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Antibody Fv fragments would in principle be useful for a variety of bio-
technological applications because of their small size and the possibility
to produce them in relatively large amounts in recombinant form; how-
ever, their limited stability is a drawback. To solve this problem, both
domains are usually fused via a peptide linker to form a single-chain Fv
(scFv) fragment, but in some cases this leads to a dimerization. We pre-
sent an alternative format for stabilizing antibody Fv fragments. The CH1
and CL domain of the Fab fragment were replaced with a heterodimeric
coiled coil (WinZip-A2B1), which had previously been selected using a
protein-fragment complementation assay in Escherichia coli. This new anti-
body format was termed helix-stabilized Fv fragment (hsFv), and was
compared to the corresponding Fv, Fab and single-chain Fv format. Bac-
terial growth and expression of the hsFv was signi®cantly improved
compared to the Fab fragment. The hsFv fragment formed a heterodimer
of heavy and light chain with the expected molecular mass, also under
conditions where the scFv fragment was predominantly dimeric. The
hsFv fragment was signi®cantly more stable than the Fv fragment, and
nearly as stable as the scFv fragment under the conditions used (80 nM
protein concentration). Thus, the format of a helix-stabilized Fv (hsFv)
fragment can be a useful alternative to existing recombinant antibody
formats, especially in cases where poor expression of Fab fragments or
multimerization of scFv fragments is a problem.
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Introduction

Immunoglobulin Fv fragments are the smallest
functional units of antibodies still containing the
complete antigen-binding site. They are heterodi-
mers of the heavy-chain variable domain (VH) and
the light-chain variable domain (VL). Their rela-
tively small size, the ability to produce them in
functional form in the periplasm of Escherichia coli,1

as well as their potential use in immunodiagnostics
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and immunotherapy makes them an interesting
starting point for protein engineering.

However, Fv fragments are of limited stability
due to dissociation of the two chains. Dissociation
constants of 10ÿ6 M to 10ÿ9 M have been
measured.2 ± 5 Therefore, different ways have been
established to enforce the association of the two
domains. In the Fab fragment, which in addition to
the variable domains comprises the ®rst constant
domains of the light and heavy chain (CH1 and
CL), the interaction between both chains is signi®-
cantly improved. A further method to stabilize Fv
fragments is the covalent linkage between both
chains. This can be achieved by a ¯exible geneti-
cally encoded linker connecting VL and VH, result-
ing in a so-called single-chain Fv fragment
(scFv).6 ± 8 Alternatively, a covalent linkage can be
achieved by the formation of a disul®de bridge
between the two chains by introducing two engin-
eered cysteine residues, resulting in a so-called
# 2001 Academic Press



Figure 1. Overview of recombinant antibody formats
compared in this study. (a) Helix-stabilized Fv fragment
(hsFv). In the ®nal construct, the VH domain (blue) is
connected via a ¯exible 14 amino acid linker to WinZip-
A2 (cyan), while the VL domain (red) is connected via a
similar linker to WinZip-B1 (orange) (see also Table 1).
The broken lines (grey) symbolize the distance that
should be covered by the ¯exible linkers. (b) Overview
of the genes encoding the hsFv fragment. Important
restrictions sites (see below) are indicated. (c) Fab frag-
ment, consisting of the light chain, VL (red) and CL

(orange), and the heavy chain, VH (blue) and CH1
(cyan). (d) The Fv fragment, and (e) the single-chain Fv
fragment (scFv) are given in the same color code for the
variable domain. The broken grey line symbolizes the
linker which connects VH with VL. The constructs were
modeled based on the PDB structure 1MCP.29 The hsFv
fragment is encoded in the vector pKA290_H11-A2B1.
The starting point for this vector was the vector
pHJ290huC,48 which expresses a chimeric Fab fragment
with the Fv domain from the murine antibody
McPC603, and the constant part from the human anti-
body 4D5. VH and VL are preceded by a short FLAG
tag.49 In the ®rst step, the three stabilizing mutations
(``H11``) in the heavy chain28 were introduced from the
vector pHJ300H1148 as a SpeI/HindIII fragment. In the
next step, the constant domains were exchanged for the
helices WinZip-A2 and WinZip-B1 forming
a coiled-coil domain, via the unique restriction
sites KpnI/SphI for WinZip-A2 and A¯II/HindIII for
WinZip-B1, respectively. The genes for WinZip-A2 and
WinZip-B1 were obtained by PCR from the resulting
vectors of a library-versus-library selection using the vec-
tors LibA-DHFR[1] and LibB-DHFR[2:I114A],
respectively.24,25 The amino acid sequence of the linker
and the coiled-coil domain is given in Table 1. The scFv
fragment of the antibody McPC603 with the three
mutations in the heavy chain and an N-terminal FLAG-
peptide49 is encoded in the vector pLisc_SAFH11 (corre-
sponding to pLisc_SF48 with the H11 set of mutations28).
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disul®de-stabilized Fv fragment (dsFv).8,9 The last
two strategies can also be combined.10

