Other measures of stability 

A completely different problem of more practical 
relevance is the question of how fast a given scFv 
fragment denatures under a given set of con-
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ditions. For example, the rate of denaturation of a 
scFv fragment in the presence of various amounts 
of GdnHCl can be determined Gager & Pliickthun, 
1999a). This rate can be extrapolated to zero dena­
turant to obtain the spontaneous unfolding rate at 
room temperature. This extrapolation is also 
characterized by an m value, which is, however, 
usually much smaller than that from the equili­
brium unfolding. The ratio of this kinetic m value 
to that obtained from equilibrium transitions 
allows one to derive information about the nature 
of the transition state of unfolding, as theoretically 
discussed by Tanford (1970). 

Alternatively, the unfolding rates are measured 
directly under the conditions of interest. This is 
done by exposing a scFv fragment to elevated tem­
peratures for several hours or days (e.g. Rajagopal 
et al., 1997), human serum at 37 °C for prolonged 
time (e.g. Willuda et al., 1999) or any other denatur­
ing conditions. For example, the stability of scFv 
fragments after incubation in 50 % methanol, 50 % 
DMSO, 5 g/1 Brij 35 (a detergent or surfactant), and 
0.25 mg/ml pronase has been investigated (Dooley 
et al., 1998). Moreover, the stability of scFv frag­
ments against high shear forces and air-liquid inter­
faces has been tested by Harrison et al. (1998). This 
stress incubation is usually followed by some kind 
of functionality test (such as ELISA) or by the 
quantification of the amount of remaining mono­
meric species (for example, by gel filtration) . Most 
of these harsh conditions, and thermal denaturation 
in particular, are usually accompanied by scFv pre­
cipitation and thus represent an irreversible reac­
tion, dependent on protein concentration in 
addition to environmental parameters, such as pH 
or ionic strength. Therefore, such measurements do 
not allow one to derive a direct estimate of the ther­
modynamic protein stability, and they make the 
comparison of different proteins very dependent on 
details of the experiment. Thus the contribution of 
amino acid residues to the stability is more difficult 
to elucidate. 

By testing for the resistance to the stress that a 
particular scFv fragment will experience during the 
intended application, such irreversible denatura­
tion measurements do, however, allow an estimate 
on the potential of the scFv molecule in practice. 
Moreover, thermal aggregation properties (aggre­
gation temperature and long-term aggregation at 
37 °C) were shown to be well correlated with the 
stability against denaturants in equilibrium unfold­
ing experiments for seven related point mutants of 
the scFv fragment A48 (Worn & Pliickthun, 1999). 
This correlation is believed to be due to the fact 
that aggregation usually starts from folding inter­
mediates rather than from the completely 
denatured state (Wetzel et al., 1990). The concen­
tration of these aggregation-prone intermediates in 
a solution of scFv fragment put under slightly 
denaturing conditions is related to the equilibrium 
stability of the protein. Thus, stability against dena­
turants should also be a good predictor for the 
thermal stability of scFv fragments. 
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It has also been shown that amyloidogenic fibril 
formation of antibody V L domains in vitro is 
related to the thermodynamic stability of these 
domains, and that loss of stability is a major driv­
ing force in fibril formation (Hurle et al., 1994; 
Raffen et al., 1999). Moreover, aggregation tem­
perature and thermodynamic stability are also cor­
related quite well, even though not perfectly, in 
different interleukin-1 P mutants (Chrunyk & 
Wetzel, 1993). The coupling between thermodyn­
amic stability and irreversible thermal denaturation 
or aggregation tendency may therefore be a com­
mon phenomenon, and it predicts that the inter­
mediates in question, once formed, always 
aggregate at the same rate. This, however, implies 
that this correlation can only be good for similar 
molecules, such as point mutants. 

The term "stability" has also been used more 
loosely to define the biological half-life of scFv 
fragments during in vivo applications in human 
patients (Hudson, 1999). This half-life is not only 
influenced by aggregation or proteolysis of the 
scFv protein, but also by the scFv fragment rapidly 
clearing from the blood, due to its small size. The 
pharmacokinetic clearance time is mainly influ­
enced by the size of the molecule, and can thus be 
increased by forming defined scFv multimers 
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and extrinsic 
domain stabilities 

"f[G] 
II "f [ll] 
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(reviewed by Pliickthun & Pack, 1997). Moreover, 
side-specific modification with polyethylene glycol 
has recently been shown to increase the in vivo 
half-life of Fab fragments without affecting the 
binding properties (Chapman et al., 1999), a strat­
egy that may also be applicable to scFv fragments. 
Unspecific attachment of PEG has already been 
proven to confer higher serum stability to antibody 
fragments, however, at the expense of a decreased 
antigen-binding affinity (Pedley et al., 1994; 
Kitamura et al., 1991). Alternatively, side-specific 
PEGylation of scFv fragments has been possible 
(Lee et al., 1999) without affecting affinity by coup­
ling polyethylene glycol to mannose residues of an 
in vivo glycosylated scFv fragment secreted from 
Pichia pastoris, and the resulting molecule dis­
played a tenfold increase in circulation time in 
mice (Wang et al., 1998). Obviously, the biological 
in vivo half-life can only be measured experimen­
tally in animals or human beings. 

Parameters influencing the stability of 
scFv fragments 

The overall stability of a two-domain protein 
such as a scFv fragment depends on the intrinsic 
stability of the V L and V H domains as well as on 

Possible first steps of 
rational stability engineering 

• increase intrinsic stability of V 8 domain 
• increase stability ot V A•V 8 interface 

• increase intrinsic stability of V 0 domain 
• increase stability ot VA·V8 interface 
• increase stability of VA (useful up to the 
stability lim it reachable by V8, then 
conversion to class I) 

"'"f[ll] QG V\/\.r-'"'-- • increase intrinsic stability of either domain 
• increase stability of VA•V, interface 

IV t.t[i]A Vs 

1 
~ - Q/'9- Qtvv---V\/\.r-'"'-- · increase stability of V A•V 0 interface 

Figure 2. Possible equilibrium unfolding schemes of scFv fragments and resulting rational engineering strategies. 
Intrinsic domain stabilities are represented by filled bars, extrinsic contributions provided by the interface are rep­
resented by open bars (cf. Figure 1). VA and V 8 are the respective domains of the scFv fragment (either VH or VL) 
and VA is defined as the intrinsically more stable domain. ~G stands for the free energy of folding. ScFvs are classi­
fied by their equilibrium unfolding behavior, which is determined by the relative stabilities of VA and V8 and the 
stability of the V A-V8 interface. Different parts of the molecule are limiting the overall scFv stability in fragments 
belonging to different classes. Rational stability engineering has to concentrate on the stability-limiting property of 
the fragment (adapted from Worn & Pliickthun, 1999). 
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the stability of the interface (Figures 1 and 2). In 
different scFv fragments, different properties can 
be limiting for the overall stability (Worn & 
Pli.ickthun, 1999). As a scFv loses its functionality 
with the first transition in a series of multiple 
transitions, it is essential to determine the stability­
limiting portion of a scFv, as described by Worn & 
Pli.ickthun (1999), before performing rational 
stability engineering. This ordered strategy allows 
one to focus the engineering efforts to the stability­
limiting property of the protein (Figure 2). 

Disulfide bonds 

One critical hallmark influencing the intrinsic 
domain stability of both V H and V L is the intrado­
main disulfide bond, which is formed by the 
highly conserved Cys residues at framework 
positions H22/H92 and L23/L88, respectively 
(Williams & Barclay, 1988) (numbering according 
to Kabat et al., 1991). The stabilizing contribution 
of intradomain disulfides in antibody domains has 
been calculated to be in the range of 4-6 kcal/mol 
(Goto & Hamaguchi, 1979; Goto et al., 1987; Frisch 
et al., 1996). The correct native structure can, in 
principle, also be reached in the absence of the dis­
ulfide(s), as shown by X-ray crystallography for 
the disulfide-free RElv-,c domain (Uson et al., 1997) 
and by functional studies for disulfide-free variants 
of the levan-bindin& sc~v _A48 (Proba et al., 1998) 
and the p185HER2-E -bmdmg 4D5 scFv fragments 
(Worn & Pli.ickthun, 1998b). However, many scFv 
fragments cannot fold to the native structure with­
out disulfide bonds (e.g. Glockshuber et al., 1992) 
because they are not stable enough to "survive" 
reduction or removal of the disulfide bonds ener­
getically. Nevertheless, some exceptions have been 
reported. These proteins are either intrinsically 
stable enough (Worn & Pli.ickthun, 1998b; 
Tavladoraki et al., 1999) or their overall stability 
had to be increased beforehand by rational engin­
eering (as in case of the isolated RElv-,c domain; 
Frisch et al., 1996) or by evolutionary approaches 
(Proba et al., 1998; Martineau et al., 1998). 

Completely cysteine-free scFv fragments have 
been produced (Proba et al., 1998; Worn & 
Pli.ickthun, 1998b). Val-Ala pairs were selected 
from 25 possible combinations as being the best 
substitution for the V L disulfide bond in the 
cysteine-free scFv fragment A48 (Proba et al., 1998). 
Indeed, a cysteine-free variant of the scFv 4D5, 
where the two intradomain disulfide bonds had 
been replaced with Val-Ala pairs, was found to be 
slightly more stable than the reduced dithiol form 
of the cysteine-containing 4D5 (Worn & Pli.ickthun, 
1998b). However, in a model system established in 
yeast, such a Val-Ala variant of a GCN4-binding 
scFv fragment turned out to be less active as cyto­
plasmic intrabody than the corresponding cysteine­
containing variant (Worn et al., 2000). Thus, repla­
cing the intradomain disulfides with Val-Ala pairs 
does at least not generally increase the perform­
ance of scFv fragments expressed under reducing 
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conditions, and the structural reasons for this 
difference in behavior need to be studied further. 

Besides the obvious stabilizing effect of the intra­
domain disulfide bond, many single point 
mutations have been reported to increase the intrin­
sic stability of scFv domains. Some of these residues 
will be described in the section on domain stability. 

Interface stability and the domain-swapping 
phenomenon 

Insufficient stability of the V tr V L interface of 
scFv fragments has often been suggested as a main 
cause of irreversible scFv inactivation (Reiter et al., 
1994a), since transient opening of the interface, 
which would be allowed by the peptide linker, 
exposes hydrophobic patches that favor aggrega­
tion. Fv fragments have been reported to dissociate 
into V H and V L domains with K0 values ranging 
from 10-9 to 10-6 M (reviewed by Pli.ickthun, 
1992), and this would allow dynamic and transient 
"opening" of the scFv assembly. The different 
strategies that have been followed to increase inter­
face stability in scFv fragments are summarized 
below. 

A different but related aspect influencing scFv 
stability is the monomer-dimer equilibrium 
(Figure 3). Understanding this aspect is important 
in order to be able to obtain homogeneous scFv 
preparations. ScFv fragments which favor dimeri­
zation can sometimes be desired to create heterodi­
meric or homodimeric dimers, which have been 
termed diabodies. They can be used to create bi­
specific fragments or homodimers with increased 
avidity and decreased renal clearance time 
(reviewed by Hudson, 1999; Colcher et al., 1998). 
Many scFv fragments have been reported to form 
dimers to some extent, where the V H domain of 
one chain is paired with the V L domain of another 
chain and vice versa (Essig et al., 1993; Holliger et al., 
1993; Whitlow et al., 1993, 1994; Desplancq et al., 
1994) and the dynamics of this process have been 
investigated (Arndt et al., 1998). The fraction of 
dimer formed is dependent on linker length (with 
short linkers between five and ten amino acid resi­
dues forming almost quantitatively dimer), but 
also on external parameters such as ionic strength, 
pH and the presence or absence of antigen (Arndt 
et al., 1998). Also, different scFv fragments with 
intermediate linker lengths differ greatly in the 
amount of dimer formation; the molecular details 
of this phenomenon are not yet understood. 
The monomeric form of scFv with normal 15-20 
residues linkers is believed to be thermodynami­
cally most stable. However, depending on 
expression conditions, ionic strength, and pH the 
scFv dimer can initially be dominating and even­
tually remain trapped in this state in a protein­
dependent manner (Arndt et al., 1998). The role of 
the linker is discussed again below. 

