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Abstract

We have studied the equilibrium unfolding and the kinetics of folding and unfolding of an antibody scFv fragment
devoid of cis-prolines. An anti-GCN4 scFv fragment carrying aV lambda domain, obtained by ribosome display,L

served as the model system together with an engineered destabilized mutant inV carrying the R66K exchange.H

Kinetic and equilibrium unfolding experiments indicate that theV mutation also affectsV unfolding, possibly byH L

partially destabilizing the interface provided byV , even though the mutation is distant from the interface. UponH

folding of the scFv fragment, a kinetic trap is populated whose escape rate is much faster with the more stableVH

domain. The formation of the trap can be avoided if refolding is carried out stepwise, withV folding first. TheseH

results show that antibody scFv fragments do not fold by the much faster independent domain folding, but instead
form a kinetically trapped off-pathway intermediate, which slows down folding under native conditions. This
intermediate is characterized by premature interaction of the unfolded domains, and particularly involving unfolded
V , independent of prolinecis–trans isomerization inV . This work also implies thatV should be a prime target inH L H

engineering well behaving antibody fragments.� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Considerable progress has been made in under-
standing and even predicting the folding kinetics
of small monomeric proteinsw1,2x. The folding of
larger proteins consisting of multiple domains or
subunits is, however, complicated by additional
steps related to docking and annealing of domains
which can be rate-limitingw3,4x. Antibodies are
prototypes of multidomain proteins, since they are
built from highly homologous building blocks, the
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immunoglobulin domains. One of the most attrac-
tive properties of this model system is the almost
unlimited number of related molecules for testing
the effects of structural variations of folding and
stability. The smallest entity retaining the full
antigen binding capacity is the Fv fragment con-
sisting of the two variable domains of heavy and
light chain,V and V . Because of the relativelyH L

weak affinity of V for V (K values betweenH L D

10 M and 10 M) w5x they have usually beeny6 y8

covalently linked by a peptide linker resulting in
the single-chain Fv format(scFv). Besides their
obvious biotechnological importance, antibody
fragments represent an ideal model system for
studying the folding behavior of multidomain
proteins.
An additional advantage of the Fv and scFv

antibody fragments as a model system to study
domain interaction in protein folding lies in their
favorable spectroscopic properties. On the one
hand, both variable domains contain a conserved
core tryptophan, whose fluorescence is almost
completely quenched by the conserved disulfide-
bond in the native fold. Refolding of the isolated
domains thus results in a fluorescence decrease
that can best be observed at 350 nm, the emission
maximum of the unfolded state. On the other hand,
the domains contain a variable number of addi-
tional tryptophans, which are usually located in
the interface of the native heterodimer or even
remain exposed in the antigen-binding site. In the
isolated domains, all but the conserved core tryp-
tophans are solvent exposed and thus do not
contribute significantly to the fluorescence change
observed upon refolding of the domain. Upon
formation of the native heterodimer they become,
however, buried in the hydrophobic interface and
the fluorescence is accordingly blue-shifted, mon-
itoring this change of environment. Formation of
the native interface is thus associated with a large
increase in fluorescence that is best observed
approximately 320 nmw6x. These spectroscopic
features facilitate the distinction and assignment
of folding events greatly.
The process of structure formation during in

vitro refolding of scFv and Fv fragments has been
studied extensively in our laboratory over the past
years using fragments derived from two different

antibodies, the phosphorylcholine binding antibody
McPC603 and the HER-2 binding antibody
hu4D5-8w6–14x. From these experiments a general
folding scheme for such antibody fragments has
emerged. Briefly, stable domains fold indepen-
dently, followed by fast association to the native
heterodimer. Less stable domains probably follow
a similar pathway, but require the stabilizing influ-
ence of the large hydrophobicV yV interface forH L

stable structure formation. A complication is intro-
duced by the slow isomerization of the peptide
bond preceding ProL95, which is close to theV yL