However, all these formats have advantages and
disadvantages, and the method of choice depends
highly on the application. The Fab fragment often
expresses at signi®cantly lower yield of functional
protein compared with the Fv fragment,11 even
though the absolute yield depends strongly on the
particular sequence of the antibody. In the dsFv,
the additional cysteine residues usually dramati-
cally decreases the expression yield in periplasmic
expression, which usually requires that dsFv pro-
teins are prepared by refolding.8,9 Furthermore, the
relative spatial orientation of the VH and VL

domains is not constant for different antibodies,
and can also vary upon antigen binding.12 ± 14 The
precise orientation is therefore dif®cult to predict,
and there may not be a single successful position
to place the designed disul®de bridge for all anti-
bodies. The scFv, although expressing comparably
well in the periplasm of E. coli, has a tendency to
form dimers or even higher aggregates,15 ± 20

depending on the linker length and on individual
factors within the domains, which are still not well
understood. It cannot be excluded that the linker
might even directly or indirectly interfere with
folding or antigen binding in some scFv fragments,
which could be one contributing factor for reduced
apparent af®nities and/or reduced percentage of
functional molecules of some scFv fragments com-
pared with the corresponding Fab fragments6,7,21,22

or Fv fragments.23

For most applications a de®ned oligomerization
state is necessary, and a good yield of functional
protein is desirable. We therefore developed a new
format to stabilize Fv fragments which does not
require any structural information of the Fv frag-
ment, avoids the problem of multimerization, and
is as well expressed as Fv or scFv fragments. This
was achieved by combining an Fv fragment with a
heterodimerization domain in a Fab fragment-like
arrangement (Figure 1). Each chain of the antibody
fragment is connected via a designed ¯exible linker
to one chain of the heterodimerizing domain.

We utilized a coiled coil as heterodimerization
domain, and therefore we named this stabilized Fv
fragment ``helix-stabilized Fv fragment'' or brie¯y
``hsFv''. We chose a highly speci®c, heterodimeric
coiled coil, named WinZip-A2B1 (Table 1), which
The single-chain Fv fragment is in the orientation VH-
(G4S)3-VL. The Fv fragment with a FLAG-peptide before
the heavy and the light chain and the same mutations
in the heavy chain is encoded in the vector pHJ300H11.
The vector coding for the corresponding Fab fragment
carrying the same mutations in the heavy chain was
obtained by combining the Fab vector pHJ290FF,49

which expresses the wt-Fab fragment, with the vector
pHJ300H11 via SpeI/HindIII, resulting in the vector
pKA290_H11Fab. All vectors are based on pASK2911

and pASK30.30



Table 1. Sequences of the linker and the coiled coil domain used for the hsFv fragment

Antibody domain Linkera Coiled-coil domainb,c

VH - S-GGTSGSTSGTGST - T-VAQLRER VKTLRAQ NYELESE VQRLREQ VAQL-AS
VL - A-GSSTGSSTGPGST - S-VDELQAE VDQLQDE NYALKTK VAQLRKK VEKL-AS
Heptad positiond abcdefg abcdefg abcdefg abcdefg abcd

a The ®rst residue of the linker, which is formally the last amino acid of the variable domain (Ser149 in VH; Ala150 in VL, accord-
ing to the consensus numbering27), is relatively ¯exible and therefore more likely to participate in the linker part.

b The last two amino acids of the linker (amino acids S, T), and the ®rst amino acid of the coiled-coil domain (S or T, respectively)
were designed to form an N-cap for the helix.

c The last two amino acids (AS) were included to increase solubility.
d The coiled-coil helix has a seven-residue structural repeat, with residues denoted by the same lower-case letter being in equiva-

lent positions. Positions a and d (bold and underlined) are located in the interface between the helices.
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we had previously selected from two coiled-coil
libraries using an in vivo assay in E. coli.24,25 We
preferred this coiled coil over designed ones,
because we had previously observed that some
designed coiled coils, although being highly stable
in vitro, are severely degraded during in vivo
expression and puri®cation (K.M.A., unpublished
results). WinZip-A2B1 had been selected in the
cytosol of E. coli, and is therefore known to be
metabolically stable and functional in this environ-
ment. Furthermore, WinZip-A2B1 was selected to
be highly heterospeci®c, since the selection system
disfavored homodimerization.24 Whether WinZip-
A2B1 also functioned in a periplasmic expression
system, i.e., whether it was transported to the peri-
plasm and was resistant against proteases in this
environment as well, had to be investigated in
order to evaluate its general utility. Therefore, our
approach not only demonstrates a new way to
stabilize Fv fragments, but at the same time, also
validates the general usefulness of WinZip-A2B1 as
independent heterodimerization module. We have
compared the novel hsFv with the corresponding
Fv, scFv and Fab fragment regarding expression
behavior, yield of functional protein, oligomeriza-
tion state and stability.

