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We have constructed a panel of hyperstable immunoglobulin VL domains
by a rational approach of consensus sequence engineering and combining
stabilizing point mutations. These prototype domains unfold fully rever-
sibly, even when the conserved structural disul®de bridge is reduced.
This has allowed us to probe the factors that limit the expression yield of
soluble immunoglobulin domains in the reducing environment of the
cytoplasm (intrabodies). The most important factor is thermodynamic
stability, and there is an excellent quantitative correlation between
stability and yield. Surprisingly, an unprocessed N-terminal methionine
residue can severely compromise VL stability, but this problem can be
overcome by changing the amino acid following the initiator methionine
residue. Transcription from the strong T7 promoter does not increase the
amount of soluble material over that obtained from the tetA promoter,
but large amounts of inclusions bodies can be obtained. Elevated tem-
perature shifts protein from a productive folding pathway to aggregation.
The structural disul®de bridge does not form in the cytoplasm, but the
two consensus cysteine residues can be quantitatively oxidized in vitro.
In summary, stability engineering provides a plannable route to the high-
yield cytoplasmic expression of functional intrabody domains.
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Introduction

The antibody molecule is nature's paradigm of
evolutionary engineering. A process of somatic
hypermutation on the level of individual domains,
followed by clonal expansion of successful
variants, generates a repertoire of complementary
protein paratopes. These circulate throughout the
extracellular space to respond to virtually any
challenge by non-self molecules. The recombinant
production of immunoglobulin domains, ®rst
established in Escherichia coli (Skerra & PluÈ ckthun,
ing author:
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btype.
1988; Better & Horwitz, 1988), has contributed
important new perspectives to exploit this prin-
ciple for research, biotechnology and medical diag-
nosis and therapy (Hudson, 1998, and references
therein). The evolutionary paradigm itself has been
employed to evolve new antibodies in vitro, e.g. in
phage display systems (Hoogenboom et al., 1998).
Considering the successes of recombinant antibody
technology, it is remarkable that the recent change
of focus of the life sciences to the intracellular
space has not been accompanied by a widespread
use of intrabodies: intracellular antibody domains.

Variable domain structures are highly homolo-
gous (Padlan, 1996) consisting of a b-sandwich
connected by a conserved, structural disul®de
bond between Cys23 and Cys88 (Vk

{). This disul®de
bond contributes a major part of the domain's fold-
ing stability but, since the formation of disul®de
bonds requires oxidation, it cannot form in a redu-
cing environment such as the cellular cytoplasm.
Disruption of the disul®de bond has been shown
to result in aggregation (Glockshuber et al., 1992).
Therefore, although the engineering of antibody
domains as intracellular complementary surfaces
would be an attractive goal, the soluble cyto-
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Table 1. Sequences of proteins used in this study

Protein Sequence

VL-500a McPC603 VL�A15L, M21I, F32Y, T63S, N90Q
VL-601 VL-500�S56P�CDRI: 12!6b

VL-703 VL-601�Y32H�G50E
VL-705 VL-601�Y32H�H92Q

a Stability of oxidized domain reported previously (Ohage
et al., 1997).

b The loop length of CDR1 is shortened from 12 to six resi-
dues and the consensus sequence for this loop length is intro-
duced; the sequence given in Methods.
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plasmic expression of variable antibody domains
was long considered impossible. Intrabodies
would minimally have to compensate for a severe
loss of stability in the cytoplasm but other factors,
such as promoter strength, temperature, N-term-
inal processing, slow folding reactions and the
requirement for dimerisation may prove to become
limiting for expression even when stability would
be suf®cient in principle.

Serendipitously, Fritz and co-workers have
found a stabilizing mutation which lead to soluble
cytoplasmic expression of the human Vk myeloma
protein REI as an N-terminal fusion to b-lactamase
(Frisch et al., 1994). This single mutation, Y32H,
was suf®cient to compensate for the subsequent
replacement of Cys23 without signi®cant alteration
of the domain structure (Uson et al., 1997). But
although a series of further stabilized mutants was
reported by the same group, only one could be
expressed solubly in the periplasm as a fusion
protein in signi®cant amounts (Frisch et al., 1996).
Recently, two reports utilizing random mutations
and elegant selection strategies have described
scFv intrabodies (Proba et al., 1998; Martineau et al.,
1998). Both these intrabodies had a number of
sequence changes, but thermodynamic data on
individual mutations that would aid in generaliz-
ing these results have not been reported. Thus,
while soluble intrabodies can be obtained by soph-
isticated methods of evolutionary engineering, the
contribution and relative importance of the factors
that determine successful cytoplasmic expression
remain to be investigated.