V interface and at least in the antibody McPC603H

must be incis for the native interface to form. The
refolding of the scFv is slowed down in compari-
son to the refolding of the respective Fv fragment,
due to premature interaction of the domains caused
by the close proximity of the domains in the scFv
format, leading to the population of a kinetic trap.
In the present study we have for the first time

investigated a scFv which is devoid ofcis-prolines
in the native fold. We have used as model system
a fragment obtained by ribosome displayw15x,
which recognizes a peptide derived from the tran-
scription factor GCN4w16x. Its V domain isL

derived from a lambda type light chain, which
never carry the almost universally conservedcis-
prolines of kappa domains, L8 and L113,(accord-
ing to a new consensus numbering schemew17x,
corresponding to L95 according to the Kabat
numbering schemew18x). We now compare the
folding kinetics in the absence of limiting proline
cisytrans isomerization with the model for scFv
folding to evaluate its general validity. Comparison
of the folding kinetics of the wild type anti-GCN4
with a mutant destabilized in theV domain alsoH

allows some novel conclusions concerning the
influence of the heterodimer interface on stability
and the factors influencing the population of the
kinetic trap during refolding.

2. Materials and methods

2.1. Protein expression and purification

The gene for the affinity matured anti-GCN4
scFv fragment with a 21-mer G SG SG S G S5 4 4 2 3

linker in the orientationV -linker-V , obtained byL H
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Table 1
Rate constantsk (s ) for refolding and unfolding of the anti-GCN4 wt, the HR66K variant and the isolatedV -domainy1

L

final GdnHCl concentrations(M)

0.5 2.2 2.5 3 4

Refolding Unfolding

anti-GCN4 wt 0.014 0.014 0.004 0.006 0.049
0.003 0.089 0.26

anti-GCN4 wt 0.047 0.05
equilibrium
intermediate

anti-GCN4 0.005 0.0015 0.008 0.006 0.05
destabilized 0.0003 0.15

anti-GCN4 dest. 0.043 0.048
equilibrium
intermediate

V -domainL 0.04 0.061 0.17 0.29

ribosome displayw15x was cloned between theSfiI
sites of the secretion vector pAK400w19x for
periplasmic expression with thepelB signal
sequence. In the destabilized mutant ArgH66(H66
according to Kabatw18x, H77 according to the new
consensus AHo numbering schemew17x) was
replaced by Lys and the resulting his-tagged gene
was cloned into the secretion vector pIG6w20x.
The isolated domains were obtained by PCR of
the respective wild-type domains and cloned
between theSfiI sites of the secretion vector
pAK400.
All proteins were expressed in the periplasm of

the E. coli strain JM83 at 258C. The isolatedVL

domain (Mw 15235 Da) and both scFvs, the wt.
(Mw 27663) and the R66K variant(Mw 27635),
were purified from soluble cell extracts first with
an immobilized metal ion affinity chromatography
(IMAC) column at pH 7. The two scFvs were
subsequently loaded onto an antigen-affinity col-
umn containing biotinylated GCN4(7P14P)-pep-
tide attached to immobilized streptavidin and
eluted at pH 2.2w15x. The isolatedV domain wasL

purified by IMAC, followed by anion exchange
chromatography at pH 8.0.

2.2. Analytical gel filtration

Analytical gel filtration was carried out on a
Superdex-75 column on a SMART system in 50

mM Tris, pH 7.0, 150 mM NaCl with 0.005%
Tween-20. The column was calibrated with bovine
serum albumin, carbonic anhydrase and cyto-
chrome c.