Model system

For our studies we chose a mutant of the
phosphorylcholine-binding antibody fragment
McPC603, which was derived from a murine IgA
antibody.26 This mutant carries three mutations in
the heavy chain (P47A, S71A, A72D, numbered
according to the new AHo consensus scheme,27

corresponding to sequentially numbered positions
P40A, S63A, A64D), which result in better in vivo
folding properties, and thus increased yield in
functional expression.28 This antibody is a particu-
larly useful model system to elucidate the advan-
tages of our new approach, because we had
previously found that the corresponding single-
chain Fv fragment can form dimers under certain
conditions.15

Design

The linker connecting each variable chain of the
antibody with one helix of the heterodimerization
domain should be ¯exible and suf®ciently long so
as not to put any strain on the VH-VL assembly,
but at the same time not too long so that the
dimerization of the coiled coil might still be able to
facilitate dimerization of VH and VL and thereby
increase its stability. Using the structure of the Fab
fragment of the antibody McPC603 (PDB code
1MCP29), we measured the distances between the
C termini of VH (Ser149 (AHo numbering27), corre-
sponding to Ser122 in sequential numbering29) and
VL (Ala150 (AHo), corresponding to Ala115
(sequential)) to be 40.6 AÊ . In order to prevent a
forced, sharp bend of the linker, an isosceles tri-
angle was constructed with the bottom part of the
Fv fragment (C termini) as base and pointing
toward the N termini of the helices with an angle
of about 45 �. The resulting distances along this tri-
angle from the C terminus of VH or VL, respect-
ively, and the N termini of the helices, were
estimated to be 24 AÊ to 26 AÊ (Figure 1). The aver-
age distance of an amino acid in a peptide chain of
extended conformation is 3.34 AÊ , in a peptide
folded as a b-strand about 3.06 AÊ , and 0.70 AÊ in a
peptide chain folded as a-helix. Thus, a minimum
length of seven, eight or 32 amino acid residues
would be required assuming a maximal extended
conformation, a b-strand or an a-helix, respect-
ively. To account for enough ¯exibility, we chose a
14 residue-long linker. To prevent genetic instabil-
ities we avoided codon repeats in the linker, and
chose a different sequence consisting of the amino
acids Gly, Ser, Thr, Pro for both linkers (Table 1).

Cell viability and protein expression

All constructs (Fv, Fab, hsFv, scFv) were
expressed in the same vector, based on earlier
versions30 in the E. coli strain JM83 (Figure 1). The
growth curves, measured at 26 �C (Figure 2), show
no signi®cant difference for all constructs before
induction with 1 mM IPTG. However, cells expres-
sing the Fab fragment grew considerably more
slowly after induction. At 3.5 to four hours after
induction, they reached a maximal A550 nm of only
2.6 before starting to lyse as indicated by a
decrease in optical density. This is the result of a
toxic effect of the expressed product on bacterial
physiology, whose exact mechanistic origin has not
yet been elucidated. No signi®cant difference in



Figure 2. Characterization of the different antibody
formats. (a) Growth curves in LB medium at 26 �C using
the E. coli strain JM83 (F ÿ ara (�lac-proAB) rpsL (strr)
[f80dlac (lacZ)�M15] thi) harboring the various
expression plasmids described in Figure 1. *, hsFv frag-
ment; &, Fv fragment; ~, scFv fragment; }, Fab frag-
ment. All growth experiments were carried out in LB
broth in shake ¯asks, containing 0.1 mg/l ampicillin.
Overnight cultures were grown at 30 �C. The main cul-
ture was inoculated to give an initial A550 nm of 0.15
(typical dilution of 1:25-1:30) and grown at 26 �C. Cells
were induced with a ®nal concentration of 1 mM IPTG
at an A550 nm of 0.5 to 0.6, and the absorbance at
550 nm was measured every hour for 13 hours. (b) Coo-
massie blue-stained SDS-PAGE of puri®ed antibody
constructs. 1, Fv fragment; 2, hsFv fragment; 3, marker
(97.4 kDa, 66.2 kDa, 45.0 kDa, 31.0 kDa, 21.5 kDa,
14.4 kDa); 4, scFv fragment; 5, Fab fragment. The
expression and puri®cation by af®nity chromatography
was performed as described previously.15 The concen-
tration was calculated from the absorbence at 280 nm.50

The masses of the two chains of the hsFv, which run at
the same height in SDS-PAGE, were veri®ed by mass
spectrometry and were found to be within the expected
range of error (data not shown). (c) Size-exclusion chro-
matography of the hsFv fragment. The arrows indicate
the elution volume for the corresponding scFv-Zip
(66 kDa), scFv (dimeric form: 56 kDa; monomeric form:
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growth was observed between the Fv fragment
and the hsFv. Both reached a maximal A550 nm of
about 4.2 to 4.4 at six to 6.5 hours after induction.
This indicates that the expression of the additional
coiled-coil domain has no negative in¯uence on
the viability of the bacteria. In contrast, the scFv
fragment imposed more stress on the cell, as those
cells reached a maximal A550 nm of only 3.6 already
4.5 to ®ve hours after induction (Figure 2).