Intuitively, diabodies would appear at first to be 
"more stable" than the monomeric form of the 
molecule, yet experimental results point to a more 

Bicara Ex. 1089 
Bicara v. JHU - PGR2026-00025 



996 Review: Stability Engineering of scFv Fragments 
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Figure 3. Structural relationship between a monomeric scFv and a diabody. Using the 3D structure of a diabody 
(PDB entry llmk), it is schematically shown how the monomeric form and the dimeric form may interconvert and 
are in equilibrium, even though the equilibration may be very slow (see the text). The monomeric form is favored by 
using long linkers (20 residues or more), while short linkers (five residues) make it sterically impossible to form 
monomers. By using intermediate linkers, mixed populations can be obtained during in vivo expression, depending 
on the variable domain sequences. The monomeric form appears to be the thermodynamically stable one in the con­
centration range examined (Arndt et al., 1998), and the dimeric forms appear to be kinetically "trapped". For details, 
see the text. 

complicated picture. The thermodynamic stability 
of the anti-digoxin scFv 26-10 has been examined 
with stepwise increasing linker lengths from zero 
to 25 residues (in units of (Gly4-Ser)) by J. Huston 
et al. (personal communication; M.-S. Tai, H. 
Oppermann, W. F. Stafford & J. S. Huston, unpub­
lished results). Saturating antigen served as a non­
covalent linker, greatly reducing the difference in 
stability between monomer and dimer. However, 
in the absence of antigen, stability differences were 
quite marked. According to its transition curve in 
GdnHCl equilibrium unfolding, the normal scFv 
monomer, which was predominantly formed with 
linker lengths of 15, 20, and 25 amino acid resi­
dues, had denaturation midpoints at nearly twice 
the denaturant concentration as those of the diabo­
dies, which formed with the 0, 5, and 10-mer 
linkers. In order to understand the basis for this 
difference between diabody and scFv stability, the 
corresponding unlinked 26-10 Fv fragment was 
also analyzed (J. Huston, personal communication). 
The midpoint of the transition curve of the Fv frag­
ment was essentially the same as the midpoints of 
the 26-10 diabodies. For the scFv, a slight increase 
of stability was observed with increasing linker 
length, but they were all decidedly more stable 
than the diabodies, based on the transition mid­
points. It might be noted that the V L domain of the 
Fv fragment was expressed as a fusion to a domain 
of protein A, but this fusion partner did not con­
tribute to the transition curve of the Fv, but did 
improve bacterial expression of the free V L 

domain. The differences in stability between the Fv 
fragment, the scFv monomer and the less stable 
scFv dimer emphasize that diabodies are topologi-

cally more similar to unlinked Fv fragments than 
to scFv fragments. Although the chains of a dia­
body are associated by a tandem repeat of Fv con­
tacts, their overall stability is at best only 
marginally higher than that of the Fv fragment 
comprising them. In contrast, the scFv is topologi­
cally a single polypeptide chain, where the 
domains are held at a high local concentration, 
recently estimated to be in the low rnillirnolar 
range (Jager & Pli.ickthun, 1999a). Taken together, 
these experiments suggest that a diabody made 
from a weakly associated Fv fragment may also be 
poorly stable, and may thus be unsuitable for 
many applications in vivo. 

Strategies to improve scFv stability 

Different routes have been followed to obtain 
scFv fragments with increased stability. The poss­
ible strategies can be divided into rational and 
evolutionary approaches (Figure 4). For rational 
approaches structure-based knowledge or sequence 
statistics are used to predict stabilizing mutations 
that are then introduced into a given scFv frag­
ment by site-directed mutagenesis or, alternatively, 
into a framework which serves as the recipient of a 
CDR library. Strictly speaking, the use of 
mutations from sequence comparisons is not any 
more "rational" than taking them from a directed 
evolution experiment. We therefore define the term 
"rational" as meaning the use of any hypothesis­
based mutations, which are introduced by site­
directed mutagenesis. The predictability of such 
mutations is, however, still limited, even though 
the database of mutations empirically found to be 
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~ 
Figure 4. The interfacing of rational and evolutionary stability engineering. The Figure illustrates how rationally 

designed variants can be subjected to evolutionary fine tuning, and, conversely, how selected clones from a library 
evolution can be further improved by combining the discovered mutations and adding previously identified 
mutations. Importantly, the optimization project can start at any point, depending on the starting molecules. For 
details, see the text. 

useful is increasing rapidly. As antibody stability 
depends on both framework and CDR contri­
butions, rational engineering of stabilizing point 
mutations in the CDR loops would also be desir­
able but can be complicated, since the concomitant 
change in antigen-binding affinity is difficult to 
predict. 

Alternatively, evolutionary strategies can be 
employed. Here, a randomized library is generated 
from a starting scFv fragment (which usually 
would have been pre-selected for its ability to bind 
the target antigen). The initial scFv can, for 
example, be diversified by error-prone PCR 
(Fromant et al., 1995) or DNA shuffling (Stemmer, 
1994). The library produced in this way is, in a 
next step, subjected to some kind of selection 
pressure, which tries to put emphasis on the selec­
tion of fragments with increased stability. All com­
mon selection strategies such as phage panning 
{Winter et al., 1994), selectively infective phage 
technology (SIP) (Krebber et al., 1997), ribosome 
display (Hanes & Pli.ickthun, 1997; He & Taussig, 
1997), bacterial display (Francisco et al., 1993), 
yeast display (Boder & Wittrup, 1997) or any in vivo 
assay based on scFv functionality, select in a meth­
od-specific way for a compromise of different scFv 
properties (including affinity, stability, toxicity, 
expression rate, or dimerization tendency). The 
challenge regarding these evolutionary approaches, 
when used for stability engineering, is thus to find 

selection conditions that put a particular pressure 
on protein stability (Figure 5). 

It is, of course, also possible to combine evol­
utionary and rational approaches in an arbitrary 
order to increase scFv stability even further, and 
this may currently be the best method to solve the 
problem. A particular scFv fragment that has been 
selected from a library under conditions putting 
focussed pressure on scFv stability can still be 
checked for the presence or absence of known 
potentially stabilizing framework residues. These 
residues, if not already present, can then be intro­
duced into molecules selected from the library 
("stability fine-tuning"). Due to the restriction in 
library size the optimal solution may not have 
been in the pool, or the most stable scFv may have 
been counter-selected because of compromises in 
antigen-binding affinity or other properties of the 
molecule. Conversely, it is worth considering 
"doping" a starting library with known potentially 
stabilizing mutations before performing selection 
rounds, in order to be sure that these mutations 
are represented in the initial library (Proba et al., 
1998; Jung et al., 1999) (Figure 4). 

Below, different rational and evolutionary 
approaches to increase scFv stability are discussed. 
They are also summarized in Figure 4, where the 
interfacing and possible work-flow between 
rational and evolutionary methods is indicated. 

Bicara Ex. 1089 
Bicara v. JHU - PGR2026-00025 



998 

!!! 

~.2? 
II> C 
!!! Q) 
a.c 
co 
0 a. -E U 0 
Q) <) 

ai 
II> 

"traditional" 
evol utlonary 

approach 

•nom;al'" storting scFV' 

low or ambient temperature 
prior to selection lor binding 

oxidizing mflleu, allowing 
intradomam disulfide bonds 
formation 

---1111111• evol~t~~1~[l;n::,oach 
increasing stability 

-+--- --- scFv initially destabilized ~r ri~~~s or removal 

-+--- --- his;1h temperature incubation 
prior to selection for binding 

--- - reducing environment (OTT, 
cytoplasmic expression) during 

~f:u~Jt.ti..:rr~~~~H~'.radomain 
or deliberate destabilization 
by mutation of cys 

Figure 5. Directing evolutionary methods towards 
stability increase. All evolutionary methods select for 
combined, overall properties of scFvs, including stab­
ility, affinity and others (such as toxicity, folding effi­
ciency or dimerization tendency, summarized as 
additional properties of scFv in the Figure). Therefore, a 
"compromise solution" is obtained. Different methods 
and selection conditions can, however, emphasize the 
contribution of these scFv properties to the overall selec­
tion pressure to a different extent. Some strategies are 
summarized which bias selection particularly towards 
selection for higher scFv stability. Details are given in 
the text. 

Rational approaches for stability engineering 
of scFvs 

Increasing scFv stability by grafting CDRs onto a 
stable framework 

It is possible to transplant the antigen-binding 
loops from one antibody to a different antibody 
framework, a procedure called CDR loop grafting 
(Jones et al., 1986). This grafting procedure was 
originally used to humanize murine antibodies to 
decrease their immunogenicity in human patients 
(reviewed by Winter & Harris, 1993). However, 
CDR grafting onto a superior framework has now 
also been successfully used in several examples to 
generate scFv fragments with improved stability 
and folding properties. 

The CDRs from the fluorescein-binding 4-4-20 
scFv, which yields almost no soluble protein in the 
Escherichia coli periplasm, have been transplanted 
to the stable and well-expressing 4D5 scFv frag­
ment. The resulting 4D5Flu was shown to have 
significantly improved expression properties, 
unchanged binding affinity, and the midpoint in 
urea equilibrium unfolding was shifted from 4.1 M 
for the 4-4-20 to 6.4 M for the 4D5Flu scFv (Jung & 
Pli.ickthun, 1997). The 4D5 framework (PDB file 
lfvc) is itself the product of loop grafting the CDRs 
of the murine anti-HER2 antibody to a human 
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framework for application in tumor therapy. It 
consists of a heavy chain variable domain essen­
tially identical to the germline IGHV 3-66 (IMGT 
nomenclature) (Giudicelli et al., 1997), or VH 3-18 
(Vbase nomenclature; http://www.mrc-cpe.cam.a­
c.uk/imt-doc), locus DP 3-66 (DP-86), and the 
kappa light chain variable domain derived from 
germline IGKV 1-39 (IMGT nomenclature), or VK 
1-1 (Vbase nomenclature), locus DP 012. 

The 4D5 framework also served as acceptor in a 
loop grafting from the EGP-2-binding MOC31 scFv 
(Willuda et al., 1999). The graft proved to have sig­
nificantly increased serum stability at 37 °C in vitro, 
better expression behavior and unchanged antigen­
binding properties compared with the original 
MOC31. However, it could be significantly 
improved further by introducing eight additional 
substitutions in the heavy chain, which were taken 
from the CDR donor and maintain the structural 
framework class (see below). Importantly, only the 
graft, but not the CDR donor MOC31, showed effi­
cient tumor localization on lung tumor xenografts 
in mice, suggesting that high thermal stability of 
scFvs is decisive for tumor targeting in vivo. 