As a basis for an in-depth analysis of factors
determining the expression of intrabodies, we have
attempted to engineer intrabody domains in a
rational way. Motivated by a formal analogy to the
concept of an ensemble in statistical mechanics, we
have compiled the amino acid distributions in
aligned immunoglobulin domain sequences. These
re¯ect the selective pressure on features common
to all sequences in the ensemble, like stability and
heterodimer interactions. The resulting distri-
butions are expected to be Boltzmann-like with
respect to the selected function of the individual
residues; we approximate the consensus residue to
be the best choice for stability. This canonical
sequence approximation has reliably predicted
stabilizing point mutations (Steipe et al., 1994).
The approach does not depend on special features
of the target immunoglobulin domain and
mutations can be predicted by comparison
of target sequences with a freely accessible
database the canonical sequence approxi
mation; http://www.lmb.uni-muenchen.de/
groups/bs/canonical.htm. We have further gener-
alized the approach to structural motifs, such as b-
turns (Ohage et al., 1997). Additionally, we have
prepared a series of stabilizing mutations, based
on the structure of a disul®de-free variant of the
myeloma protein REI (Uson et al., 1997). While
these have highly context-dependent effects (E.O.
& B.S., unpublished results) some provide
additional stability. This panel of well-character-
ised Vk domain stability mutants has now been
used as a starting point for an analysis of the fac-
tors contributing to the cytoplasmic expression of
immunoglobulin domains. Here, we focus on the
issues of folding stability of Vk domains, the
domain N terminus, promoter strength and
expression temperature. The application of this
approach to a soluble, functional intrabody Fv is
reported in a companion manuscript (Ohage et al.,
1999).

Results

Proteins of this study

Proteins investigated in this study are derived
from the immunoglobulin variable domain (Vk) of
the light chain of the murine antibody McPC603
(Skerra & PluÈ ckthun, 1988) (for an overview see
Table 1). The oxidized wild-type Vk domain of
McPC603 has a free energy of folding (�GP

F) of
only ÿ13.5 kJ/mol (Steipe et al., 1994). Combi-
nation of ®ve stabilizing point mutations had pre-
viously resulted in domain VL-500 with a �GP

F of
ÿ27.2 kJ/mol (Ohage et al., 1997). The engineering
of mutations suggested by b-turn propensities had
resulted in a further stabilised VL domain with a
�GP

F of ÿ30.2 kJ/mol (Ohage et al., 1997). An
additional opportunity for stabilization was
suggested from an analysis of the length distri-
butions for Vk CDR-I. Introducing the consensus
loop-length and sequence into this domain results
in the prototype framework VL-601 (Table 1). This
further enhances stability by 4.1 kJ/mol, to a total
�GP

F of ÿ34.3 kJ/mol. The mutations are distribu-
ted over the domain and the prediction does not
depend on the special context of an individual
fold. VL-601 served as the reference domain for
further stabilization through a network of charged
residues based on variants of the myeloma protein
REI (E.O. & B.S., unpublished results). From the
latter study, two variants were used here: mutant
VL-705 contains the point mutations Tyr32His and
His92Gln, and mutant VL-703 contains Tyr32His
and Gly50Glu (Table 1). The free energy of folding
is ÿ37.9 kJ/mol for VL-705 and ÿ43.6 kJ/mol
for VL-703. VL-703 is the most stable Vk domain



Figure 1. Unfolding transition curves for VL-703 in the
oxidized (®lled circles) and reduced (open circles) state
at pH 7.4 and 20 �C, protein concentration was 2 mM.
lex 280(�1.25) nm, lem 350(�2.5) nm (oxidized) or
323(�2.5) nm (reduced domains). Curves were calcu-
lated by non-linear least squares ®t following a two-
state unfolding model. Note that the disul®de bridge
quantitatively quenches tryptophan ¯uorescence in the
native state, while ¯uorescence increases in the folded
state of the reduced domain.
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investigated here, its stability being more than
three times that of the wild-type domain.

Further, we analyzed an immunoglobulin
domain derived from VL-601 which contains the
three CDR-loops of the catalytic antibody 17E4
(Guo et al., 1994). This domain, constructed
towards engineering of a synthetic catalytic intra-
body, was named IcaL-14 (intracellular catalytic
antibody). IcaL-14 forms a dimer with a �G of
ÿ78.1 kJ/mol in the oxidized and ÿ59.1 kJ/mol in
the reduced state (Ohage et al., 1999). These values
for �G were obtained according to a model of
unfolded monomer and native dimer (2U � N2)
and thus they are not directly comparable to the
stabilities of the monomeric domains of the VL

series.

Folding stability of reduced domains

Figure 1 shows unfolding transition curves for
VL-703 in the oxidized and reduced state. In the
oxidized, folded state the ¯uorescence of Trp35 is
completely quenched by the spatially adjacent dis-
ul®de bridge. As a consequence, the signal rises as
the domain unfolds (Figure 1). For the reduced
domain, however, ¯uorescence is more intense in
the folded than in the unfolded state as is generally
observed for tryptophane residues that are trans-
ferred to the polar solvent. Both curves can be well
®tted to a two-state reaction using a linear free-
energy model. A least-squares ®t gives a folding
free energy of ÿ24.4 kJ/mol for the reduced pro-
tein. The disul®de bridge therefore contributes
ÿ19.2 kJ/mol to the stability of domain VL-703
(Table 2). For domains VL-601 and VL-705, values
for �GP