Protein purification and yield

In order to purify only functional protein, and at
the same time demonstrate antigen binding, we
used a hapten-af®nity puri®cation, as described
previously.15,31 A washing step with 1 M NaCl
was added to increase purity, and no impurities
were observed in SDS-PAGE (Figure 3). All con-
structs could be af®nity puri®ed, and were thus
functionally expressed. No degradation products
was detectable, neither by SDS-PAGE nor by mass
spectrometry (data not shown). The yield of func-
tional protein from a two liter culture after four
hours of induction was about 4 mg for the hsFv
and scFv, but only 600 mg for the Fab fragment.
The lower yield of functional protein from a Fab
fragment compared with an Fv fragment has been
described before, and even changing the disul®de
pattern in the constant domains from the parental
IgA type to the IgG1 type did not increase the
amount of functional protein.11 This points to a dis-
advantage of Fab fragments over other forms of
stabilized Fv fragments. Nevertheless, the magni-
tude of expression decrease is dependent on the
particular antibody.

Oligomerization state

Single-chain Fv fragments have the potential dis-
advantage that under certain conditions they can
form dimers or even higher aggregates, as shown
by several groups.15 ± 20,32,33 This behavior depends
not only on the linker length, but can be in¯uenced
by a variety of structural and environmental
factors.16 ± 19 We previously investigated this
phenomenon for the same single-chain antibody
fragment as studied here.15 The dimeric form of
this scFv fragment is initially formed during peri-
plasmic expression and can get trapped in the
dimeric form by all factors that stabilize the VH-VL

interface, such as the presence of the antigen, high
ionic strength and a pH below 7.5. The antigen is
bound in a cavity between VH and VL, and thereby
stabilizes the interface. Consequently, destabiliza-
28 kDa), and Fv fragment (27 kDa). All samples were
loaded (30-50 ml) and run in BBS buffer (200 mM
H3BO3, 160 mM NaCl (pH 8.9; NaOH)) with 20 mM
phosphorylcholine on a Superose-12 column (PC3.2/30;
3.2 mm � 30 cm; Pharmacia, Sweden) at 20 �C.



Figure 3. Urea denaturation curves of various anti-
body fragments in the presence (®lled symbols) and in
the absence (open symbols) of antigen. **, hsFv frag-
ment; &, Fv fragment; ~~, scFv fragment; ^, Fab
fragment. Urea-induced denaturation was followed by
the measurement of the intrinsic ¯uorescence emission
spectra of the proteins. Protein/urea mixtures (2 ml)
containing a ®nal protein concentration of 80 nM, and
denaturant concentrations ranging from 0 to 8 M urea
were prepared from freshly puri®ed protein (in BBS buf-
fer) and a urea stock solution (9 M, BBS buffer).
Measurements were performed in the presence or
absence of the antigen (5 mM phosphorylcholine).
Samples without antigen were obtained by preparative
gel ®ltration on a Superdex 75 column (HiLoad 16/60
prep grade, Pharmacia, Sweden) at 4 �C in BBS buffer.
The exact urea concentration of each sample was deter-
mined by measuring the refractive index. After an over-
night incubation at 10 �C, ¯uorescence emission spectra
were measured at 10 �C from 320 nm to 390 nm; exci-
tation was at 280 nm (step size 1 nm, integration time
0.2 seconds, averaging of six measurements). All
measurements were carried out under gentle magnetic
stirring, using a PTI Alpha Scan (Photon Technologies,
Inc.) or a Hitachi F-4500 spectro¯uorimeter. Denatura-
tion curves were obtained by plotting the normalized
wavelength shift of maximal intensity versus the urea
concentration. As the two-state nature of the transitions
is not clear for the various fragments, we have not
derived free energies. For comparison, the dissociation
constant of the coiled-coil domain WinZip-A2B1 was
estimated to be 400 pM at similar conditions as used in
this experiment (K.M.A. et al., unpublished results).

Helix-stabilized Fv (hsFv) Antibody Fragments 225
tion of the interface, for example by removing the
antigen, allows equilibration to the thermodynami-
cally favored monomeric form. Elongation of the
linker from 15 to 25 amino acid residues reduced
the amount of initially isolated dimer to about
60 %.15