2.3. Fluorescence measurements

All fluorescence measurements were performed
with a PTI Alpha Scan spectrofluorimeter(Photon
Technologies Inc.) at 10 8C, using an excitation
wavelength of 280 nm and emission wavelengths
of 320 and 350 nm, as indicated. The buffer used
was in all cases 50 mM Tris, pH 7.0, 150 mM
NaCl (filtered, degassed), containing varying
amounts of GdmCl. Protein concentrations were
0.2mM for equilibrium measurements and 0.4mM
for kinetic measurements.
For equilibrium denaturation measurements,

native protein was incubated overnight at 108C in
Tris-buffer containing different amounts of GdmCl.
Equilibrium transitions were followed by measur-
ing intensities at 320 and 350 nm upon excitation
at 280 nm, as well as the shift in emission
maximum. Curves were not normalized, nor could
DG values be derived, because of the obvious lack
of two-state behavior.
For kinetic measurements the proteins, either

native or unfolded as described in the text, were
diluted rapidly(between 1:100 and 1:25) into Tris-
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buffer containing GdmCl at various final concen-
trations. Kinetics were followed by the emission
intensity at 320 or 350 nm upon excitation at 280
nm, as indicated. All kinetic traces were evaluated
using the Kaleidagraph software(Synergy soft-
ware, Reading, UK) with either a single exponen-
tial function or a sum of two exponential functions
for biphasic kinetics.

3. Results

3.1. Protein purification, activity and spectroscopic
properties

Both scFv fragments, the wild type(wt) and
the variant carrying the destabilizing R66K muta-
tion in theV domain(termed R66K), as well asH

the isolatedV domain were purified from theL

soluble fraction of cell extracts. Both scFvs were
entirely monomeric, as seen in gel filtration, and
active, as determined by antigen-binding ELISA
(data not shown). The V domain, on the otherH

hand, had to be refolded from inclusion bodies
and, since multimers were formed, it was not
possible to isolate a monomeric species. Due to
its additionally high tendency to aggregate, no
measurements could be carried out with the isolat-
edV domain.H

It has previously been shown that the unfolding
of a Fv or scFv fragment is associated with a red-
shift in the emission maximum and a large
decrease of the fluorescence intensity approximate-
ly 320 nm, which is primarily due to the destruc-
tion of the domain interface and the concomitant
solvent exposure of the tryptophans buried in the
native interfacew6x. The unfolding of the isolated
domains, on the other hand, leads to an increase
of the fluorescence intensity at 350 nm, caused by
the removal of the conserved tryptophan in the
hydrophobic core of the domains from the quench-
ing intradomain disulfide-bridge in the native
structurew21x. In the case of the anti-GCN4 scFv,
there are five tryptophans in addition to the single
conserved core tryptophans ofV andV . Two ofH L

these five are conserved residues located in the
CDR2 of theV domain, which contribute to theH

domain interface and thus become solvent exposed
upon its destruction. The other three are located in

the CDR3s, two in theV and one in theVL H

domain. Since these last three are solvent-accessi-
ble in the folded scFv, they should not contribute
greatly to the fluorescence change observed upon
folding. These spectroscopic properties thus pro-
vide an excellent means to distinguish domain
folding from interface formation by the choice of
the fluorescence emission wavelength.

3.2. Thermodynamic stability

GdmCl titrations of the two scFvs and theVL

domain were carried out by recording the shift in
emission maximum, as well as the fluorescence
intensity at 350 and 320 nm, to allow distinction
between domain unfolding and destruction of the
interface. The transition of both the wt and the
R66K scFv is clearly not two-state. In the plot of
the emission maxima(Fig. 1a), a small plateau is
observed for the destabilized variant approximately
at 2.2 M GdmCl, which seems to be shifted
upwards to 2.6 M GdmCl in the case of the wt,
where it is, however, less obvious. On the other
hand, the two transitions can clearly be distin-
guished for both variants by measuring the fluo-
rescence intensity. In Fig. 1b,c the fluorescence
intensities are plotted at both wavelengths to facil-
itate the comparison. For both scFvs the first
transition is associated with a large decrease of the
intensity at 320 nm(Fig. 1b), indicative of the
disruption of the native interface. In the case of
the destabilized variant, this transition is shifted
towards lower concentrations of GdmCl, suggest-
ing a weakening effect of the mutation on the
interface. The second transition leads to an inten-
sity increase that can only be observed at 350 nm,
indicating that this transition involves unfolding of
an isolated domain. This second transition has
different amplitudes for both variants, and the
midpoint also appears to be shifted towards lower
concentrations of denaturant in the case of the
R66K mutant. Both transitions thus seem to be
influenced by the R66K mutation in theVH