In a cellular assay system which measures the 
inhibitory activity of cytoplasmically expressed 
anti-GCN4 scFv intrabodies in the budding yeast 
Saccharomyces cerevisiae, CDR grafting was also 
used to produce a fragment with increased in vitro 
stability and significantly improved in vivo activi­
ties, compared to the starting scFv (Worn et al., 
2000). In this particular case, the CDRs from a 
A-domain had to be grafted to a K-domain, and 
thus two variants were made, either containing 
most of the K-framework ("K-graft") or including 
some interface residues from the A-loop donor 
("A-graft"), to allow for possible relative domain 
rearrangements. The A-graft, generated by grafting 
the loops of the anti-GCN4 wild-type to the very 
stable "hybrid scFv" (Worn & Pli.ickthun, 1999), 
was more stable than the wild-type variant in 
GdnHCl denaturation. The affinity of the grafted 
variant to the GCN4 antigen was decreased by an 
order of magnitude from a K0 of ~4 • 10-11 M to 
~4 • 10-10 M. Nevertheless, the A-graft showed 
considerably increased activity in inhibiting the 
transcription factor GCN4, measured by P-galacto­
sidase reporter activity in vivo, since a higher frac­
tion of the stabilized graft variant was able to fold 
into the correct native structure under the reducing 
conditions of the cytoplasm. This was also reflected 
in a dramatically improved solubility of the A-graft 
in the yeast cytoplasm, compared with the loop 
donor. A destabilized point mutant of the anti­
GCN4 wild-type with unchanged antigen-binding 
properties, on the other hand, showed a decreased 
inhibitory effect as intrabody. Thus, a direct corre­
lation between in vitro stability and in vivo 
performance of the different anti-GCN4 intrabodies 
as cytoplasmic inhibitors was observed. 

Stability engineering by loop grafting has also 
been performed for an unlinked Fv fragment. A 
synthetic Fv framework consisting of a V K domain, 
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engineered from McPC603 for stability using the 
consensus sequence approach (see below), and the 
V H domain of the antibody B1-8, which naturally 
contains most residues from the murine Kabat con­
sensus sequence, served as acceptor in a CDR 
grafting experiment for the intracellular production 
of a catalytic antibody called Ica-Fv20 (Ohage et al., 
1999). The grafted Fv fragment could be expressed 
in soluble form in the cytoplasm of E. coli, but an 
in vivo esterolytic activity of this fragment could 
not be assessed. 

If the 3D structures of framework acceptor and 
donor are unknown, CDR grafting requires careful 
homology modeling of both of these structures, 
prior to the modeling of the actual graft. Fre­
quently, additional changes in the acceptor frame­
work region are necessary, in addition to the 
changes in the CDRs (as was done in all cases 
reported here), in order to prevent obvious clashes 
in the graft model structure, to maintain critical 
contact residues of the CDRs or to avoid a switch 
between framework classes. When a suitable 
acceptor is required for a given loop donor, it 
would be very useful if one could rely on a set of 
very stable, well-expressing scFv frameworks, simi­
lar to those used in above examples, but belonging 
to different structural subclasses. With the increas­
ing number of stability-engineered scFvs, such a 
set of stable and yet diverse frameworks, which 
would improve the "hit rate" of successful grafting 
experiments, is now emerging and is likely to 
become available within the next years. The syn­
thetic consensus sequence concept of the HuCAL 
(Knappik et al., 2000; see below) is based on this 
premise. 

Increasing the intrinsic domain stability 

The intrinsic domain stability of both V H and V L 

domains can in principle be increased by introdu­
cing stabilizing point mutations, either in frame­
work or in loop positions (Figure 6). The 
stabilizing effect of multiple point mutations intro­
duced into one single domain has often been 
found to be additive, as a good first approxi­
mation, as long as the mutations do not interact 
with each other (e.g. observed by Frisch et al., 1996; 
Proba et al., 1997; Worn & Pli.ickthun, 1998a; 
Ohage & Steipe, 1999). 

The easiest and most straightforward approach 
to introduce stabilizing mutations by rational 
engineering is to use sequence statistics (Steipe 
et al., 1994). The underlying idea is that the immu­
noglobulin consensus sequence reflects the result 
of selective pressure put on stability and heterodi­
mer interactions of all sequences present in the 
repertoire. The statistical occurrence of different 
residue types at a particular framework position 
may be expected to be related to its contribution to 
stability, and the consensus residue may thus be 
taken as being the best choice for stability ("cano­
nical sequence approximation"). However, this is 
obviously a simplification because it ignores the 
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Figure 6. Location of mutations discussed in the text. 
The structure of the Fv fragment of the antibody hu4D5-
8 is shown (PDB entry lfvc). (a) side view; (b) top view. 
The C" trace of the VH domain is shown in dark gray, 
that of the VL domain in light gray. 

interaction between those amino acid residues 
which should only be changed as groups: by pay­
ing attention to these structural subclasses, much 
higher stabilities could be reached (Willuda et al., 
1999). 

By following the alignment to a general consen­
sus sequence, stabilizing mutations in the 
McPC603 V K domain correlated with the expec­
tations from sequence information with about a 
60 % success rate (Steipe et al., 1994). A similar 
approach led to the identification of stabilizing 
mutations in the RElv-K domain (Frisch et al., 1996) 
and in a VH domain (Wirtz & Steipe, 1999), while 
Willuda et al. (1999) used a subgroup-specific 
approach to VH engineering. Additionally, struc­
tural motifs such as idealized ~-turns from non­
antibody sequences can be included (Ohage et al., 
1997). The McPC603 V K domain was thereby 
further stabilized to a free energy of folding of 
about -11 kcal/mol (m value of 3.7 kcal mo1-1 

M-1). Domains with stabilities in this range can be 
refolded under reducing conditions in vitro, as 
shown for the stabilized V K domains of REI (Frisch 
et al., 1996), that of McPC603 (Ohage & Steipe, 
1999), the naturally stable V., domain of 4D5 
(M. Jager & A.P., unpublished results) and the 
stabilized VH domain of an anti-levan antibody 
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(Worn & Pli.ickthun, 1998a). Even higher stabilities 
have been observed with subgroup-consensus V H 
domains (S. Ewert et al., unpublished results). Very 
stable and disulfide-free antibody domains have 
also been obtained by evolutionary approaches 
(see below). 

A very similar approach of using consensus 
sequences was also followed by Chowdhury et al. 
(1998) in order to produce an immunotoxin with 
increased stability at 37 °C. "Unusual" amino acid 
residues, defined as having less than 5 % frequency 
in the Kabat database, were identified by aligning 
the target sequence with sequences of known, 
well-expressing and stable scFv sequences, and 
then scanning all framework residues for devi­
ations from the Kabat consensus. As a further 
restriction, "unusual" residues identified in this 
first step were only considered problematic if their 
hydrophobicity was incompatible with their 
solvent exposure (i.e. if buried residues were 
hydrophilic or exposed residues were hydro­
phobic, although this restriction misses some 
important globally stabilizing residues discussed 
below). These residues were then mutated to the 
consensus residue, if the Kabat consensus was 
identical to the consensus of known stable and 
well-expressing scFv fragments. 

The human combinatorial antibody library 
(HuCAL) (Knappik et al., 2000) was designed with 
the consensus sequence approach in mind. How­
ever, instead of averaging across all antibody 
sequences, separate consensus frameworks were 
built for the different subgroups (7 V tt, 4 V"' and 3 
V ,J, and care was taken to not disrupt interacting 
residues in the averaging process. By using totally 
synthetic genes, these frameworks have also 
unique restriction sites and can receive any CDR. 
The great majority of these antibodies shows good 
expression properties. The 3D structures of the 
different HuCAL frameworks have all been mod­
eled (A Honegger, unpublished work) and the 
coordinates have been deposited (see Knappik et al., 
2000, for the list of PDB entries). 

Generally useful stabilizing mutations 

In the studies cited above, a number of stabiliz­
ing point mutations have been identified, without 
being mentioned here individually. Many more 
mutations, partly in the framework, partly in the 
CDRs, have been described to be stabilizing or 
destabilizing in specific scFv fragments or isolated 
domains (Yasui et al., 1994; Benhar & Pastan, 1995; 
Martineau & Betton, 1999; Raffen et al., 1999; Jager 
& Pli.ickthun, 1999b). Below, only those residues 
will be listed, which are: (i) positioned in the 
framework (and thus, in principle, easily transfer­
able to other scFv frameworks); and (ii) have been 
described to act stabilizing in more than one scFv 
fragment. This list is, however, expanding rapidly 
(Honegger et al., unpublished results). 

An Arg at position H66 (Figure 6) was found to 
be stabilizing in comparison with a Lys in the scFv 
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fragment A48 (Proba et al., 1998; Worn & 
Pli.ickthun, 1998a). Both residues are represented 
with approximately equal frequency in murine 
sequences, while the Arg clearly dominates in the 
human consensus at position H66. The Arg H66, 
which had been selected in the context of a 
cysteine-free variant of the scFv fragment A48 
(Proba et al., 1998), was also shown to stabilize the 
cysteine-restored A48 (Worn & Pli.ickthun, 1998a), 
while mutating the naturally occurring Arg H66 
back to a Lys destabilized a GCN4-binding scFv 
fragment (Worn et al., 2000). This residue is part of 
a conserved charge cluster in V H domains and can 
make a double hydrogen bond to Asp residue 
H86. 

A Pro in position 8 of kappa light chains 
(Figure 6), which is a highly conserved residue in 
the Kabat database, was shown to stabilize both a 
hemagglutinin-binding scFv (Spada et al., 1998) 
and the levan-binding A48 scFv fragment (Worn & 
Pli.ickthun, 1999), but decreased the expression and 
refolding yield in the latter case. This residue has a 
cis-peptide bond whenever it is proline, and all 
human kappa germline sequences carry it. Never­
theless, a number of mouse K-chains do not have a 
proline residue at this position and in all these 
cases, the peptide is trans. 

The nature of the residue at position H6 
(Figure 6) has been investigated several times. This 
residue is part of a complex hydrogen-bonding net­
work in the core of VH (Langedijk et al., 1998), and 
is either Glu or Gln. Framework I can have differ­
ent conformational classes depending on the resi­
due types in positions H6, H7 and H9 (Honegger 
et al., unpublished results), and when these types 
are mixed, a destabilization results. Since H6 is 
usually randomized and part of the PCR primer, if 
an antibody sequence is amplified from a native 
mRNA pool, very frequently the "wrong" residue 
is introduced. Upon correcting this mistake, a 
stabilization is observed (Bregegere et al., 1997; 
Kipriyanov et al., 1997; de Haard et al., 1998; 
Langedijk et al., 1998; Willuda et al., 1999). 

In summary, an alignment to the consensus 
sequence, either to that of all antibodies or prefer­
ably to the relevant subgroup, is a convenient first 
step for identifying potentially destabilizing resi­
dues and removing them. However, a very import­
ant refinement is to pay attention to the structural 
classes of frameworks and to avoid mixing them 
(Willuda et al., 1999). When following this 
approach, the initial identification of the stability­
limiting property of the scFv as described by Worn 
& Pli.ickthun (1999) can be very critical. This avoids 
unnecessary mutagenesis in those scFv domains, 
which are not limiting the overall stability of the 
corresponding scFv fragment anyway (Figure 2). 

Increasing the stability of the V H-VL interface 

In the Fv fragment the contribution of contact 
domains to the interaction energy present in the 
natural Fab fragment is missing. As a consequence, 
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the relatively weak VH""VL interaction energy of 
typical Fv fragments (see above) is directly 
reflected in their much lower and concentration­
dependent stability compared to the corresponding 
scFv fragments Gager & Pli.ickthun, 1999a), since 
the domains are unlinked in the Fv fragment. This 
relatively weak interaction energy, considering the 
substantial size of the V H/V L interface of about 
710 A2 (ranging from 583 to 874 A2) (Padlan, 
1994), may be the result of a low selective pressure 
caused by the presence of the constant domains in 
the natural antibodies, and perhaps the need for 
maintaining a "generic" interface which allows 
essentially all V H to pair with all V L· It follows that 
in most given scFv fragments, the interface leaves 
room for improvement. 