It might be conceivable that multimeric hsFv
fragments are formed, if the helices and the anti-
body chains did not assemble, as depicted in
Figure 1(a), but would each dimerize with different
molecules. We therefore investigated the oligomeri-
zation state of the hsFv fragment by size-exclusion
chromatography (Figure 2(c)). As reference pro-
teins, the Fv fragment, the scFv in its monomeric
and dimeric form,15 as well as a dimeric mini-anti-
body, an assembly where each helix of a homodi-
meric coiled coil carries a whole scFv molecule
connected by a hinge region (scFv-ZIP34,35) were
used. The hsFv gave rise to a single sharp peak
with an elution volume between the elution
volumes of the dimeric and monomeric form of the
scFv fragment (Figure 2(c)). This corresponds well
to the expected molecule as depicted in Figure 2(a).
No dissociation or aggregation was observed by
size-exclusion chromatography. As expected, the
elution volume was somewhat smaller than for the
monomeric scFv. This is not only due to the
slightly higher molecular mass (hsFv: 37.2 kDa,
scFv: 28 kDa), but it had also been observed pre-
viously that the coiled-coil domain increases the
apparent size, presumably due to its extended
shape (compare scFv-dimer to scFv-ZIP in
Figure 2(c)). This clearly demonstrates that under
conditions where the single-chain Fv fragment of
the same antibody is at least partially dimeric, a
single species with the correct molecular mass is
obtained in the case of the helix-stabilized Fv frag-
ment, which is an important advantage over the
single-chain Fv fragment.

Stability

A further important point determining the use-
fulness of the various antibody formats is their
stability (reviewed by Pack & PluÈ ckthun35). In the
case of the antibody McPC603, the interface
between VH and VL is not very stable in the
absence of bound antigen. For the Fv fragment, the
dissociation constant of VH and VL of a similar
mutant as the one used here was estimated37 to be
2 � 10ÿ7 M. Thus, any interface-stabilizing effect
becomes immediately apparent. The stability of the
hsFv fragment was compared with those of the Fv,
Fab and scFv fragments in the presence and
absence of the antigen phosphorylcholine
(Figure 3). The Fv fragment was by far the least
stable molecule. Even in the presence of antigen, it
was already partially denatured in the absence of
urea at a protein concentration of 80 nM; consistent
with previous measurements.37 As expected, the
most stable fragment was the Fab fragment.
Although the Fab fragment used here (derived
from an IgA and thus having no H-L interchain
disul®de bond) is also non-covalently associated,
its dissociation constant is estimated to be much
less than 80 nM.38 ± 40 The high degree of stability is
most likely caused by the interaction between both
chains, as well as by the orientation of the variable
domains enforced by the constant domains. The
single-chain Fv fragment and the helix-stabilized
Fv fragment showed intermediate stability. The
somewhat higher stability of the scFv fragment
compared with the hsFv fragment at the chosen
concentration of 80 nM can be explained by the
fact that the hsFv consists of two separate chains,
and the stability is concentration-dependent,
whereas in the scFv both chains are covalently



226 Helix-stabilized Fv (hsFv) Antibody Fragments
linked and the stability is therefore concentration-
independent. The effective local concentration of
the domains in the scFv can be estimated to be in
the range of 1 mM (assuming that the (G4S)3 linker
spans up to 5 nm and the distances from the linker
to the midpoint of the interface add a further
1.5 nm for each domain). This is consistent with
measurements based on unfolding rates.37

The stability of the A2B1 coiled coil has been
determined with synthetic peptides by CD spec-
troscopy (K.M.A. et al., unpublished results).
Coiled-coil helices undergo a cooperative transition
to the monomeric random coil. Under the con-
ditions at which the proteins were unfolded (10 �C,
80 nM dimer concentration), the coiled-coil peptide
unfolds with a midpoint of about 2.4 M urea. The
midpoint of unfolding is thus higher than the mid-
point of unfolding of the Fv-part in the hsFv in the
absence of antigen (1.6 M urea), but somewhat
lower than in the presence of antigen (3.0 M urea).
Most likely, the Fv domains and the coiled-coil
domains stabilize each other, by bringing the fused
domains to a higher local concentration within the
heterodimeric molecule. As a consequence, the
fusion protein is more stable than the average of
its components. In the presence of antigen, the
hsFv fragment is much more stable than the Fv
fragment (Figure 3), even though the isolated
coiled-coil peptide on its own denatures before the
hsFv fragment does, while the hsFv fusion protein
may unfold cooperatively. In the absence of the
antigen, the stabilizing effect of the coiled coil on
the variable domain unfolding is directly observa-
ble (Figure 3).

The determination of equilibrium unfolding
curves demonstrates that the addition of the
coiled-coil domain confers signi®cant stability
compared with the Fv fragment, and that this
non-covalent interaction is able to achieve almost
as high a stability as the covalently linked scFv
fragment, even at a concentration as low as
80 nM.