domain.
A comparison of the scFv transition with the

unfolding transition of the isolatedV domainL

(Fig. 1d) demonstrates thatV unfolding occursL

concomitantly with the destruction of the native
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Fig. 1. GdmCl-induced equilibrium transitions at pH 7, 108C for both the wt anti-GCN4(closed symbols) and the R66K mutant
(open symbols). (a) Shift in emission maximum,(b) Fluorescence intensity at 320 nm,(c) Fluorescence intensity at 350 nm,(d)
Comparison of the GdmCl-induced equilibrium transitions of the isolatedV domain(n) at 350 nm and the wt anti-GCN4 at 320L

nm (●).

interface, observed in the first transition of the wt
scFv. Since the midpoint of the transition of the
isolated wtV domain is approximately at 2 ML

GdmCl, it cannot be associated with the second
transition that is observed for both scFvs at signif-
icantly higher GdmCl concentrations. Even though
the V domain might stabilizeV against unfold-H L

ing, it could not do so ifV unfolds beforeV .H L

Therefore, the first transition must be assigned to
V unfolding with concomitant loss of the inter-L

face. The second transition thus has to be attributed
to the unfolding of the more stableV domain. AsH

confirmed by kinetic measurements(see below),
an equilibrium intermediate is therefore populated
at 2.2 M GdmCl for both scFvs, which retains an
at least partially structuredV domain in theH

presence of an unfoldedV domain.L

Interestingly, destabilization of theV domainH

by the H-R66K mutation seems to influence both
transitions observed in fluorescence(Fig. 1a–c).
The stabilizing influence of Arg at position H66
had been identified from mutagenesis studiesw22x
in an antibody normally containing Lys. This
residue is completely buried and does not make
contact to theV domain. It is part of a conservedL

charge cluster within theV domain. Arg-H66H

interacts strongly with Asp-H86, forming a buried
salt-bridge. The destabilizing influence of the H-
R66K mutation, located in the more stableVH

domain and remote from the interface, on the first
transition is notable, as the native interface is
destroyed concomitantly with the unfolding of the
less stableV domain. TheV core mutation mustL H

thus have long-range effects destabilizing the inter-
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Fig. 2. Fluorescence traces of unfolding at 108C at 4 M (s),
3 M (●) and 2.2 M(n) GdmCl of (a) wt anti-GCN4 scFv,
(b) R66K anti-GCN4 scFv. The intensity at 320 nm was fol-
lowed. (c) Fluorescence traces of unfolding at 108C and 2.5
M GdmCl of wt anti-GCN4 scFv(s), and the isolatedVL

domain(●). The intensity was followed at 320 nm(scFv) or
350 nm(V ).L

face and V . At the very least, the interfaceL

provided by theV domain of the less stable R66KH

mutant may not be completely intact at denaturant
concentrations present in the transition region of
V , thereby shifting theV transition to lowerL L

GdmCl concentrations, compared to the wt scFv.
An implication is that theV interface mustH

obviously be altered at intermediate GdmCl con-
centrations, meaning that the equilibrium interme-
diate, at least in the case of the destabilized variant,
cannot consist of the combination of an entirely
nativeV with an unfoldedV .H L