F were ÿ18.8 and ÿ21.6 kJ/mol, which
amounts to a loss of folding energy of 15.5 and
16.3 kJ/mol, respectively. Since this is almost
exactly what theory predicts for the change in
entropy of the unfolded state{, this value places a
limit on the effects the disul®de bridge may have
on the native structure. For these three domains,
reduction causes an increase in the cooperativity of
the folding reaction (m-value, d(�GF)/d[GdmCl])
by 3.9(�0.6) kJ/molM. Increased m-values can be
correlated with an increase in the accessible surface
area (�ASA) upon unfolding (Schellman, 1978).
Thus, breaking the covalent bond between two
cysteine residues appears to result in a signi®cant
increase in denaturant binding sites of the
unfolded state. Since the m-value change was the
same for VL-601, VL-703 and VL-705, the same
increase was assumed in the analysis of the tran-
{ The contribution of a structural disul®de bridge to
protein stability predominantly results from entropic
destabilisation of the unfolded state (Goto &
Hamaguchi, 1982). For a disul®de bond bridging 65
residues it can be estimated as ÿ8.8 J/K mol ÿ(1.5 R
ln(65)), which amounts to ÿ17.8 kJ/mol at 20 �C (Pace
et al., 1988). This can be more than the entire folding
stability of typical, monomeric immunoglobulin variable
domains.
sition curve of domain VL-500. Here, the curve was
dif®cult to ®t because the pre-unfolding baseline is
very short. We therefore applied a curve ®t with a
®xed m-value of 17.8 kJ/molM, which is that of the
oxidised domain plus 3.9 kJ/molM. Experimental
values accomodate this biased curve ®t very well
(not shown). We obtained a �GP

F of ÿ13.3 kJ/mol
for VL-500 in the reduced state, which translates
into a stability loss (��GP

F) of 13.9 kJ/mol upon
reduction. This is in good agreement with the
values for ��GP

Fobtained in the unbiased curve
®ts for the other domains.

Expression strategies

Since all mutants were at least as stable in the
reduced state as the oxidized wild-type protein,
the expression in the reducing environment of the
cytoplasm appeared feasible, if no further limiting
factors were operative. To investigate this, two
expression vectors with different promoters were
compared. One vector was derived from pASK75
(Skerra, 1994) and contains the moderately strong
but very tightly regulated tetA-promoter (Ohage
et al., 1999). Alternatively, we used the pRSET5d
vector, which enables expression under the very
strong T7-promoter (Schoepfer, 1993).

For cytoplasmic expression, the periplasmic sig-
nal sequence has to be removed. This causes an
unexpected problem: translation of any gene must
begin with a (formyl-) methionine, but in most
native Vk sequences, as well as in the sequences
investigated here, the ®rst residue is an aspartic
acid. Large residues in the second position, how-
ever, can prevent processing of the N-terminal
methionine residue (Hirel et al., 1989). Therefore,



Table 2. Free energies of folding and folding cooperativities of oxidized and reduced proteins used in this study

Reduced Oxidised Contribution of SSBr

Protein �GP
F (kJ/mol) m (kJ/mol M) �GP

F (kJ/mol) m (kJ/mol M) ��GP
F (kJ/mol) �m (kJ/mol M)

Wild-type - - ÿ13.5a

VL-500 ÿ13.3 (0.3) 17.8b ÿ27.2 (0.1)a 13.9 (0.1) ÿ13.9 (0.3) ÿ3.9b

VL-601 ÿ18.8 (1.1) 17.7 (0.9) ÿ34.3 (0.6) 13.6 (0.3) ÿ15.5 (1.3) ÿ4.1 (0.9)
VL-705 ÿ21.6 (1.1) 18.9 (0.9) ÿ37.9 (1.1) 14.6 (0.4) ÿ16.3 (1.6) ÿ4.3 (1.0)
VL-703 ÿ24.4 (0.7) 18.0 (0.5) ÿ43.6 (1.1) 14.8 (0.4) ÿ19.2 (1.3) ÿ3.2 (0.6)
IcaL-14c ÿ59.1 (2.0) 20.0 (1.2) ÿ78.1 (1.2) 20.5 (0.5) ÿ19.0 (2.3) 0.5 (1.3)

At pH 7.4 and 20 �C, the protein concentration was 2 mM; the experimental error is given in parentheses (1s).
a Data published previously (Steipe et al., 1994; Ohage et al., 1997).
b For the reduced domain VL-500, the m-value was ®xed to 17.8 kJ/mol M.
c Stability values obtained from dimer transition curves (Ohage et al., 1999).
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effects on protein stability caused by an unpro-
cessed N-terminal residue had to be investigated.
Three different N termini were constructed. In a
``naõÈve'' approach, an initiator methionine codon
was simply fused to Asp1, thus giving rise to the
sequence MetAspIle. Constructs of this kind were
called m-mutants. To provide better substrates for
the Met-aminopeptidase, the so-called a and Z-
mutants were designed. In a-mutants, an alanine is
inserted before Asp1, which results in translation
starting MetAlaAspIle. In Z-mutants, Asp1 was
replaced by alanine (MetAlaIle).