Conclusions and Perspectives

In summary, the helix-stabilized Fv fragment
(hsFv) is a valuable alternative to presently used
antibody formats. As shown by urea denaturation,
the coiled-coil domain WinZip-A2B1 signi®cantly
stabilizes the heterodimerization of VH and VL in
the Fv fragment, even without the formation of a
covalent linkage between both domains. In con-
trast to the single-chain Fv fragment, which can
form dimers under certain conditions, the hsFv
fragment is a heterodimer of the expected molecu-
lar weight (37 kDa) with no further oligomeriza-
tion or aggregation detectable. Furthermore, the
rapid folding of the coiled-coil domain41 ± 43 is likely
to bring the VH and VL domains already into the
right orientation, and thus might facilitate their
folding. The hsFv is well expressed, and leads to
the same amount of functional protein as the corre-
sponding single-chain Fv fragment, and no degra-
dation was detected. In addition, the present study
shows that the heterodimeric coiled-coil pair Win-
Zip-A2B1, which has been selected in the cytosol
of E. coli, is also well transported and stable in the
periplasm of E. coli. In contrast, other naturally
occurring as well as designed, coiled-coils, tested
were prone to degradation during recombinant
expression in E. coli (K.M.A. & P. Pack, unpub-
lished results). Thus, the coiled coil WinZip-A2B1
is a very useful independent heterodimerization
module working equally well in both compart-
ments of E. coli.

The generation of dimeric and tetrameric mini-
antibodies has been established by fusing scFv
fragments to homodi- and homotetramerization
domains.34,35,44 Furthermore, bispeci®c mini-
antibodies have been designed by fusing scFv frag-
ments in single-chain constructs45 or by fusing
scFv fragments to heterodimerization domains,
such as the antibody domains CH/CL

46 or the
coiled-coil domains of the Jun and Fos proteins.47

However, larger constructs usually express in
smaller amounts. The heterodimeric coiled coil of
Jun and Fos is of limited stability and is therefore
often stabilized by the addition of a disul®de
bridge.47 WinZip-A2B1 was shown to be more
stable and more speci®c than Jun/Fos (K.M.A.
et al., unpublished results),24,25 and will, therefore,
be better suited for recombinant expression and
guiding speci®c association.

The format of the helix-stabilized Fv fragment
has some interesting advantages over other anti-
body fragments. Some antibodies might require
free N termini of the VH and VL domain for
high-af®nity binding, either of which is blocked
in the scFv but free in the hsFv format. The ten-
dency of some scFv fragments to form dimers
(diabodies) is not desired in selections from
libraries with phage display, where dimers
would be selected because of an avidity effect,
rather than a true high intrinsic af®nity. Work-
ing with de®ned species is also essential in
quantitative assays, which do not tolerate a mix-
ture of monomers and dimers, and in biological
assays, where dimeric scFv fragments might
cross-link the antigen, and therefore provide
unexpected responses. This can be avoided using
the hsFv format instead. In addition, the hsFv
format allows expression of functional molecules,
which is often not possible after introducing
additional disul®de bridges to form a dsFv frag-
ment. Furthermore, WinZip-A2B1 is disul®de-
free, and can thus potentially be used for cyto-
plasmic expression (``intrabodies''). While the
stability of the hsFv format in vivo still needs to
be established, the small size and the monomeric
state can be advantageous where fast serum
clearance is an issue. We therefore believe that
the format of a helix-stabilized Fv fragment can
be a useful format, complementing those of Fab
fragments, single-chain and disul®de-stabilized
Fv fragments.



Helix-stabilized Fv (hsFv) Antibody Fragments 227
Acknowledgments

K.M.A. was a recipient of a PhD grant from the Roche
Research Foundation (formerly Stipendienfonds der
Basler Chemischen Industrie). K.M.M. was a recipient of
a post-doctoral fellowship from the Schweizerischen
Nationalfonds, and a long-term fellowship from the
Human Frontier Science Program. This work was funded
by grant no. 0311628 from the German Bundesminister-
ium fuÈ r Bildung und Forschung (A.P.).

References

1. Skerra, A. & PluÈ ckthun, A. (1988). Assembly of a
functional immunoglobulin Fv fragment in Escheri-
chia coli. Science, 240, 1038-1041.

2. Polymenis, M. & Stollar, B. D. (1995). Domain
interactions and antigen binding of recombinant
anti-Z-DNA antibody variable domains. The role of
heavy and light chains measured by surface
plasmon resonance. J. Immunol. 154, 2198-2208.

3. Mallender, W. D., Carrero, J. & Voss, E. J. (1996).
Comparative properties of the single chain antibody
and Fv derivatives of mAb 4-4-20. Relationship
between interdomain interactions and the high
af®nity for ¯uorescein ligand. J. Biol. Chem. 271,
5338-5346.

4. Givol, D. (1991). The minimal antigen-binding
fragment of antibodies±Fv fragment. Mol. Immunol.
28, 1379-1386.

5. Anthony, J., Near, R., Wong, S. L., Iida, E., Ernst, E.,
Wittekind, M. et al. (1992). Production of stable anti-
digoxin Fv in Escherichia coli. Mol. Immunol. 29, 1237-
1247.

6. Bird, R. E., Hardman, K. D., Jacobson, J. W.,
Johnson, S., Kaufman, B. M. & Lee, S. M. et al.
(1988). Single-chain antigen-binding proteins.
Science, 242, 423-426.