3.3. Unfolding kinetics

The unfolding of both the wt- and the R66K
mutant scFv proceeds in two distinct phases(Table
1). First, a fast phase with a large decrease of
fluorescence intensity at 320 nm occurs, followed
by a second much slower phase, characterized by
a small fluorescence increase(Fig. 2a,b, circles).
The second slow phase is not observed at denatur-
ant concentrations below 2.5 M GdmCl for the wt
and 2.2 M GdmCl for the R66K mutant(Fig. 2a
and b, triangles). The sign and the amplitude of
the fluorescence changes both indicate that the
interface is destroyed in the faster phase, probably
concomitant with the unfolding of theV domain,L

as suggested by the equilibrium transition, while
the more stableV domain unfolds much moreH

slowly and only at higher concentrations of dena-
turant. This view is supported by the unfolding
kinetics of the isolatedV domain at 2.5 M GdmCl,L

which occur with the same rate as the fast unfold-
ing phase of the scFv at the same GdmCl concen-
trations(Fig. 2c). The phases have opposite sign,
since in the case of the isolatedV domain theL

dequenching of the core tryptophan is observed at
350 nm, while in the case of the scFv, the destruc-
tion of the interface, which goes along withV -L

unfolding, is dominant and most easily followed
by fluorescence loss at 320 nm. The second slower
phase of scFv unfolding taking place at higher
denaturant concentrations, corresponding in its
sign and amplitude to the unfolding of an isolated
domain, must thus be due to the unfolding of the
more stableV domain.H

Unfolding of the R66K mutant corresponds

exactly to the wt in sign and amplitude of all of
the phases, supporting the existence of an equilib-
rium intermediate also for this variant(Fig. 2b).
The rate of the slow phase, corresponding to the
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Fig. 3. (a) Fluorescence traces of refolding of wt anti-GCN4
scFv at 108C starting from equilibrium denatured protein(●)
and short-term denatured protein(s). The intensity at 320 nm
was followed.(b) Fluorescence trace of refolding of isolated
V domain at 108C starting from equilibrium denatured pro-L

tein. The intensity was followed at 350 nm.

unfolding of theV domain, is identical for bothH

variants, implying that the H-R66K mutation desta-
bilizes the native and the transition state of the
V domain by the same amount. Alternatively, theH

interaction of Arg66 could already be disrupted in
the intermediate state, thus no more influencing
the further denaturation ofV . The only differenceH

is seen in the rate of the first phase, leading to a
large fluorescence decrease at 320 nm, which is
faster for the H-R66K mutant. This is in accor-
dance with a faster destruction of the interface
between the two domains, which might be weak-
ened by the mutation inV destabilizing theH

interface at the denaturant concentrations present
in the experiments, as has been suggested from
equilibrium measurements(see above).

3.4. Refolding kinetics are slow due to kinetic
trapping

The scFv fragments we investigated so farw6–
14x all had V domains of thek-type containingL

two conservedcis-prolines in their native fold.
Since the anti-GCN4 scFv has al-typeV domainL

lacking cis-prolines in the native structure, its
refolding should not be limited by proline isom-
erization. Nevertheless, refolding of the wt scFv
from equilibrium is limited by a rather slow phase
with a rate of approximately 0.003 s . Doubley1

jump experiments, where refolding is started from
short-term denatured protein retaining the prolines
in their native conformation, confirmed that this
slow phase is not due to prolinecisytrans isom-
erization, since it yields exactly the same rate as
after equilibrium denaturation(Fig. 3a). The fact
that the rate of this slow phase is largely inde-
pendent of the final denaturant concentration(data
not shown) points towards the formation of a
kinetic trap (see below). Therefore, the escape
from this trap must be giving rise to this phase,
rather than a true on-pathway folding phase. The
formation of kinetically trapped intermediates has
been observed for all scFv fragments investigated
so far and could be attributed to premature inter-
action of the domains caused by the covalent
linkage in the scFv formatw12x.