The presence of the linker already constitutes 
stabilization compared to the Fv fragment, but we 
need to discuss the consequences of different lin­
kers. In principle, both the length and the sequence 
of the linker can have an effect on stability 
(Robinson & Sauer, 1998) and this effect is usually 
expressed as the effective molarity, i.e. the molarity 
an Fv fragment would have to have in order to 
result in the same properties. In antibodies, the 
situation is complicated by the existence of a 
"domain-swapping" phenomenon (Arndt et al., 
1998) (Figure 3), where dimeric (Essig et al., 1993; 
Holliger et al., 1993; Whitlow et al., 1993, 1994; 
Desplancq et al., 1994), trimeric and even tetrarneric 
assemblies (Hudson & Kortt, 1999) can form with 
short linkers. Therefore, only a certain range of lin­
ker lengths are directly comparable for stability 
measurements. Linkers with different sequences 
and slightly different length have been compared 
(Hennecke et al., 1998), all giving rise exclusively to 
monomers, and without any detectable effect on 
stability. However, Huston and co-workers (per­
sonal communication) have observed that increas­
ing linker length from 15 to 20 and 25 residues (i.e. 
in the range where monomeric scFv fragment was 
present) slightly increased scFv stability in 
GdnHCl equilibrium unfolding, perhaps by 
increasing the fraction of monomers in that model 
system. Therefore, including linkers of 25 residues 
as a matter of routine may be a general way of 
slightly increasing the stability of some scFv frag­
ments by favoring monomer formation, which is 
the thermodynamically stable form of scFv frag­
ments at typically used concentrations (Arndt et al., 
1998). Optimization of the linker sequence, on the 
other hand, is unlikely to be a strategy of great 
promise to stabilize antibody scFv fragments. 

The most widely used strategy to stabilize the 
VH-VL interface is to engineer an interface disulfide 
bond into the contact surface between the two 
domains. While this strategy has initially been 
used alternatively to the peptide linker 
(Glockshuber et al., 1990; Brinkmann et al., 1993), it 
is now also routinely employed in addition to the 
linker (Young et al., 1995; Rajagopal et al., 1997; 
Worn & Pli.ickthun, 1999). In the original proof­
of-principle experiment, the best positions for a 
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disulfide bond had been identified from geometric 
calculations, based on the crystal structure of the 
given antibody (Glockshuber et al., 1990). Sub­
sequently, similar modeling was used to identify 
suitable conserved framework residues that can be 
mutated to cysteine residues, and several possibili­
ties were found (Reiter et al., 1995). The combi­
nation H44-L100 (Figure 6) has been most 
frequently used in scFvs with satisfactory results 
(e.g. Brinkmann et al., 1993; Reiter et al., 1994a,b; 
Rajagopal et al., 1997; Worn & Pli.ickthun, 1999), 
and in a particular Fv fragment, this combination 
gave the highest yield after refolding of the combi­
nations tested (Reiter et al., 1995). However, due to 
slight variations in domain orientation, a property 
still extraordinarily difficult to model, different 
pairs of cysteine residues might be preferable in 
different antibodies (e.g. see Rodrigues et al., 1995; 
Dooley et al., 1998). Rodrigues et al. (1995) imposed 
a further restriction on the selection of suitable 
interface residues by searching a position for the 
disulfide bond, which is completely buried, in 
order to minimize the risk of cleavage in the 
serum. Residues HlOl and L46 were found to fit 
these requirements best, although this may not be 
transferable to other scFvs, since residue HlOl is 
already part of the CDRs, and mutating this resi­
due to a Cys may impede antigen-binding in other 
scFv fragments. 

Such engineered interface disulfide bonds were 
shown to increase the stability of scFv fragments 
against thermal aggregation (Young et al., 1995; 
Rajagopal et al., 1997), denaturants (Worn & 
Pli.ickthun, 1999), non-polar and polar solvents, 
surfactants and proteases (Dooley et al., 1998) and 
were also more potent during in vivo applications 
in tumor imaging and therapy (reviewed by Reiter 
et al., 1996). 

However, the interface disulfide bond as a 
means to stabilize the VH-VL interface in scFvs has 
some drawbacks. The disulfide-bridged variants 
usually have to be produced by refolding from 
inclusion body protein, since the functional yield 
upon periplasmic secretion is severely decreased 
by the presence of the interface disulfide (Young 
et al., 1995; Worn & Pli.ickthun, 1999). Furthermore, 
it cannot be used to stabilize cytoplasmically 
expressed intrabodies, because disulfide bond for­
mation requires an oxidizing environment. Thus, 
additional strategies to stabilize the VH""VL interface 
in scFvs would be desirable. 

Tan et al. (1998) have investigated the possibility 
to stabilize the interface of the S5 scFv fragment by 
replacing the highly conserved Gln pair between 
framework positions H39 and L38 (Figure 6), 
which form two hydrogen bonds in a head-to-tail 
alignment across the VH""VL interface, with differ­
ent amino acid combinations. This study showed 
that the Gln pair is not essential for the stability of 
the interface. In an attempt to bury more surface 
area in the interface the conserved Gln residues 
were replaced with Met residues in different per­
mutations, and Met-Ala pairs were constructed in 
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both orientations. Moreover, Lys-Glu pairs were 
introduced in both orientations, to form a salt 
bridge across the interface. While the authors 
report ~G values with a maximum apparent 
increase in ~G of 2.1 kcal/mol for the L-Q38 K/H­
Q39E double mutant, compared with the wild­
type, the m values are conspicuously low (see 
above) and cover a wide range, while the midpoint 
of the transition changes much less, which would 
be unexpected if a true two-state transition is 
measured for all fragments. It also remains to be 
tested if these mutations are transferable to other 
scFv fragments. 

Further interface engineering in scFv fragments 
has been performed by introducing "knob-into­
hole" mutations, but mainly in order to drive het­
ero-dimerization of bispecific diabodies, rather 
than to increase the stability of monomeric scFv 
(Zhu et al., 1997). Another approach was explored 
by Brinkmann et al. (1997) by engineering a scFv 
fragment, in which the natural connectivity 
between the two domains is permuted. The result­
ing permutated Fv (pFv) was, however, not more 
stable than the corresponding scFv, even though it 
might be useful in special situations, if the classical 
peptide linker interferes with antigen-binding. 

The individual optimization of a particular 
VH-VL interface may be conceivable by an evol­
utionary approach. However, currently no gener­
ally applicable mutations have been identified 
which are equally effective as interface disulfide 
bonds for stabilizing the V ir V L interface in scFv 
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fragments, apart from "correcting" obvious point 
mutations. 

Evolutionary approaches for stability 
engineering of scfvs 

If evolutionary approaches are applied to 
increase scFv stabilities, the direct and unequivocal 
coupling of the function (binding) to the stability 
of the fragment is the crucial step. As all selection 
systems work by physically coupling the genotype 
to the binding phenotype (Figure 7), it is essential 
to ensure that binding is limited exclusively to the 
folded state, and no enrichment of partially 
unfolded molecules occurs. However, all selection 
systems will select for a "compromise" between 
increases in affinity and increases in the number of 
active molecules. The latter may be increased by a 
true improvement of the stability or of the folding 
efficiency, resulting in reduced aggregation. The 
challenge is therefore to direct the selection press­
ure mostly to the stability component (Figure 5). 

The principal ways of achieving this have been 
reviewed by Forrer et al. (1999) for phage display, 
but the analogies to other display systems are 
readily apparent (Figure 8). In this section, we will 
briefly review these strategies and discuss the key 
results regarding antibodies, using phage display, 
ribosome display and intracellular expression. 

Selection for scFv stability by phage display 

During phage panning (Winter et al., 1994) scFv 
fragments displayed as fusion proteins to the gene3 

DNA 

phage 

cell 

~ ( ) plasmid DNA 

Figure 7. The linking of phenotype and genotype in selection systems for antibodies. (a) In ribosome display, 
mRNA and protein product are linked by the ribosome; (b) in phage display, the antibody is fused to the minor coat 
protein g3p of filamentous phage, while the DNA is on the inside of the phage; (c) in bacterial cell surface display, 
the antibody is displayed on the outer surface of the cell, while the genetic information is encoded on a plasmid 
inside the cell. These extracellular or in vitro methods can be tailored for stability selection (Figure 8). Additionally, 
antibodies can be screened and selected intracellularly (d) (Worn et al., 2000; Visintin et al., 1999), and selection for 
growth puts high demands on the stability of the antibody. Intracellular screening is achieved by fusing the antigen 
and antibody to two protein halves which, when brought together by the antibody-antigen interaction, allow cellular 
growth. 
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Figure 8. Selection for stability 
with display technologies. Pathway 
A: a defined destabilizing mutation 
(or set of mutations) is introduced 
into the starting scFv (e.g. removal 
of disulfide bonds). The resulting 
fragment is too unstable to fold, 
and it is denatured, even without 
incubation under adverse con­
ditions. Randomization of this 
destabilized variant results in a 
pool of scFv fragments, some of 
which are stable enough to bind to 
immobilized antigen and thus get 
selected. In the last step the defined 
destabilizing mutations are 
removed again and the resulting 
fragments should, in general, have 
increased stability, compared with 
the starting scFv. Pathway B: the 
starting scFv fragment is directly 
subjected to random mutagenesis, 
generating fragments with 

decreased, unchanged or increased stability. This pool is subjected to an incubation under adverse conditions (heat, 
protease, GdnHCl), favoring denaturation of less stable variants, and then selected on immobilized antigen. Only 
antibody fragments surpassing a certain threshold stability will be selected. Note that heat incubation fulfills these 
requirements best, since GdnHCl denaturation is partially reversible (as indicated by the reversible arrow) and pro­
tease treabnent of displayed scFvs is problematic for different reasons, as discussed in the text. If the pool is not sub­
jected to any stress incubation ("no stress"), the enrichment factor for fragments with increased stability will be much 
smaller, but some enrichment for stability is still possible due to a weak correlation of production yield and stability. 

protein of filamentous M13 phage are bound to 
immobilized antigen, usually in successive rounds 
of binding and amplification (by reinfection of bac­
teria). Different strategies have been used, in the 
attempt to bias the selection towards increasing 
stability (Figure 8). The initial deliberate reduction 
of protein stability by site-directed mutagenesis fol­
lowed by classical phage panning is a very attrac­
tive option, since it imposes a strong selection 
pressure for stabilizing mutations (Braisted & 
Wells, 1996; Ruan et al., 1998). In the case of anti­
bodies, the initial destabilization is easily achieved 
by removal of the conserved intradomain disulfide 
bonds (Figure 8, pathway A). This has been done in 
the case of the scFv fragment A48 (Proba et al., 
1998), where some globally stabilizing mutations 
could be selected after partial randomization of the 
cysteine-free sequence and subsequent phage pan­
ning. The selected mutations also stabilized the 
same scFv fragment after the disulfide bonds had 
been reintroduced (Worn & Pli.ickthun, 1998a). The 
energetic consequences have been summarized in 
Figure 9. 

Jung et al. (1999) tested different stress incu­
bation conditions during phage panning in order 
to stabilize the already very stable 4D5Flu scFv 
fragment even further. The phage particles display­
ing randomized 4D5Flu protein were incubated 
either at high temperature (up to 60 °C) or increas­
ing GdnHCl concentration (up to 3.5 M) before the 
actual panning steps, and the stress was increased 
stepwise in successive panning rounds. Tempera-

ture-stress guided selection turned out to yield the 
most stable scFv mutant, which was about 4 kcal/ 
mol more stable than the original 4D5Flu, besides 
having an approximately 20-fold better binding 
constant. Temperature-stress worked better than 
the chemical denaturation, presumably because it 
results in irreversible denaturation of scFv protein 
on the phage particle. GdnHCl incubation, on the 
other hand, denatures the protein in an, at least 
partially, reversible manner. The GdnHCl­
incubated phage particles displaying scFv protein 
had to be diluted 1:10 into native buffer during the 
binding steps, as high GdnHCl concentrations 
interfered with antigen-binding. Thus, binding 
may have occurred with molecules which had 
refolded on the phage, rather than stable molecules 
which were never unfolded in the first place. 