7. Huston, J. S., Levinson, D., Mudgett-Hunter, M.,
Tai, M. S., Novotny, J. & Margolies, M. N. et al.
(1988). Protein engineering of antibody binding
sites: recovery of speci®c activity in an anti-digoxin
single-chain Fv analogue produced in Escherichia
coli. Proc. Natl Acad. Sci. USA, 85, 5879-5883.

8. Glockshuber, R., Malia, M., P®tzinger, I. &
PluÈ ckthun, A. (1990). A comparison of strategies to
stabilize immunoglobulin Fv-fragments. Biochemistry,
29, 1362-1367.

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

10. 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 introduction of a disulphide bond. FEBS Letters,
377, 135-139.

11. Skerra, A. & PluÈ ckthun, A. (1991). Secretion and
in vivo folding of the Fab fragment of the antibody
McPC603 in Escherichia coli: in¯uence of disulphides
and cis-prolines. Protein Eng. 4, 971-979.

12. Bhat, T. N., Bentley, G. A., Fischmann, T. O., Boulot,
G. & Poljak, R. J. (1990). Small rearrangements in
structures of Fv and Fab fragments of antibody D1.3
on antigen binding. Nature, 347, 483-485.
13. Arata, Y. (1991). Nuclear magnetic resonance studies
of antibody-antigen interactions. CIBA Found. Symp.
159, 40-50.

14. Stan®eld, R. L., Takimoto-Kamimura, M., Rini, J. M.,
Profy, A. T. & Wilson, I. A. (1993). Major antigen-
induced domain rearrangements in an antibody.
Structure, 1, 83-93.

15. Arndt, K. M., MuÈ ller, K. M. & PluÈ ckthun, A. (1998).
Factors in¯uencing the dimer to monomer transition
of an antibody single-chain Fv fragment. Biochemis-
try, 37, 12918-12926.

16. Kortt, A. A., Malby, R. L., Caldwell, J. B., Gruen,
L. C., Ivancic, N. & Lawrence, M. C. et al. (1994).
Recombinant anti-sialidase single-chain variable
fragment antibody. Characterization, formation of
dimer and higher-molecular-mass multimers and the
solution of the crystal structure of the single-chain
variable fragment/sialidase complex. Eur. J. Biochem.
221, 151-157.

17. Raag, R. & Whitlow, M. (1995). Single-chain Fvs.
FASEB J. 9, 73-80.

18. Grif®ths, A. D., Malmqvist, M., Marks, J. D., Bye,
J. M., Embleton, M. J. & McCafferty, J. et al. (1993).
Human anti-self antibodies with high speci®city
from phage display libraries. EMBO J. 12, 725-734.

19. 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.

20. Holliger, P., Prospero, T. & Winter, G. (1993).
``Diabodies'': small bivalent and bispeci®c antibody
fragments. Proc. Natl Acad. Sci. USA, 90, 6444-6448.

21. 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 af®nity of single-chain Fv immunoglobulin
fragments expressed in Escherichia coli. Biochemistry,
30, 10117-10125.

22. Bedzyk, W. D., Weidner, K. M., Denzin, L. K.,
Johnson, L. S., Hardman, K. D. & Pantoliano, M. W.
et al. (1990). Immunological and structural character-
ization of a high af®nity anti-¯uorescein single-chain
antibody. J. Biol. Chem. 265, 18615-18620.

23. Asano, R., Takemura, S., Tsumoto, K., Sakurai, N.,
Teramae, A. & Ebara, S. et al. (2000). Functional
construction of the anti-mucin core protein (MUC1)
antibody MUSE11 variable regions in a bacterial
expression system. J. Biochem. 127, 673-679.

24. Arndt, K. M., Pelletier, J. N., MuÈ ller, K. M., Alber,
T., Michnick, S. W. & PluÈ ckthun, A. (2000). A
heterodimeric coiled-coil peptide pair selected in vivo
from a designed library-versus-library ensemble.
J. Mol. Biol. 295, 627-639.

25. Pelletier, J. N., Arndt, K. M., PluÈ ckthun, A. &
Michnick, S. W. (1999). An in vivo library-versus-
library selection of optimized protein-protein inter-
actions. Nature Biotechnol. 17, 683-690.

26. Perlmutter, R. M., Crews, S. T., Douglas, R.,
Sorensen, G., Johnson, N., Nivera, N., Gearhart, P. J.
& Hood, L. (1984). The generation of diversity in
phosphorylcholine-binding antibodies. Advan. Immu-
nol. 35, 1-37.

27. Honegger, A. & PluÈ ckthun, A. (2001). Yet another
numbering scheme for immunoglobulin variable
domains: an automatic modeling and analysis tool.
J. Mol. Biol. 309, 657-670.

28. Knappik, A. & PluÈ ckthun, A. (1995). Engineered
turns of a recombinant antibody improve its in vivo
folding. Protein Eng. 8, 81-89.



228 Helix-stabilized Fv (hsFv) Antibody Fragments
29. Satow, Y., Cohen, G. H., Padlan, E. A. & Davies,
D. R. (1986). Phosphocholine binding immunoglobu-
lin Fab McPC603. An X-ray diffraction study at
2.7 AÊ . J. Mol. Biol. 190, 593-604.