The refolding of the isolatedV domain occursL

on a much shorter timescale(Fig. 3b, Table 1),

confirming again the absence ofcis-prolines in its
native structure.V can thus not be responsible forL

the rate-limiting phase observed in the refolding
of the anti-GCN4 scFv. Nevertheless, refolding of
V from a trapped intermediate can contribute toL

the slow phase. When refolding of the scFvs is
started from the equilibrium intermediate populat-
ed at 2.2 M GdmCl, refolding is fast and occurs
with the same rate of approximately 0.05 s fory1

both the wt and the R66K variant(Fig. 4a). This
corresponds well to the refolding rate of the
isolated V domain (0.04 s ) (Fig. 3b) andy1

L

supports the existence of an equilibrium interme-
diate with a largely intactV domain at approxi-H

mately 2.2 M GdmCl, as indicated above. As
discussed before for the example of unfolding in
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Fig. 4. Fluorescence traces of refolding at 108C of wt anti-
GCN4 scFv (●) and the R66K variant(s) (a) in a final
GdmCl concentration of 0.5 M, starting from the equilibrium
intermediate at 2.2 M GdmCl,(b) in a final GdmCl concen-
tration of 2.2 M starting from fully denatured protein. The
intensity was followed at 320 nm.

Fig. 2c, the phases for refolding of the scFvs at
320 nm (Fig. 4a) and the isolatedV domain atL

350 nm(Fig. 3b) have opposite sign.
Unfortunately, the refolding of the isolatedVH

domain could not be measured, due to its tendency
to multimerize. From an analogy drawn with other
V domains investigated so farw6x, its refoldingH

rate is most likely an order of magnitude faster
than the rate-limiting phase of the wt scFv. Some
support for this argument comes from refolding
experiments of the scFvs carried out at 2.2 M
GdmCl, a denaturant concentration where theVL

domain is not stable and thus only theV domainH

should be able to refold to a native-like structure.
Under these conditions, a phase leading to a
fluorescence decrease with a small amplitude at

both 320 and 350 nm, as would be expected for
the refolding of an isolated domain, is observed
for the wt (Fig. 4b). The rate for the wt scFv
(0.014 s ) even at this high concentration ofy1

denaturant is much faster than the slow phase of
the wt scFv refolding under native conditions
(0.003 s ) (Table 1). If the wt anti-GCN4 scFvy1

is hence allowed to refold in a stepwise manner,
with V refolding first at high concentrations ofH

denaturant, followed byV and formation of theL

native interface under native conditions, the for-
mation of a trapped off-pathway intermediate can
be prevented. This confirms the earlier findings
that trapping is due to premature domain interac-
tion at low denaturant concentration, caused by
the covalent linkage of the two domains in the
scFv-format which increases their local
concentration.
The refolding of theV domain of the R66KH

variant at intermediate GdmCl concentrations
occurs with a 10-fold slower rate(0.0015 s )y1

than that of the wt anti-GCN4(Fig. 4b), reflecting
the reduced stability of theV domain of theH

R66K variant seen in the equilibrium transition. In
the folding reaction, the H-R66K mutation thus
influences the height of the transition state relative
to the unfolded initial state, while in the unfolding
reaction the height of the transition state with
respect to the initial folded state is not changed.
This implies that this residue makes an interaction
that is crucial for the folding of theV domain.H

Since theV domains of both scFvs are identicalL

and since, moreover, they also refold with identical
rates in the context of the differentV domains inH

the wt and the R66K scFv(Fig. 4a), the large
difference in the refolding rates of these two scFvs
(Fig. 5a,b) has to be attributed to the contribution
of the V domain. In accordance with the 10-foldH

slower rate of refolding of the destabilizedVH

domain(Fig. 4b), the refolding of the R66K scFv
under native conditions also occurs on a much
longer timescale. Fig. 5a,b shows the refolding of
the two scFvs from fully denatured protein in a
final GdmCl concentration of 0.5 M, observed at
two different wavelengths. At 350 nm a decrease
of the fluorescence intensity is observed for both
scFvs that occurs with a rate of 0.014 s in they1
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Fig. 5. Fluorescence traces of refolding at 108C of wt anti-
GCN4 scFv(●) and the R66K variant(s) in a final GdmCl
concentration of 0.5 M, starting from fully denatured protein.
The intensity was followed in(a) at 350 nm and in(b) at 320
nm.