Expression into inclusion bodies and refolding

In a ®rst set of experiments, N-terminally modi-
®ed domains were expressed in E. coli BL21(DE3)
under the control of the phage T7-promoter. After
cell lysis, insoluble inclusion bodies were solubil-
ized under non-reducing, denaturing conditions
and subjected to IMAC on Ni2�-columns. After
chromatography, protein concentration and oxi-
dation state were determined. Protein yields were
in the range of 20 mg per g of bacterial pellet,
approximately independent of stability. Only
about 50 % of the cysteine residues had free thiol
groups. On non-reducing gels, the amount of pro-
tein with intermolecular disul®de bonds, forming
oligomers, could be estimated to comprise less
than 10 % (not shown). After refolding and oxi-
dation of inclusion body material, yields of soluble
protein were only 50 to 70 % of the eluted material.
Apparently, a signi®cant fraction of domains pos-
Table 3. Processing of N-terminal methionine residue

Protein N terminus Theoret

IcaL-m14 (M)DIEL. . . �Met: 12
ÿMet: 12

IcaL-a14 (M)ADIEL. . . �Met: 12
ÿMet: 12

IcaL-Z14 (M)AIEL. . . �Met: 12
ÿMet: 12

Proteins were cytoplasmically expressed into inclusion bodies, re
methionine residue is displayed in parentheses.
sess non-native disul®de bonds with small-molecu-
lar mass compounds and will not refold unless
these are ®rst removed. After in vitro reduction of
the insoluble material, refolding yields under redu-
cing conditions approached 100 %.

Analysis of N-terminally extended proteins

In order to investigate the fate of the initiator
methionine, m, a and Z-variants of IcaL-14 were
analyzed by mass spectrometry. The results show
that processing of the initiator methionine residue
was quantitatively inhibited when methionine was
followed by the native N-terminal residue, aspartic
acid (Table 3). Processing appears to be tightly
coupled to translation, as it takes place before the
protein segregates into inclusion bodies.

The effect of the N-terminal modi®cation on
folding stability was investigated by measuring
transition curves for a number of variants under
oxidizing and reducing conditions. Surprisingly,
an unprocessed N-terminal methionine destabilizes
the domains by approximately 3 kJ/mol (Table 4).
This effect is independent of the oxidation state.
Stability effects are even more pronounced for
domain IcaL-14: here, the unprocessed methionine
reduces stability by 10 kJ/mol, both in the reduced
and oxidised state (mutant IcaL-m14). To a large
extent, this is caused by a decrease of the folding
cooperativity. It should be noted, that such a major
loss in stability alone would prevent expression of
many immunoglobulin domains.
Mr (Da)

ical Experimental Processed?

,396.0 12,397.0 No
,264.8
,467.1
,335.9 12,335.0 Yes
,352.0
,220.8 12,221.0 Yes

folded and analyzed on a mass spectrometer. The N-terminal



Table 4. Folding stabilities and transition cooperativities for N-terminally modi®ed domains

Reduced Oxidized

Protein N Terminus �GP
F (kJ/mol) m (kJ/mol M) ��GP

F
a (kJ/mol) �GP

F (kJ/mol) m (kJ/mol M) ��GP
F
a (kJ/mol)

IcaL-m14b MDIEL. . . ÿ49.0 (2.7) 13.2 (1.5) 10.1 (3.4) ÿ69.8 (1.4) 17.6 (0.6) 8.3 (1.8)
IcaL-a14b ADIEL. . . ÿ62.0 (2.8) 22.1 (1.8) ÿ2.9 (3.4) ÿ70.7 (0.9) 18.3 (0.4) 7.4 (1.5)
IcaL-Z14b AIEL. . . ÿ63.3 (3.7) 23.0 (2.0) ÿ4.2 (4.2) ÿ74.2 (1.1) 19.1 (0.5) 3.9 (1.6)
VL-m500 MDIVM. . . ÿ12.4 (0.3) 15.7d 0.9 (0.4) ÿ25.2 (0.7) 13.3 (0.4) 2.0 (0.7)
VL-m601 MDIVM. . . ÿ16.4 (1.0) 14.9 (0.4) 2.4 (1.5)
VL-m703 MDIVM. . . ÿ20.3 (0.4) 16.4 (0.3) 4.1 (0.8)
VL-Z703 AIVM. . . ÿ22.6 (0.5) 16.9 (0.4) 1.8 (0.9)
VL-m705 MDIVM. . . ÿ18.5 (0.9) 17.0 (0.7) 3.1 (1.4)

At pH 7.4 and 20 �C, the protein concentration was 2 mM; the experimental error (1s) is given in parentheses.
a Stability effects resulting from the respective modi®cations at the N terminus (��G � �Gmodi®ed-�Gunmodi®ed). Values for

�Gunmodi®ed are from Table 2.
b Stability values obtained from dimer transition curves (Ohage et al., 1999).
c The m-value for the transition of the reduced mutant VL-m500 was ®xed to 15.7 (�17.8 ÿ 2.1) kJ/mol M: 17.8 is the value for

domain VL-500, ÿ2.1 is the average change after modi®cation of the N terminus for mutants VL-m601, VL-m703 and VL-m705.
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If Asp1 is mutated to an alanine residue, the N-
terminal methionine is correctly processed. This
results in a signi®cantly reduced destabilization
(VL-Z703 versus VL-703) or even stabilization (IcaL-
Z14 versus IcaL-14) under reducing conditions
(Table 4). Oxidized IcaL-Z14 was modestly destabi-
lized by this mutation. If Asp1 is preceded by an
alanine residue (IcaL-a14), a similar behavior can
be observed but the effect of the mutation on the
oxidised state is more pronounced.