The temperature-stress guided selection should 
be a general way of selecting for high stability by 
phage display, although affinity and stability selec­
tion could not be completely separated, even 
under these conditions. Moreover, an upper stab­
ility limit is set by the thermal stability of the fila­
mentous M13 phage itself, which lies at about 
60 °C Oung et al., 1999). After incubation at even 
higher temperature the reinfection rate dropped 
dramatically, probably because of irreversible heat 
denaturation of phage coat proteins, which are 
essential for bacterial infection. Thus, the stability 
of scFv fragments that are still completely native 
at 60 °C cannot be improved by the described 
procedure, unless thermostable phages are <level-
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Figure 9. Energetic consequences of mutant selection. (a) Direct selection of mutants of an already stable w .t. scFv. 
After random mutagenesis, many mutations are obtained, favorable ones (black dots) and unfavorable ones (white 
dots). A distribution of energies is obtained, and the selection threshold must be chosen such that only molecules 
more stable than w .t. are retained. The selected mutants will thus be of higher stability than the w .t. (b) The w .t. is 
deliberately destabilized at first, indicated by the mutations "X", which might e.g. be mutations of the cysteine resi­
dues forming the disulfide bonds. The energy of the w .t. (broken lines) is thus reduced (gray bar). After random 
mutagenesis, again a series of mutants is obtained with a distribution of stabilities. The selection threshold can be 
very low this time, it only has to be high enough to impede the selection of the unstable mutant used as the starting 
material. The selected mutants (white bars) can then be stabilized further by removing the destabilizing mutations 
deliberately introduced in the beginning (e.g. by reintroducing the disulfide bonds). Thereby, the initially lost energy 
is regained, converting the light gray bars to the dark gray ones. 

oped for this purpose, as proposed by Jung et al. 
(1999). 

Yet another approach of selecting for protein 
stability by phage display is the selection for resist­
ance against proteases as a property of native, cor­
rectly folded proteins (Kristensen & Winter, 1998; 
Sieber et al., 1998; Finucane et al., 1999). However, 
these strategies may not be ideal for scFv frag­
ments, due to proteolytic susceptibility of the scFv 
linker and the long, unstructured CDR regions at 
least in some antibodies. Moreover, selection for 
protease resistance would somehow have to be 
alternated with selection for binding, in order to 
keep selection pressure on scFv functionality. 

Selection for scFv stability by ribosome display 

Ribosome display (Hanes & Pluckthun, 1997) is 
an in vitro method for the selection of scFv frag­
ments (Figure 7). In vitro translated protein is 
bound to immobilized antigen under conditions 
that leave the scFv and its corresponding m.RNA 
attached to the ribosome. After washing away 

unbound m.RNA-ribosome-scFv complexes, com­
plexes remaining bound to immobilized antigen 
are dissociated, and the eluted m.RNA is amplified 
by RT-PCR. By using Taq polymerase during the 
amplification steps, random mutations are intro­
duced into the pool, making this method ideal for 
increasing the variability of the pool in parallel to 
the selection for binding. As this procedure is car­
ried out entirely in vitro, it is very conveniently 
combined with PCR-based mutagenesis methods, 
such as error-prone PCR (Fromant et al., 1995) or 
DNA shuffling (Stemmer, 1994). Ribosome display 
has been successfully used to select for novel 
high-affinity binders against a given antigen from 
a synthetic library (Hanes et al., 2000), as well as 
from an immune library (Hanes et al., 1998). 

In an attempt to select for increasing stability of 
a hag-peptide-binding scFv by ribosome display, 
the in vitro translation steps between successive 
binding and amplification rounds were performed 
at increasing DTT concentration, going from 0.5 to 
a maximum of 10 mM (Jermutus et al., 2001). Nor­
mally, transcription and translation are carried out 
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separately during ribosome display, and trans­
lation is performed under oxidizing conditions. 
Reducing conditions prevent disulfide bond for­
mation, such that the in vitro translated proteins 
are kept in a reduced state. As discussed above 
(section on disulfide bonds), the disulfide bond is 
very critical for scFv stability, and only intrinsically 
very stable fragments should be able to fold into 
the correct native structure in the presence of high 
concentrations of DTI. Indeed, some of the 
mutants selected by this procedure, but not the 
original starting scFv, were shown to be able to 
refold completely under reducing conditions 
in vitro. In addition, GdnHCl-denaturation curves 
indicate the selection of molecules which have 
increased stability with and without disulfide 
bonds (Jermutus et al., 20001). 

These results show that selection for stability is 
possible with ribosome display by simply using 
the destabilizing strategy of reducing the disulfide 
bonds during in vitro protein folding and antigen­
binding. 

Selection for scFv stability by functional 
cytoplasmic expression 

Selection for functional expression of scFv frag­
ments directed to the reducing cytoplasm should, 
on average, yield more stable fragments than selec­
tion under oxidizing conditions, for the reasons 
described above. 

Selection for high functional expression in the 
bacterial cytoplasm has been performed for a ran­
domized pool derived from scFv13, which binds 
and activates an inactive mutant of ~-galactosidase 
(Martineau et al., 1998). By coexpressing the 
randomized library of scFv13 with the mutant 
~-galactosidase in lac- bacteria and plating on lim­
iting lactose, scFv mutants with significantly 
improved soluble cytoplasmic expression could be 
selected after four successive rounds of mutation 
and selection. The best mutant, scFv13R4, con­
tained seven mutations and was purified in soluble 
form from the cytoplasm, and thus in the absence 
of disulfide bonds which would confer the stability 
necessary for medical applications, but with a 
reported yield of >170 mg from 11 of culture in an 
optimized shake flask culture. ScFv13R4 could also 
be renatured efficiently under reducing conditions 
in vitro. Although further in vitro analysis showed 
that scFv13R4 is clearly more stable than scFv13 
under reducing conditions (Martineau & Betton, 
1999), conflicting results between thermal stabilities 
(Martineau et al., 1998) and stabilities in urea 
unfolding (Martineau & Betton, 1999) were found 
for their relative stability under oxidizing con­
ditions. 

The limitation of the approach by Martineau et al. 
(1998) is that the selection procedure is scFv­
specific and not transferable to fragments binding 
different antigens. To overcome this limitation a 
yeast two-hybrid in vivo assay has been used for 
the cytoplasmic selection of scFv fragments, which 
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allows, in principle, selection of scFvs against any 
cytoplasmically expressed antigen (Visintin et al., 
1999). The in vitro stability of the selected scFv 
fragments has, however, not been investigated in 
this study. Nevertheless, stable fragments are likely 
to be selected in this setup, especially at higher 
temperature, since some fragments were shown to 
be active at 20 °C, but not at 30 °C (Visintin et al., 
1999) and since performance and in vitro stability 
of cytoplasmically expressed intrabodies seem to 
correlate (Worn et al., 2000). 

Another alternative is to apply some of the 
established cytoplasmic selection methods 
(Pelletier et al., 1999), which reconstitute the 
activity of a split protein upon cognate recognition 
between the binding partners (reviewed by 
Mendelsohn & Brent, 1999), to the selection of scFv 
fragments (Koch, Mossner & AP., unpublished 
results). This should provide a general method to 
obtain a subset of stable molecules from a library, 
and a general selection method, if the library con­
sists mostly of stable members. 

Stability and bacterial expression behavior 

The stability of scFv fragments is often believed 
to be directly correlated with expression yield. This 
is, however, only partially true. 

In cytoplasmic bacterial expression, where the 
protein is made in reduced form, indeed a good 
correlation between stability and functional yield 
of soluble scFv protein or isolated immunoglobulin 
domains was observed in a number of cases 
(Frisch et al., 1994; Martineau et al., 1998; Proba 
et al., 1998; Ohage & Steipe, 1999). Most likely, 
stability is usually the limiting factor for folding of 
an scFv or domain in the cytoplasm, since the 
intradomain disulfide bonds cannot form and 
only stable, but not unstable fragments, can fold 
efficiently. 

The situation appears to be more complex in the 
bacterial periplasm. Although many stable scFv 
fragments were also reported to express well (e.g. 
by Worn & Pli.ickthun, 1998b, 1999; Jung & 
Pli.ickthun, 1997; Jung et al., 1999), some other very 
stable scFvs show only poor periplasmic 
expression yield, such as e.g. the A48++(H2Ll) 
scFv fragment described by Worn & Pli.ickthun 
(1999). Periplasmic expression of scFv proteins is 
limited by the overall in vivo folding efficiency. As 
periplasmically expressed proteins do form the 
intradomain disulfides, they are more stable than 
when expressed in the reducing cytoplasm. In 
many cases stability may thus no longer be limit­
ing for the in vivo folding efficiency. Knappik & 
Pli.ickthun (1995) identified mutations in loops of 
scFvs that affect aggregation and in vivo folding 
yield, but not the overall protein stability. The 
absence of a linkage between thermodynamic stab­
ility and expression behavior has also been 
observed in P22 tailspike protein (Schuler & 
Seckler, 1998). Moreover, mutations disrupting 
hydrophobic patches at the antibody variable/ con-
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stant domain interface of the 4-4-20 scFv were 
shown to increase soluble periplasmic expression 
without influencing thermodynamic stability 
(Nieba et al., 1997). For some mutations in this 
region of scFv fragments, high stability and high 
solubility may even mutually exclude each other. It 
follows that compromises have to be made, since 
hydrophobic residues in the V-C interface region 
can be important for stability, but, at the same 
time, deleterious for soluble expression yield 
(Nieba et al., unpublished results; Jung & 
Pli.ickthun, 1999). 

Overall, the multiple factors influencing func­
tional periplasmic expression of scFv fragments are 
only partially understood and clearly require more 
careful investigations. 

Conclusions and future directions 

Essentially all applications of scFv fragments 
may benefit from an increase in the stability of the 
fragment, be it the cytoplasmic expression as intra­
body, the numerous extracellular applications in 
human patients or in preclinical experiments in 
mice, or the biotechnological applications of scFvs 
in adverse environments. 

The increasing number of reports describing 
rational and evolutionary methods for stability 
engineering of scFv fragments offer a wide variety 
of possibilities. It cannot be easily judged whether 
rational or evolutionary methods will dominate in 
the future. Rational approaches will become more 
sound with increasing biochemical understanding 
of protein stability and an increasing statistical 
basis of scFv structures, properties and functions. 
On the other hand, evolutionary methods could 
still offer completely new and possibly better sol­
utions to the stability problem in individual cases 
and may, once established, be easier and faster to 
perform. The best results will most likely be 
achievable by combining both rational and evol­
utionary strategies. 

Despite the great powers of evolutionary 
approaches to solve quickly a given problem, the 
repeated discovery of the same mutations would 
obviously not be very economic. Therefore, it will 
be vital to pool this knowledge and combine it 
with an analysis of existing frameworks. Such anal­
ysis of single domains and framework types, par­
ticularly the characterization of the natural 
frameworks, exemplified by the different sub­
groups, can uncover clusters of residues which can 
only be exchanged as groups, and will be import­
ant in understanding the molecular logic of why 
different antibody subgroups have evolved to par­
ticular sequences (Ewert, Honegger & AP., unpub­
lished results). Moreover, the identification of the 
guiding structural principles will allow a design of 
future libraries which capture as much structural 
diversity as possible, yet without compromising on 
stability. Making large libraries is necessary but 
not sufficient: the fraction of sequence space that 
can be searched with even the most advanced 
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methods is tiny compared to the possibilities, and 
engineering stability into them is thus a vital com­
ponent for securing functionality of the library. 