30. Skerra, A., P®tzinger, I. & PluÈ ckthun, A. (1991). The
functional expression of antibody Fv fragments in
Escherichia coli: improved vectors and a generally
applicable puri®cation technique. Bio/Technology, 9,
273-278.

31. PluÈ ckthun, A. & Skerra, A. (1989). Expression of
functional antibody Fv and Fab fragments in Escheri-
chia coli. Methods Enzymol. 178, 497-515.

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

33. Desplancq, D., King, D. J., Lawson, A. D. &
Mountain, A. (1994). Multimerization behaviour of
single chain Fv variants for the tumour-binding anti-
body B72.3. Protein Eng. 7, 1027-1033.

34. Pack, P., MuÈ ller, K., Zahn, R. & PluÈ ckthun, A.
(1995). Tetravalent miniantibodies with high avidity
assembling in Escherichia coli. J. Mol. Biol. 246, 28-34.

35. Pack, P. & PluÈ ckthun, A. (1992). Miniantibodies: use
of amphipathic helices to produce functional, ¯ex-
ibly linked dimeric Fv fragments with high avidity
in Escherichia coli. Biochemistry, 31, 1579-1584.

36. WoÈrn, A. & PluÈ ckthun, A. (2001). Stability engineer-
ing of antibody single-chain Fv fragments. J. Mol.
Biol. 305, 989-1010.

37. JaÈger, M. & PluÈ ckthun, A. (1999). Domain inter-
actions in antibody Fv and scFv fragments: effects
on unfolding kinetics and equilibria. FEBS Letters,
462, 307-312.

38. PluÈ ckthun, A. (1992). Mono- and bivalent antibody
fragments produced in Escherichia coli: engineering,
folding and antigen binding. Immunol. Rev. 130, 151-
188.

39. Klein, M., Kortan, C., Kells, D. I. & Dorrington, K. J.
(1979). Equilibrium and kinetic aspects of the inter-
action of isolated variable and constant domains of
light chain with the Fd0 fragment of immunoglobu-
lin G. Biochemistry, 18, 1473-1481.
40. Bigelow, C. C., Smith, B. R. & Dorrington, K. J.
(1974). Equilibrium and kinetic aspects of subunit
association in immunoglobulin G. Biochemistry, 13,
4602-4608.

41. Sosnick, T. R., Jackson, S., Wilk, R. R., Englander,
S. W. & DeGrado, W. F. (1996). The role of helix for-
mation in the folding of a fully alpha-helical coiled
coil. Proteins: Struct. Funct. Genet. 24, 427-432.

42. DuÈ rr, E., Jelesarov, I. & Bosshard, H. R. (1999).
Extremely fast folding of a very stable leucine zipper
with a strengthened hydrophobic core and lacking
electrostatic interactions between helices. Biochemis-
try, 38, 870-880.

43. Wendt, H., Berger, C., Baici, A., Thomas, R. M. &
Bosshard, H. R. (1995). Kinetics of folding of leucine
zipper domains. Biochemistry, 34, 4097-4107.

44. PluÈ ckthun, A. & Pack, P. (1997). New protein
engineering approaches to multivalent and bispeci®c
antibody fragments. Immunotechnology, 3, 83-105.

45. MuÈ ller, K. M., Arndt, K. M. & PluÈ ckthun, A. (1998).
A dimeric bispeci®c miniantibody combines two
speci®cities with avidity. FEBS Letters, 432, 45-49.

46. MuÈ ller, K. M., Arndt, K. M., Strittmatter, W. &
PluÈ ckthun, A. (1998). The ®rst constant domain (CH1
and CL) of an antibody used as heterodimerization
domain for bispeci®c miniantibodies. FEBS Letters,
422, 259-264.

47. de Kruif, J. & Logtenberg, T. (1996). Leucine zipper
dimerized bivalent and bispeci®c scFv antibodies
from a semi-synthetic antibody phage-display
library. J. Biol. Chem. 271, 7630-7634.

48. Knappik, A. (1995). AntikoÈ rper aus Escherichia coli:
Untersuchung und Optimierung der in vivo Faltung.
PhD dissertation, University of ZuÈ rich.

49. Knappik, A. & PluÈ ckthun, A. (1994). An improved
af®nity tag based on the FLAG peptide for the
detection and puri®cation of recombinant antibody
fragments. Biotechniques, 17, 754-761.

50. Gill, S. C. & von Hippel, P. H. (1989). Calculation of
protein extinction coef®cients from amino acid
sequence data. Anal. Biochem. 182, 319-326.
Edited by I. A. Wilson
(Received 28 March 2001; received in revised form 2 July 2001; accepted 5 July 2001)


	Introduction
	Figure 01
	Table 1
	Figure 02
	Figure 03

	Conclusions and Perspectives
	References