We conclude that an unprocessed N-terminal
methionine can cause unpredictable stability pro-
blems. For the proteins investigated in this study
this problem can be solved by modifying the N ter-
minus to include a residue that is a good substrate
for the methionyl-aminopeptidase: the mutation of
Asp1 to alanine was consistently neutral or even
slightly stabilizing under reducing conditions.

Intracellular expression of soluble
immunoglobulin domains

Unless stated otherwise, experiments to quantify
cytoplasmic expression were performed with
domains of the m-series under control of the tetA-
promoter at 20 �C. After harvest, cells were lysed
mechanically under reducing conditions and the
soluble fraction was subjected to IMAC. Protein
yields were determined by the A280 of the eluate.
The expression yields of soluble immunoglobulin
domains are strongly correlated to their folding
stability: While the Vk wild-type domain of
McPC603 cannot be detected in the soluble fraction
of the cell extract, yields increased up to 3.5 mg/g
bacterial pellet for the most stable variant VL-m703
(Figure 2(a)) which corresponds to about 15 mg/l
in a shaker ¯ask, after three hours of induction at
20 �C (A600 � 1.7). The minimal folding stability for
the expression of soluble immunoglobulin domains
is about ÿ12 kJ/mol under reducing conditions
(Figure 2(b) ). Considering the loss of the disul®de
bond and the modi®cation of the N terminus, this
requires a �GP

F of at least ÿ27 kJ/mol in oxidized
domains, which is approximately a factor two
above the stability for the McPC603 Vk domain.

The stability effects of the modi®ed N termini
are also re¯ected in the expression yields. For
domain IcaL-14, the unstable m-variant can hardly
be detected, while the more stable domain IcaL-
Z14 is obtained in 2.6(�0.4) mg/l (Figure 3(a)). In
contrast, expression yields for domains VL-m703
and VL-Z703 are similar, in good correlation with
their comparable thermodynamic stabilities
(Table 4).

The temperature during expression has a
marked effect on the yields of soluble material. The
optimum temperature appears to be 20 �C
(Figure 3(b)). Western blots of the insoluble frac-
tions suggest that aggregation becomes a limiting
factor at higher temperatures (not shown).

The effect of promoter strength on the yield of
soluble material is small: under control of the
stronger phage T7-promoter the amount of soluble
material was similar to that detected in the tet-
system (not shown). However, aggregated material
accumulates to high levels (20 mg/g, see above)
relative to expression under the tetA-promoter (see
below).

Fate of unstable proteins

The question arises whether unstable proteins
are lost by degradation or aggregation of soluble
proteins, or by the abortion of productive folding
due to aggregation of newly formed chains. To
investigate this, insoluble material was resus-
pended in 10 M urea after cell lysis and aliquots
were compared with soluble fractions on a Wes-
tern blot. For detection, an anti-His-tag scFv-frag-
ment was used (Lindner et al., 1997), rendering the
signal independent of mutated residues within
domains. Although this method is only semi-quan-
titative, a clear increase of the amount of soluble
protein with stability could be detected in the sol-
uble fraction (Figure 2(c)). In contrast, the amount
of protein in the insoluble fraction appeared to be
fairly independent of stability. Aggregates accumu-



Figure 2. Expression yield of immunoglobulin
domains in the cytoplasm. (a) Soluble whole-cell protein
of E. coli JM109 cells. Vk domains with increasing fold-
ing stabilities were expressed under the tetA-promoter
at 20 �C. From left to right: domain VL-mWT, VL-m601,
VL-m705, VL-m703, uninduced negative-control, puri®ed
domain VL-m703. Reducing SDS 17 %-PAGE, Coomassie-
stained. (b) The yield of soluble protein determined after
IMAC is given in mg per g of bacterial wet mass. Fold-
ing stabilities are given for the reduced, N-terminally
modi®ed domains (Table 4). The stability for the VL-
mWT domain under these conditions was estimated. (c)
Western-blot of the soluble and insoluble cytoplasmic
fractions for three domains from (a). One slot contains
the equivalent of 100 ml culture volume (0.4 mg cells),
the standard (left-most lane) was 2 mg puri®ed domain
VL-m601. Proteins were detected using an anti-His-tag-
scFv fused to alkaline phosphatase (Lindner et al., 1997).

Figure 3. (a) In¯uence of N-terminal residue on the
yield of soluble protein after expression in E. coli JM109
under control of the tetA-promoter. The m-variant is
shown in light, the Z-variant in dark grey bars. (b)
Effect of the expression temperature on the yield of sol-
uble domain VL-m703 (tetA-promoter). Results are nor-
malized to bacterial mass (arrow pointing to left axis,
open squares) or culture volume (arrow pointing to
right axis, ®lled circles).