It thus appears that we will need to combine 
advances from three fronts: (i) an increased bio­
physical understanding of stability, folding and its 
determining factors; (ii) more efficient and 
especially far more accurate prediction methods of 
the relevant properties; and (iii) further improved 
methods of evolutionary fine tuning. Antibodies 
are reagents of great general utility and the enor­
mous unexplored biosphere within us and around 
us renders this effort worthwhile. 

Acknowledments 

The authors would like to thank Dr James S. Huston 
for sharing unpublished results and helpful discussions 
as well as Ors Lutz Jermutus, Annemarie Honegger, Jorg 
Burmester and Tomoaki Matsuura for critically reading 
the manuscript and helpful suggestions. Work in 
the authors' lab was supported, among others, by the 
Schweizerische Nationalfonds. 

References 
Arndt, K. M., Muller, K. M. & Pliickthun, A. (1998). Fac­

tors influencing the dimer to monomer transition of 
an antibody single-chain Fv fragment. Biochemistry, 
37, 12918-12926. 

Benhar, I. & Pastan, I. (1995). Identification of residues 
that stabilize the single-chain Fv of monoclonal anti­
bodies B3. J. Biol. Chem. 270, 23373-23380. 

Biocca, S. & Cattaneo, A. (1995). Intracellular immuniz­
ation: antibody targeting to subcellular compart­
ments. Trends Cell Biol. 5, 248-252. 

Biocca, S., Ruberti, F., Tafani, M., Pierandrei-Amaldi, P. 
& Cattaneo, A. (1995). Redox state of single chain 
Fv fragments targeted to the endoplasmic reticu­
lum, cytosol and mitochondria. Biotechnology, 13, 
1110-1115. 

Bird, R. E., Hardmann, K. D., Jacobson, J. W., Johnson, 
S., Kaufman, B. M., Lee, S., Lee, T., Pope, S. H., 
Riordan, G. S. & Whitlow, M. (1988). Single-chain 
antigen-binding proteins. Science, 242, 423-426. 

Boder, E. T. & Wittrup, K. D. (1997). Yeast surface dis­
play for screening combinatorial polypeptide 
libraries. Nature Biotechnol. 15, 553-557. 

Braisted, A. C. & Wells, J. A. (1996). Minimizing a bind­
ing domain from protein A. Proc. Natl Acad. Sci. 
USA, 93, 5688-5692. 

Brandts, J. F., Hu, C. Q., Lin, L. N. & Mos, M. T. (1989). 
A simple model for proteins with interacting 
domains. Applications to scanning calorimetry data. 
Biochemistry, 28, 8588-8596. 

Bregegere, F., England, P., Djavadi-Ohaniance, L. & 
Bedouelle, H. (1997). Recognition of E. coli trypto­
phan synthase by single-chain Fv fragments: com­
parison of PCR-cloning variants with the parental 
antibodies. J. Mal. Recogn. 10, 169-181. 

Brinkmann, U., Di Carlo, A., Vasmatzis, G., Kurochkina, 
N ., Beers, R., Lee, B. & Pastan, I. (1997). Stabiliz­
ation of a recombinant Fv fragment by base-loop 
interconnection and V w V L permutation. J. Mal. Biol. 
268, 107-117. 

Bicara Ex. 1089 
Bicara v. JHU - PGR2026-00025 



Review: Stability Engineering of scFv Fragments 

Brinkmann, U., Reiter, Y., Jung, S. H., Lee, B. & Pastan, 
I. (1993). A recombinant immunotoxin containing a 
disulfide-stabilized Fv fragment. Proc. Natl Acad. 
Sci. USA, 90, 7538-7542. 

Cattaneo, A. & Biocca, S. (1999). The selection of intra­
cellular antibodies. Trends Biotechnol. 17, 115-121. 

Chapman, A. P., Antoniw, P., Spitali, M., West, S., 
Stephens, S. & King, D. J. (1999). Therapeutic anti­
body fragments with prolonged in vivo half-lives. 
Nature Biotechnol. 17, 780-783. 

Chowdhury, P. S., Vasmatzis, G., Beers, R., Lee, B. & 
Pastan, I. (1998). Improved stability and yield of a 
Fv-toxin fusion protein by computer design and 
protein engineering of the Fv. J. Mol. Biol. 281, 917-
928. 

Chrunyk, B. A. & Wetzel, R. (1993). Breakdown in the 
relationship between thermal and thermodynamic 
stability. Protein Eng. 6, 733-738. 

Clarke, J., Itzhaki, L. S. & Fersht, A. R. (1997). Hydrogen 
exchange at equilibrium: a short cut for analysing 
protein-folding. Trends Biochem. Sci. 22, 284-287. 

Colcher, D., Pavlinkova, G., Beresford, G., Booth, B. J. M., 
Choudhury, A. & Batra, S. K. (1998). Pharmacoki­
netics and biodistribution of genetically engineered 
antibodies. Quart. J. Nucl. Med. 42, 225-241. 

Dall'Acqua, W. & Carter, P. (1998). Antibody engineer­
ing. Curr. Opin. Struct. Biol. 8, 443-450. 

de Haard, H. J. W., Kazemier, B., van der Bent, A., 
Oudshoorn, P., Boender, P., van Gemen, B., Arends, 
J.-W. & Hoogenboom, H. R. (1998). Absolute con­
servation of residue 6 of immunoglobulin heavy 
chain variable regions of class IIA is required for 
correct folding. Protein Eng. 11, 1267-1276. 

Desplancq, D., King, D. J., Lawson, A. D. G. & 
Mountain, A. (1994). Multimerization behavior of 
single-chain Fv variants for the tumor-binding anti­
body 872.3. Protein Eng. 7, 1027-1033. 

Dooley, H ., Grant, S. D., Harris, W. J. & Porter, A. J. 
(1998). Stabilization of antibody fragments in 
adverse environments. Biotechnol. Appl. Biochem. 28, 
77-83. 

Eftink, M. R. (1994). The use of fluorescence methods to 
monitor unfolding transitions in proteins. Biophys. J. 
66, 482-501. 

Essig, N. Z., Wood, J. F., Howard, A. J., Raag, R. & 
Whitlow, M . (1993). Crystallization of single-chain 
Fv proteins. J. Mol. Biol. 234, 897-901. 

Fa.gain, C. 6. (1995). Understanding and increasing pro­
tein stability. Biochim. Biophys. Acta, 1252, 1-14. 

Finucane, M. D., Tuna, M., Lees, J. H. & Woolfson, D. N. 
(1999). Core-directed protein design. I. An exper­
imental method for selecting stable proteins from 
combinatorial libraries. Biochemistry, 38, 11604-
11612. 

Fischer, R., Drossard, J., Emans, N., Commandeur, U. & 
Hellwig, S. (1999). Towards molecular farming 
in the future: Pichia pastoris-based production 
of single-chain antibody fragments. Biotechn. Appl. 
Biochem. 30, 117-120. 

Forrer, P., Jung, S. & Pluckthun, A. (1999). Beyond bind­
ing: using phage display to select for structure, fold­
ing and enzymatic activity in proteins. Curr. Opin. 
Struct. Biol. 9, 514-520. 

Francisco, J. A., Campbell, R., Iverson, B. L. & Georgiou, 
G. (1993). Production and fluorescence-activated cell 
sorting of Escherichia coli expressing a functional 
antibody fragment on the external surface. Proc. 
Natl Acad. Sci. USA, 90, 10444-10448. 

1007 

Freund, C., Gehrig, P., Holak, T. A. & Pluckthun, A. 
(1997). Comparison of the amide proton exchange 
behavior of the rapidly formed folding intermediate 
and the native state of an antibody scFv fragment. 
FEBS Letters, 407, 42-46. 

Frisch, C., Kolmar, H. & Fritz, H. J. (1994). A soluble 
immunoglobulin variable domain without a disul­
fide bridge: construction, accumulation in the cyto­
plasm of E. coli, purification and physicochemical 
characterization. Biol. Chem. Hoppe-Seyler, 375, 353-
356. 

Frisch, C., Kolmar, H ., Schmidt, A., Kleemann, G., 
Reinhardt, A., Pohl, E., Uson, I., Schneider, T. T. & 
Fritz, H. J. (1996). Contribution of the intramolecu­
lar disulfide bridge to the folding stability of 
REI(v), the variable domain of a human immuno­
globulin kappa light chain. Folding Des. 1, 431-440. 

Fromant, M., Blanquet, S. & Plateur, P. (1995). Direct 
random mutagenesis of gene-sized DNA fragments 
using polymerase chain reaction. Anal. Biochem. 224, 
247-253. 

Gilbert, H. F. (1990). Molecular and cellular aspects of 
thiol-disulfide exchange. Advan. Enzymol. Relat. 
Areas Mol. Biol. 63, 69-172. 

Giudicelli, V., Chaume, D., Bodmer, J., Muller, W., 
Busin, C., Marsh, S., Bontrop, R., Marc, L., Malik, 
A. & Lefranc, M. P. (1997). IMGT, the international 
ImMunoGeneTics database. Nucl. Acids Res. 25, 206-
211. 

Glockshuber, R., Malia, M., Pfitzinger, I. & Pluckthun, 
A. (1990). A comparison of strategies to stabilize 
immunoglobulin Fv-fragments. Biochemistry, 29, 
1362-1367. 

Glockshuber, R., Schmidt, T. & Pluckthun, A. (1992). 
The disulfide bonds in antibody variable domains: 
effects on stability, folding in vitro, and functional 
expression in Escherichia coli. Biochemistry, 31, 1270-
1279. 

Goto, Y. & Hamaguchi, K. (1979). The role of the 
intrachain disulfide bond in the conformation and 
stability of the constant fragment of the immuno­
globulin light chain. J. Biochem. 86, 1433-1441. 

Goto, Y., Tsunenaga, M ., Kawata, Y. & Hamaguchi, K. 
(1987). Conformation of the constant fragment of 
the immunoglobulin light chain: effect of cleavage 
of the polypeptide chain and the disulfide bond. 
J. Biochem. 101, 319-329. 

Gualfetti, P. J., Bilsel, 0 . & Matthews, C. R. (1999). The 
progressive development of structure and stability 
during the equilibrium folding of the alpha subunit 
of tryptophan synthase from Escherichia coli. Protein 
Sci. 8, 1623-1635. 

Hanes, J. & Plilckthun, A. (1997). In vitro selection and 
evolution of functional proteins using ribosome dis­
play. Proc. Natl Acad. Sci. USA, 94, 4937-4942. 

Hanes, J., Jermutus, L., Weber-Bornhauser, S., Bosshard, 
H. R. & Pluckthun, A. (1998). Ribosome display effi­
ciently selects and evolves high-affinity antibodies 
in vitro from immune libraries. Proc. Natl Acad. Sci. 
USA, 95, 14130-14135. 

Hanes, J., Schaffitzel, C., Knappik, A. & Plilckthun, A. 
(2000). Antibodies from a designed library of fully 
synthetic genes were selected and evolved to sub­
nanomolar affinities by using ribosome display. 
Nature Biotechnol. 18, 1287-1292. 

Harris, B. (1999). Exploiting antibody-based technologies 
to manage environmental pollution. Trends Biotech­
nol. 17, 290-296. 

Bicara Ex. 1089 
Bicara v. JHU - PGR2026-00025 



1008 

Harrison, J. S., Gill, A. & Hoare, M. (1998). Stability of a 
single-chain Fv antibody fragment when exposed to 
a high shear environment combined with air-liquid 
interfaces. Biotech. Bioeng. 59, 517-519. 