6 Intrabody Expression: VL
lated to a level of about 1-2 mg/g irrespective of
folding stability of the mutant and irrespective of
the total amount present in the cell. We conclude
that inclusion body formation is a side-reaction of
nascent protein chains, it changes little with con-
stant translation rates and is independent of ther-
modynamic stability (although it may well depend
on folding rates), while the variations in the yield
of soluble material are mainly due to degradation.

Oxidation state of soluble material

To investigate the oxidation state of the soluble
intracellular material, domain VL-Z703 was ana-
lyzed in more detail. After harvest, cells were dis-
rupted and chromatography of the soluble fraction
was performed without additional reduction. The
eluate was then diluted with phosphate-buffered
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saline (PBS) and probed with DTNB for free thiols.
The amount of thiols that reacted with DTNB was
very small and hardly changed with time
(Figure 4(a)). However, addition of GdmCl to a
®nal concentration of 3.2 M resulted in a biphasic
exponential increase of the signal. Owing to the
deadtime of mixing, the fast phase was not
resolved. Once equilibrium was reached, the
absorption difference between native and denatur-
ing buffer corresponded to 95 % free thiols. Thus
Figure 4. (a) Oxidation state of the two cysteine resi-
dues in domain VL-Z703 after cytoplasmic expression in
E. coli JM109. Cell lysis and protein puri®cation via
IMAC was performed without additional reducing
agents. The puri®ed protein (®nal concentration
14.6 mM) was mixed with DTNB under native (PBS,
open squares) or denaturing conditions (PBS � 3.2 M
GdmCl, ®lled circles) and the absorbance at 412 nm was
recorded. From the absorbance signal the concentration
of the thio-nitrobenzoate anion (TNBÿ) was calculated.
The curves are monoexponential ®ts. (b) Air oxidation
of the free thiols in domain VL-Z703. Directly after chro-
matography, aliquots of the puri®ed protein (®nal con-
centration 5 mM) were incubated in 0.1 M Tris buffers at
the indicated pH values. In one case, CuSO4 was added.
The ¯uorescence of the samples was recorded at 320 nm
after exciation at 280 nm. The curves are monoexponen-
tial ®ts.
the cysteine residues remain reduced after this
very stable mutant has folded to the native state in
the cytoplasm. Subsequently, the cysteine residues,
located in the core of the folded domain, are pro-
tected from oxidation during chromatography and
from reaction with DTNB. This emphasizes the
fact that proximity of thiols alone is not suf®cient
for oxidation, but a reaction with an oxidant is
required.

In vitro air oxidation of VK domains

Since formation of the intradomain disul®de
bond is accompanied by a marked decrease of the
¯uorescence signal (Figure 1), the oxidation process
can be analyzed in situ by measuring the ¯uor-
escence. After chromatography under non-redu-
cing conditions, mutant VL-Z703 was diluted into
non-degassed neutral or slightly alkaline buffers
(Figure 4(b)). While at neutral pH the ¯uorescence
signal remained constant, it slowly decreased at
pH 9.0. Catalysis by 5 mM CuSO4 further acceler-
ated oxidation, so that after 20 hours no remaining
free thiols could be detected. Thus, cysteine resi-
dues within the domain are unreactive, as long as
the pH remains neutral. Alkaline conditions that
favor the thiolate anion through which the reaction
proceeds, and catalytic amounts of metal ions
enhance the rate of formation of the disul®de
bond.

Discussion

The isolated, monomeric Vk domain has proven
to be an excellent model system to investigate fac-
tors in¯uencing the soluble expression of intrabo-
dies. In contrast to VH domains it folds reversibly
(Wirtz & Steipe, 1999); in contrast to Fv or scFv
fragments it follows a two-state model of folding.
Thus thermodynamic stability can be accurately
determined. The advantages of using consensus
frameworks for immunoglobulin engineering have
been discussed (Steipe et al., 1994; Ohage et al.,
1999). Individual consensus mutations can be
easily predicted by comparing target sequences
with a freely accessible database. Since we have
consistently observed the effects of consensus
sequence mutations to be independent and addi-
tive to a good approximation and the predictions
require no special features on the part of the target
domain, the approach is expected to be completely
general.

With these intrabody VL domains that differ in
their stability in a well-characterized way, we have
been able to probe the factors in¯uencing and
possibly limiting the expression of intrabodies. A
simple model that summarises these results is pre-
sented in Figure 5.

Transcription rates that are increased beyond
those of a moderately strong promoter do not
seem to be advantageous. The observation that the
amount of folded material is approximately con-
stant for a given stability raises the possibility that



Figure 5. A simple model for the pools of protein
material in the expression, folding and cytoplasmic sur-
vival of intrabody domains that accomodates our
results. The size of the rectangles symbolizes the amount
of protein in a given state, the diameter of the arrows
symbolises the rates of interconversion between states.
The amount of soluble folded protein is determined by
an equilibrium of newly folded chains and intracellular
degradation. It appears that the rate of folding is limited
by an external factor (black triangles). (a) Increased stab-
ility reduces intracellular degradation, this raises the
amount of soluble folded material. (b) An increased
transcription rate leads to increased aggregation as the
transition to the folded state becomes rate-limiting. (c)
Increased temperature leads to increased aggregation, a
reduced amount of chains that go into productive fold-
ing and a reduced amount of soluble folded protein.
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extrinsic factors, possibly chaperones, may be rate-

limiting after translation. For those proteins that do

not go into inclusion bodies, there is an excellent

correlation of stability and yield of folded material.

As the soluble material does not appear to be lost

by aggregation, this suggests that degradation of

unstable, soluble domains limits expression yields

in this case. The observed independence of aggre-

gation and thermodynamic stability is in contrast

to results reported previously for the periplasmic

space (Chan et al., 1996). This suggests that distinct

mechanisms may be operative in the formation of
inclusion bodies in the cytoplasm and in the for-
mation of insoluble aggregates in the periplasm.

Surprisingly, stability can be signi®cantly
compromised by an unprocessed N-terminal
initiator methionine coden. A similar situation was
observed in a-lactalbumin, where an N-terminal
methionine resulted in a stability loss of almost
8 kJ/mol (Ishikawa et al., 1998). This is a general
problem, since variable immunglobulin domains of
any class usually begin with an Asp, Glu or Gln
(Kabat et al., 1992), residues that are poor sub-
strates for the methionyl-aminopeptidase (Hirel
et al., 1989). Fortunately, rational engineering of the
N terminus can alleviate this problem. Since the N
terminus is a potential source of problems for
expression and stability, engineering of the N ter-
minus may guide other intrabody design projects.

Stable immunoglobulin domains can comprise a
signi®cant fraction of soluble cellular protein. The
minimum stability from which expression appears
feasible is about ÿ27 kJ/mol in the oxidized state.
This is in contrast to a panel of disul®de-free
mutants of the human myeloma Vk domain REI;
only two variants could be expressed in reasonable
yield, although all domains had a �G of
� ÿ 30 kJ/mol and beyond (Frisch et al., 1996). The
reason for this may be that the REI variants had
Cys23 replaced by a Val residue, expression was
attempted in the periplasm and an N-terminal
fusion to b-lactamase was required (Frisch et al.,
1994).

The observed expression yields of several milli-
grams per liter of shake-¯ask cultures, without
optimization, are already high. Up-scale into high-
density fermentation protocols should be routine.
For those cases where overall expression yields are
a concern, we have shown that our stabilized
domains can be obtained at very high yields as inso-
luble material after transcription from a T7-promo-
ter, subsequently refolded quantitatively under
reducing conditions and oxidized in vitro. This
approach may also be advantageous in situations
where fusion proteins, such as immunotoxins (Pai
et al., 1996), are prone to form non-native disul®des
during in vitro folding. To further improve
expression yields, one option is the introduction of
speci®c residues that have been reported to
improve folding properties (Knappik & PluÈ ckthun,
1995). In this respect, consensus frameworks can at
least provide baseline stability to allow optimisation
with methods of evolutionary biotechnology.

In summary, the successful expression of a whole
panel of soluble, isolated VL intrabody domains
suggests a plannable route to designed intrabodies.

Methods

Sequences of proteins in this study

The sequence of domain VL-601 is 1DIVMTQSPSS
11LSVSLGERVT 21ISCRASQSVS 31NYLAWYQQKP 41GQ
PPKLLIYG 51ASTREPGVPD 61RFSGSGSGTD 71FTLTISS
VQA 81EDLAVYYCQQ 91DHSYPLTFGA 101GKLELKHH
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H 111HH (numbering according to Kabat et al., 1992). See
Ohage et al., 1999 for the sequence of IcaL-14. Oligonu-
cleotide directed mutagenesis was performed by stan-
dard methods using single-strand DNA prepared from
an f1 origin of replication in the vector. N-terminal modi-
®cations were introduced into the domains by PCR
using standard protocols. All modi®ed genes were
sequenced.

Expression and purification of
disulfide-intact domains

For expression of oxidized immunoglobulin domains
in E. coli, genes of interest were fused to the signal pep-
tide sequence of the outer membrane protein A (ompA)
and secreted into the bacterial periplasm. Due to the oxi-
dizing properties of this compartment, the disul®de
bridge can form and the domains fold spontaneously
into their native conformation (Skerra & PluÈ ckthun,
1988). Domains were expressed in E. coli JM83 and puri-
®ed via immobilized metal ion af®nity chromatography
as described (Ohage et al., 1997).