He, M. Y. & Taussig, M. J. (1997). Antibody-ribosome­
mRNA (ARM). complexes as efficient selection par­
ticles for in vitro display and evolution of antibody 
combining sites. Nucl. Acids Res. 25, 5132-5134. 

Hennecke, F., Krebber, C. & Plilckthun, A. (1998). Non­
repetitive single-chain Fv linkers selected by selec­
tively infective phage (SIP) technology. Protein Eng. 
11, 405-410. 

Holliger, P., Prospero, T. & Winter, G. (1993). 
"Diabodies": small bivalent and bispecific antibody 
fragments. Proc. Natl Acad. Sci. USA, 90, 6444-6448. 

Hudson, P. J. (1999). Recombinant antibody constructs 
in cancer therapy. Curr. Opin. Immunol. 11, 548-557. 

Hudson, P. J. & Kortt, A. A. (1999). High avidity scFv 
multimers: diabodies and triabodies. J. Immunol. 
Methods, 231, 177-189. 

Hurle, M. R., Helms, L. R., Li, L., Chan, W. & Wetzel, 
R. (1994). A role of destabilizing amino acid repla­
cements in light-chain amyloidosis. Proc. Natl Acad. 
Sci. USA, 91, 5446-5450. 

Huston, J. S., Levinson, D., Mudgett-Hunter, M., Tai, 
M., Novotny, J., Margolies, M. N., Ridge, R. J., 
Bruccoleri, R. E., Haber, E., Crea, R. & Oppermann, 
H. (1988). Protein engineering of antibody binding 
sites: recovery of specific activity in an anti-digosin 
single-chain Fv analogue produced in Escherichia 
coli. Proc. Natl Acad. Sci. USA, 85, 5879-5883. 

Huston, J. S., Mudgett-Hunter, M., Tai, M. S., 
McCartney, J., Warren, F., Haber, E. & Oppermann, 
H. (1991). Protein engineering of single-chain Fv 
analogs and fusion proteins. Methods Enzymol. 203, 
46-88. 

Huston, J. S., McCartney, J., Tai, M. S., Mottola­
Hartshom, C., Jin, D., Warren, F., Keck, P. & 
Oppermann, H. (1993) Medical applications of 
single-chain antibodies. Int. Rev. Immunol. 10, 195-
217. 

Jaenicke, R. & Seckler, R. (1997). Protein misassembly 
in vitro. Advan. Protein Chem. 50, 1-59. 

Jager, M. & Pliickthun, A. (1999a). Domain interactions 
in antibody Fv and scFv fragments: effects on 
unfolding kinetics and equilibria. FEBS Letters, 462, 
307-312. 

Jager, M . & Pliickthun, A. (1999b). Folding and assem­
bly of an antibody Fv fragment, a heterodimer 
stabilized by antigen. J. Mo/. Biol. 285, 2005-2019. 

Jager, M. & Pliickthun, A. (2001). The ScFv fragment of 
the antibody hu4D5-8: evidence for early premature 
domain interaction in refolding. J. Mo/. Biol. In the 
press. 

Jermutus, L., Honegger, A., Schwesinger, F., Hanes, J. & 
Pliickthun, A. (2001). Tailoring in vitro evolution for 
protein activity or stability. Proc. Natl Acad. Sci. 
USA, In the press. 

Jones, P. T., Dear, P. H., Foote, J., Neuberger, M. S. & 
Winter, G. (1986). Replacing the complementarity­
determining regions in a human antibody with 
those from a mouse. Nature, 321, 522-525. 

Jung, S. & Pliickthun, A. (1997). Improving in vivo 
folding and stability of a single-chain Fv antibody 
fragment by loop grafting. Protein Eng. 10, 959-966. 

Jung, S., Honegger, A. & Pliickthun, A. (1999). Selection 
for improved protein stability by phage display. 
]. Mal. Biol. 294, 163-180. 

Review: Stability Engineering of scFv Fragments 

Kabat, E. A., Wu, T. T., Perry, H . M ., Gottesman, K. S. 
& Foeller, C. (1991). Variable region heavy chain 
sequences. In Sequences of Proteins of Immunological 
Interest, NIH Publication No. 91-3242, National 
Technical Information Service (NTIS). 

Kipriyanov, S. M., Moldenhauer, G., Martin, A. C. R., 
Kupriyanova, 0 . A. & Little, M. (1997). Two amino 
acid mutations in an anti-human CD3 single chain 
Fv antibody fragment that affect the yield on bac­
terial secretion but not the affinity. Protein Eng. 10, 
445-453. 

Kitamura, K., Takahashi, T., Yamaguchi, T., Noguchi, 
A., Noguchi, A., Takashina, K., Tsurumi, H., 
Inagake, M., Toyokuni, T. & Hakomori, S. (1991). 
Chemical engineering of the monoclonal antibody 
A7 by polyethylene glycol for targeting cancer 
chemotherapy. Cancer Res. 51, 4310-4315. 

Knappik, A. & Pliickthun, A. (1995). Engineering turns 
of a recombinant antibody improve its in vivo fold­
ing. Protein Eng. 8, 81-89. 

Knappik, A., Ge, L., Honegger, A., Pack, P., Fischer, M., 
Wellnhofer, G., Hoess, A., Wolle, J., Plilckthun, A. 
& Virnekas, B. (2000). Fully synthetic human combi­
natorial antibody libraries (HuCAL) based on mod­
ular consensus frameworks and CDRs randomized 
with trinucleotides. J. Mal. Biol. 296, 57-86. 

Krebber, C., Spada, S., Desplancq, D., Krebber, A., Ge, 
L. & Pliickthun, A. (1997). Selectively infective 
phage (SIP): a mechanistic dissection of a novel 
method to select for protein-ligand interactions. 
]. Mo/. Biol. 268, 619-630. 

Kristensen, P. & Winter, G. (1998). Proteolytic selection 
for protein folding using filamentous bacterio­
phages. Fold. Des. 3, 321-328. 

Langedijk, A. C., Honegger, A., Maat, J., Planta, R. J., 
van Schaik, R. C. & Pliickthun, A. (1998). The 
nature of antibody heavy chain residue H6 strongly 
influences the stability of a VH domain lacking the 
disulfide bridge. J. Mol. Biol. 283, 95-110. 

Lee, L. S., Conover, C., Chi, C., Whitlow, M . & Filpula, 
D. (1999). Prolonged circulating lives of single-chain 
Fv proteins conjugated with polyethylene glycol: a 
comparison of conjugation chemistries and com­
pounds. Bioconj. Chem. 10, 973-981. 

Marasco, W. A. (1995). Intracellular antibodies (intrabo­
dies) as research reagents and therapeutic molecules 
for gene therapy. Immunotechnology. 1, 1-19. 

Martineau, P. & Betton, J.-M. (1999). In vitro folding and 
thermodynamic stability of an antibody fragment 
selected in vivo for high expression levels in Escheri­
chia coli cytoplasm. J. Mo/. Biol. 292, 921-929. 

Martineau, P., Jones, P. & Winter, G. (1998). Expression 
of an antibody fragment at high levels in the bac­
terial cytoplasm. J. Mo/. Biol. 280, 117-127. 

Mendelsohn, A. R. & Brent, R. (1999). Protein interaction 
methods, toward an endgame. Science, 284, 1948-
1950. 

Myers, J. K., Pace, C. N. & Scholtz, J. M. (1995). Dena­
turant m values and heat capacity changes: relation 
to changes in accessible surface areas of protein 
unfolding. Protein Sci. 4, 2138-2148. 

Nieba, L., Honegger, A., Krebber, C. & Pliickthun, A. 
(1997). Disrupting the hydrophobic patches at the 
antibody variable/constant domain interface: 
improved in vivo folding and physical characteriz­
ation of an engineered scFv fragment. Protein Eng. 
10, 435-444. 

Bicara Ex. 1089 
Bicara v. JHU - PGR2026-00025 



Review: Stability Engineering of scFv Fragments 

Ohage, E. & Steipe, B. (1999). Intrabody construction 
and expression. I. The critical role of V L domain 
stability. J. Mol. Biol. 291, 1119-1128. 

Ohage, E. C., Graml, W., Walter, M . M ., Steinbacher, S. 
& Steipe, B. (1997). Beta-tum propensities as para­
digms for the analysis of structural motifs to engin­
eer protein stability. Protein Sci. 6, 233-241. 

Ohage, E. C., Wirtz, P., Barnikow, J. & Steipe, B. (1999). 
Intrabody construction and expression. II. A syn­
thetic catalytic Fv fragment. J. Mol. Biol. 291, 1129-
1134. 

Pace, C. N. (1986). Determination and analysis of urea 
and guanidine hydrochloride denaturation curves. 
Methods Enzymol. 131, 266-290. 

Pace, C. N . (1990). Measuring and increasing protein 
stability. Trends Biotechnol. 8, 93-98. 

Pace, C. N. & Scholtz, J. M. (1997). Measuring the con­
formational stability of a protein. In Protein Struc­
ture, A Practical Approach (Creighton, T. E., ed.), pp. 
299-321, Oxford University Press, New York. 

Padlan, E. A. (1994). Anatomy of the antibody molecule. 
Mol. Immunol. 31, 169-217. 

Pantoliano, M. W., Bird, R. E., Johnson, S., Asel, E. D., 
Dodd, S. W., Wood, J. F. & Hardman, K. D. (1991). 
Conformational stability, folding, and ligand­
binding affinity of single-chain Fv immunoglobulin 
fragments expressed in Escherichia coli. Biochemistry, 
30, 10117-10125. 

Pedley, R. B., Boden, J. A., Boden, R., Begent, R. H. J., 
Turner, A., Haines, A. M. R. & King, D. J. (1994). 
The potential for enhanced tumor-localization by 
poly(ethylene glycol) modification of anti-CEA anti­
body. Brit. ]. Cancer, 70, 1126-1130. 

Pelletier, J. N., Arndt, K. M., Pliickthun, A. & Michnick, 
S. W. (1999). An in vivo, library-versus-library com­
petition strategy for the selection of optimized pro­
tein-protein interactions. Nature Biotech. 17, 683-690. 

Pliickthun, A. (1992). Monovalent and bivalent antibody 
fragments produced in Escherichia coli: engineering, 
folding and antigen-binding. Immunolog. Rev. 130, 
151-188. 

Pliickthun, A. & Pack, P. (1997). New protein engineer­
ing approaches to multivalent and bispecific anti­
body fragments. Immunotechology, 3, 83-105. 

Pliickthun, A., Krebber, A., Hom, U., Kniipfer, U., 
Wenderoth, R., Nieba, L., Proba, K. & Riesenberg, 
D. (1996). Producing antibodies in Escherichia coli: 
from PCR to fermentation. In Antibody Engineering, 
A Practical Approach (McCafferty, J., Hoogenboom, 
H . R. & Chiswell, D. J., eds), pp. 203-252, IRL Press, 
Oxford University Press, New York. 

Proba, K., Honegger, A. & Pliickthun, A. (1997). A natu­
ral antibody missing a cysteine in VH: consequences 
for thermodynamic stability and folding. J. Mol. 
Biol. 265, 161-172. 

Proba, K., Worn, A., Honegger, A. & Pliickthun, A. 
(1998). Antibody scFv fragments without disulfide 
bonds made by molecular evolution. J. Mo/. Biol. 
275, 245-253. 

Raffen, R., Dieckman, L. J., Szpunar, M., Wunschl, C., 
Pokkuluri, P. R., Dave, P., Stevens, P. W., Cai, X., 
Schiffer, M. & Stevens, F. J. (1999). Physicochemical 
consequences of amino acid variations that contrib­
ute to fibril formation by immunoglobulin light 
chains. Protein Sci. 8, 509-517. 

Rajagopal, V., Pastan, I. & Kreitrnan, R. J. (1997). A form 
of anti-Tac(Fv) which is both single-chain and disul­
fide-stabilized: comparison with its single-chain and 

1009 

disulfide-stabilized homologs. Protein Eng. 10, 1453-
1459_ 

Reiter, Y., Brinkmann, U., Kreitrnan, R. J., Jung, S.-H., 
Lee, B. & Pastan, I. (1994a). Stabilization of the Fv 
fragments in recombinant immunotoxins by disul­
fide bonds engineered into conserved framework 
regions. Biochemistry, 33, 5451-5459. 

Reiter, Y., Brinkmann, U., Webber, K. 0., Jung, S.-H., 
Lee, B. & Pastan, I. (1994b). Engineering interchain 
disulfide bonds into conserved framework regions 
of Fv fragments: improved biochemical character­
istics of recombinant immunotoxins containing dis­
ulfide-stabilized Fv. Protein Eng. 7, 697-704. 

Reiter, Y., Brinkmann, U., Jung, S.-H., Pastan, I. & Lee, 
B. (1995). Disulfide stabilization of antibody Fv: 
computer predictions and experimental evaluation. 
Protein Eng. 8, 1323-1331. 

Reiter, Y., Brinkmann, U., Lee, B. & Pastan, I. (1996). 
Engineering antibody Fv fragments for cancer 
detection and therapy: disulfide-stabilized Fv frag­
ments. Nature Biotechol. 14, 1239-1245. 

Robinson, C. R. & Sauer, R. T. (1998). Optimizing the 
stability of single-domain proteins by linker length 
and composition mutagenesis. Proc. Natl Acad. Sci. 
USA, 95, 5929-5934. 

Rodrigues, M. L., Presta, L. G., Kotts, C. E., Wirth, C., 
Mordenti, J., Osaka, G., Wong, W. L. T., Nuijens, 
A., Blackbum, B. & Carter, P. (1995). Development 
of a humanized disulfide-stabilized anti-p185HER2 
Fv-P-lactamase fusion protein for activation of a 
cephalosporin doxorubicin prodrug. Cancer Res. 55, 
63-70. 

Royer, C. A. (1995). Fluorescence spectroscopy. In 
Methods in Molecular Biology: Protein Stability and 
Folding (Shirley, B. A., ed.), pp. 65-89, Humana 
Press, Totowa, New Jersey. 

Ruan, B., Hoskins, J., Wang, L. & Bryan, P. N . (1998). 
Stabilizing the subtilisin BPN' prodomain by phage 
display selection: how restrictive is the amino acid 
code for maximum protein stability? Protein Sci. 7, 
2345-2353. 

Rubingh, D. N. (1997). Protein engineering from a bio­
industrial point of view. Curr. Opin. Biotechnol. 8, 
417-422. 

Schuler, B. & Seckler, R. (1998). A reversibly unfolding 
fragment of P22 tailspike protein with native struc­
ture: the isolated beta-helix domain. J. Mol. Biol. 
281, 227-234. 

Shaw, A. & Bott, R. (1996). Engineering enzymes for 
stability. Curr. Opin. Struct. Biol. 6, 546-550. 

Shimada, N., Suzuki, Y., Nakajima, M ., Conrad, U., 
Murofushi, N. & Yamaguchi, I. (1999). Expression 
of functional single-chain antibody against GA(24/ 
19) in transgenic tobacco. Biosci. Biotechnol. Biochem. 
63, 779-783. 

Shimba, N., Torigoe, H., Takahashi, H., Masuda, K., 
Shimada, I., Arata, Y. & Sarai, A. (1995). Compara­
tive thermodynamic analyses of the Fv, Fab* and 
Fab fragments of anti-dansyl mouse monoclonal 
antibody. FEBS Letters, 360, 247-250. 

Shimizu, M., Nagashima, H., Sano, K., Hashimoto, K., 
Ozeki, M., Tsuda, K. & Hatta, H. (1992). Molecular 
stability of chicken and rabbit immunoglobulin-G. 
Biosci. Biotechnol. Biochem. 56, 270-274. 

Sieber, V., Pliickthun, A. & Schmid, F. X. (1998). Select­
ing proteins with improved stability by a phage­
based method. Nature Biotechol. 16, 955-960. 

Bicara Ex. 1089 
Bicara v. JHU - PGR2026-00025 



1010 

Skerra, A. & Pliickthun, A. (1988). Assembly of a func­
tional immunoglobulin Fv fragment in Escherichia 
coli. Science, 240, 1038-1041. 

Smith, M. D. (1996). Antibody production in plants. 
Biotechnol. Advan. 14, 267-281. 

Spada, S., Honegger, A. & Pliickthun, A. (1998). Repro­
ducing the natural evolution of protein structural 
features with selectively infective phage (SIP) tech­
nology. J. Mol. Biol. 283, 395-407. 

Steipe, B., Schiller, B., Pliickthun, A. & Steinbacher, S. 
(1994). Sequence statistics reliably predict stabilizing 
mutations in a protein domain. J. Mot. Biol. 240, 
188-192. 

Stemmer, W. P. C. (1994). Rapid evolution of a protein 
in vitro by DNA shuffling. Nature, 370, 389-391. 

Tan, P. H., Sandmaier, B. M. & Stayton, P. S. (1998). 
Contribution of a highly conserved VH/VL hydro­
gen bonding interaction to scFv folding stability 
and refolding efficiency. Biophys. J. 75, 1473-1482. 

Tanford, C. (1970). Protein denaturation. C. Theoretical 
models for the mechanism of denaturation. Advan. 
Protein Chem. 24, 1-95. 

Tavladoraki, P., Girotti, A., Donini, M ., Arias, F. J., 
Mancini, C., Morea, V., Chiaraluce, R., Consalvi, V. 
& Benvenuto, E. (1999). A single-chain antibody 
fragment is functionally expressed in the cytoplasm 
of both Escherichia coli and transgenic plants. Eur. J. 
Biochem. 262, 617-624. 

Uson, I., Bes, M. T., Sheldrick, G. M., Schneider, T. R., 
Hartsch, T. & Fritz, H. J. (1997). X-ray crystallo­
graphy reveals stringent conservation of protein 
fold after removal of the only disulfide bridge from 
a stabilized immunoglobulin variable domain. Fold. 
Des. 2, 357-361. 

Verma, R., Boleti, E. & George, A. J. T. (1998). Antibody 
engineering: comparison of bacterial, yeast, insect 
and mammalian expression systems. J. Immunol. 
Methods, 216, 165-181. 

Vermeer, A. W. P. & Norde, W. (2000). The thermal 
stability of immunoglobulin: unfolding and aggre­
gation of a multi-domain protein. Biophys. J. 78, 
394-404. 

Visintin, M., Tse, E., Axelson, H., Rabbitts, T. H. & 
Cattaneo, A. (1999). Selection of antibodies for intra­
cellular function using a two-hybrid in vivo system. 
Proc. Natl Acad. Sci. USA, 96, 11723-11728. 

Wang, M., Lee, L. S., Nepomich, A., Yang, J.-D., 
Conover, C., Whitlow, M. & Filpula, D. (1998). 
Single-chain Fv with manifold N-glycans as bifunc­
tional scaffolds for immunomolecules. Protein Eng. 
11, 1277-1283. 

Wetzel, R., Perry, L. J., Mulkerrin, M. G. & Randall, M. 
(1990). Unfolding and inactivation: genetic and 
chemical approaches to the stabilization of T4 lyso­
zyme and interferon-gamma against irreversible 
thermal denaturation. In Protein Design and the 
Development of New Therapeutics and Vaccines; Pro­
ceedings of the Sixth Annual Smith, Kline and French 
Research Symposium (Poste, G. & Hook, J. B., eds), 
pp. 79-115, Plenum, New York. 

Whitlow, M., Bell, B. A., Feng, S. L., Filpula, D., 
Hardman, K. D., Hubert, S. L., Rollence, M. L., 

Review: Stability Engineering of scFv Fragments 

Wood, J. F., Schott, M. E., Milenic, D. E., Takashi, 
Y. & Schlom, J. (1993). An improved linker for 
single-chain Fv with reduced aggregation and 
enhanced proteolytic stability. Protein Eng. 6, 989-
995. 

Whitlow, M., Filpula, D., Rollence, M. L., Feng, S.-L. & 
Wood, J. F. (1994). Multivalent Fvs: characterization 
of single-chain Fv oligomers and preparation of a 
bispecific Fv. Protein Eng. 7, 1017-1026. 

Williams, A. F. & Barclay, A. N. (1988). The immuno­
globulin superfamily, domains for cell surface 
recognition. Annu. Rev. Immunol. 6, 381-405. 

Williams, D. C., Jr., Rule, G. S., Poljak, R. J. & Benjamin, 
D. C. (1997). Reduction in the amide hydrogen 
exchange rates of an anti-lysozyme Fv fragment 
due to formation of the Fv-lysozyme complex. 
J. Mo/. Biol. 270, 751-762. 

Willuda, J., Honegger, A., Waibel, R., Schubiger, P. A., 
Stahel, R., Zangenmeister-Wittke, U. & Pliickthun, 
A. (1999). High thermal stability is essential for 
tumor targeting of antibody fragments: engineering 
of a humanized anti-EGP-2 (Ep-CAM) scFv frag­
ment. Cancer Res. 59, 5758-5767. 

Winter, G. & Harris, W. J. (1993). Humanized anti­
bodies. Trends Pharmacol. Sci. 14, 139-143. 

Winter, G., Griffiths, A. D., Hawkins, R. E. & 
Hoogenboom, H. R. (1994). Making antibodies by 
phage display technology. Annu. Rev. Immunol. 12, 
433-455. 

Wirtz, P. & Steipe, B. (1999). Intrabody construction and 
expression III: engineering hyperstable V-H 
domains. Protein Sci. 8, 2245-2250. 

Worn, A. & Pliickthun, A. (1998a). Mutual stabilization 
of VL and VH in single-chain antibody fragments, 
investigated with mutants engineered for stability. 
Biochemistry, 37, 13120-13127. 

Worn, A. & Pliickthun, A. (1998b). An intrinsically 
stable antibody scFv fragment can tolerate the loss 
of both disulfide bonds and fold correctly. FEBS 
Letters, 237, 357-361. 

Worn, A. & Pliickthun, A. (1999). Different equilibrium 
stability behavior of scFv fragments: identification, 
classification and improvement by protein engineer­
ing. Biochemistry, 38, 8739-8750. 

Worn, A., Auf der Maur, A., Escher, D., Honegger, A., 
Barberis, A. & Pliickthun, A. (2000). Correlation 
between in vitro stability and in vivo performance of 
anti-GCN4 intrabodies as cytoplasmic inhibitors. 
J. Biol. Chem. 275, 2795-2803. 

Yasui, H., Ito, W. & Kurosawa, Y. (1994). Effects of sub­
stitutions of amino acids on the thermal stability of 
the Fv fragments of antibodies. FEBS Letters, 353, 
143-146. 

Young, N. M., MacKenzie, C.R., Narang, S. A., Oomen, 
R. P. & Baenziger, J. E. (1995). Thermal stabilization 
of a single-chain Fv antibody fragment by introduc­
tion of a disulphide bond. FEBS Letters, 377, 135-
139. 

Zhu, Z., Presta, L. G., Zapata, G. & Carter, P. (1997). 
Remodeling domain interfaces to enhance hetero­
dimer formation. Protein Sci. 6, 781-788. 

Edited by P. Wright 

(Received 19 June 2000; received in revised form 18 October 2000; accepted 19 October 2000) 

Bicara Ex. 1089 
Bicara v. JHU - PGR2026-00025 