Cytoplasmic expression

For cytoplasmic expression, genes were N-terminally
modi®ed by PCR to yield the amino acid sequences
MetAspIle (m), MetAlaAspIle (a) or MetAlaIle (Z-
domains). The respective genes were cloned into
expression vectors derived from pASK75 (transcription
driven by the tetA-promoter) or into pRSET5d (transcrip-
tion driven by the T7-promoter) (Schoepfer, 1993). For
expression into inclusion bodies, cultures of E. coli
BL21(DE3) harboring the respective plasmid were grown
to an A600 of 1 and induced with 0.5 mM IPTG. The
cultures were incubated for three hours at 37 �C, har-
vested and lysed in a French press. After centrifugation,
the insoluble material was resuspended in sonication
buffer (300 mM NaCl, 50 mM Tris-HCl (pH 8.0)) and
washed with IB-buffer I (50 mM EDTA, 10 mM Tris-HCl
(pH 8.0), 1 % (v/v) Triton-X-100), IB-buffer II (500 mM
GdmCl, 100 mM Tris-HCl (pH 7.5), 20 mM EDTA) and
twice with water. The pellet was then solubilized in DC-
buffer (6 M GdmCl, 50 mM NaPO4 (pH 8.0)) and sub-
jected to an equilibrated nickel-NTA-column (Qiagen,
Hilden). After washing with DC buffer containing
30 mM imidazole, proteins were eluted with DC buffer
containing 200 mM imidazole.

To quantify the amount of soluble VL domains after
cytoplasmic expression, E. coli JM109 or E. coli
BL21(DE3) containing the respective plasmid were
grown to an A600 of 1 and induced with 430 nM anhy-
dro-tetracycline or 0.5 mM IPTG, respectively. Cells
were incubated at the desired temperature for three
hours, harvested, and mechanically lysed with glass
beads under reducing conditions (1 M NaCl, 50 mM
NaPO4 (pH 8.0), 10 mM imidazole, 2 mM b-mercapto-
ethanol, (b-ME)) to prevent formation of intermolecular
disul®de bonds. After centrifugation, the soluble fraction
was isolated. For the following steps, b-ME had to be
removed as it jeopardizes precise absorbance measure-
ments. However, since the absence of reducing agents
could result in aggregation of formerly soluble material
due to formation of intermolecular disul®de bonds
during workup, urea was added to the soluble fraction
to a ®nal concentration of 8 M. The proteins were then
puri®ed on a nickel-NTA-column as described above,
except that buffers contained 8 M urea and 1 M NaCl
and no GdmCl or b-ME. To quantify the protein yield,
the A280 of the eluate was measured and normalised to
the A600 before harvest. For E. coli JM83 the bacterial
mass was assumed to be 2.5 g/l A600, and for E. coli
BL21(DE3) 1.7 g/l A600. The molar extinction coef®cients
e280 for oxidized proteins were 13,490 Mÿ1cmÿ1 for
domains VL-500 and VL-601, 12,210 Mÿ1cmÿ1 for
domains VL-703 and VL-705, and 14,770 Mÿ1cmÿ1 for
domain IcaL-14 (Gill & von Hippel, 1989). Molar extinc-
tion coef®cients for N-terminally modi®ed proteins are
identical, those for reduced domains can be obtained by
subtracting 120 Mÿ1cmÿ1.

To probe the oxidation state of the cytoplasmically
expressed material, harvested cells were lysed in a
French press and IMAC was performed under non-redu-
cing, non-denaturing buffer conditions (1 M NaCl,
50 mM NaPO4 (pH 7.4)).

Refolding and oxidation

Material puri®ed from inclusion bodies was refolded
by dilution or dialysis at room temperature to ®nal con-
centrations of 1 M GdmCl, 50 Tris-HCl (pH 9) and 5 mM
protein. After incubation overnight, 5 mM CuSO4 was
added and incubated for another six hours. The solution
was concentrated, centrifuged and dialyzed against PBS
(4 mM KH2PO4, 16 mM Na2HPO4, 115 mM NaCl,
(pH 7.4)) containing 20 mM EDTA. The yield of soluble
protein was determined by its A280.

Fluorescence spectroscopy

Fluorescence spectroscopy of oxidised domains was
performed as described previously (Ohage et al., 1997).
For reduced domains, samples were unfolded in 4 M
GdmCl in the presence of 50 mM DTT to ensure com-
plete reduction. Refolding was performed by dilution
into PBS which contained 3 mM DTT. In the native, dis-
ul®de-intact state, tryptophane emission is completely
quenched by the disul®de bond, and only a tyrosine sig-
nal at 305 nm can be detected. Reduction of the domain
results in an intense tryptophane emission with a maxi-
mum at 320 nm. Spectra of the unfolded oxidized and
reduced state are identical within experimental error
when the intensity of the exciting beam, I, is corrected
for light absorption by DTT (I � I0 10ÿA), (data not
shown). The folding stability was determined by revers-
ible chemical denaturation with GdmCl as described
(Ohage et al., 1997, 1999).

Determination of oxidation state with DTNB

The oxidation state of domains was probed by
measuring the A412 of the sample after addition of DTNB
to a ®nal concentration of 15 mM in the respective chro-
matography buffers. For the thionitrobenzoate anion a
molar extinction coef®cient (e412) of 14.000 Mÿ1cmÿ1 was
assumed.

Western blot

Samples were subjected to SDS-17 % PAGE and trans-
ferred onto a PVDF membrane. Proteins containing a
His-tag were detected as described (Lindner et al., 1997).
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