case of the wt and a rate of 0.005 s in the casey1

of the R66K variant. This phase is also seen at
320 nm (Fig. 5b), although with very different
amplitudes for the two scFvs. At this wavelength,
however, an additional much slower phase is
observed with rates of 0.003 s for the wt andy1

0.0003 s for the R66K mutant(Table 1). Sincey1

this slow phase is only observed at 320 nm, it is
likely that it involves the formation of the native
interface. The mutation in theV domain thusH

appears to impair the recovery of the R66K scFv
from the kinetic trap, suggesting thatV foldingH

is involved in the escape from the trap. A lower
transition state ofV folding depopulates theH

trapped intermediate more rapidly.

4. Discussion

The aim of this study was to complement our
previous detailed investigations on the folding of
various Fv and scFv fragmentsw6–14x and to test
whether the proposed common folding pathway is
also followed in the absence of limiting proline
isomerization, which had previously complicated
the analysis. For this purpose we have chosen a
scFv fragment directed against a variant of the
transcription factor GCN4 as a model system
w15,16x, since it contains al-type light chain
devoid ofcis-prolines in the native fold. Addition-
ally, we have compared the folding behavior of
the wt scFv with a variant that carries a destabiliz-
ing mutation in theV domain. Due to the uniqueH

influence of this mutation on both domains, we
can now draw new conclusions relating to the off-
pathway reactions during the refolding of the scFv
fragment.
For both the wt anti-GCN4 scFv and the desta-

bilized variant with the H-R66K mutation, an
equilibrium intermediate is populated at approxi-
mately 2.2 M GdmCl in equilibrium unfolding
experiments. It could be shown to consist of an
unfolded V domain and a largely intactVL H

domain. The fact that a destabilizing mutation in
V , which is not located in the interface, is ableH

to shift the first transition to lower denaturant
concentrations is notable. Since this transition
involves unfolding of the much less stableV andL

the concomitant loss of the interface, this implies
that the interface provided by a destabilizedVH

domain may partially ‘melt’ during this transition,
thus destabilizingV even more. Caution in theL

use of the terms ‘native’ and ‘unfolded’ is therefore
necessary with respect to the domains in the
equilibrium intermediate. In the case of the desta-
bilized R66K scFv at least, theV domain mustH

also be affected to some extent in the equilibrium
intermediate, since otherwise no influence onV -L

stability, mediated by the common interface,
should be observed.
Although the folding of the isolatedV domainH

could not be measured, it could be followed
indirectly in the scFv format. The H-R66K muta-
tion does not affect the unfolding rate of theVH

domain but slows the refolding rate by a factor of
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Fig. 6. Proposed refolding scheme for the wt anti-GCN4 scFv. Folded structure is symbolized by light-gray(V domain) and dark-L

gray arrows(V domain). The crossed-out arrow indicates that this direct step is not taking place. The thick black arrows denoteH

reactions occurring under native conditions. The white arrow denotes a reaction which only occurs at intermediate denaturant
concentrations(2.2 M GdmCl). For further details, see text.

ten, suggesting that the contact made by Arg66 in
the wt is already formed in the transition state of
folding of the V domain. Enforced sequentialH

refolding, first of theV domain at high concen-H

trations of denaturant whereV is not stable, andL

subsequently of theV domain under native con-L

ditions accounts for all spectral changes observed
upon refolding of the entire scFv from the fully
unfolded state. This enforced sequential folding is
faster than refolding of the entire scFv from the
fully unfolded state under native conditions. It is
thus clear that the slow phase, which is observed
upon refolding of the fully denatured anti-GCN4
scFv at low concentrations of denaturant, does not
stem from slow folding of the isolated domains,
but is due to population of a kinetic trap under
native conditions. The results thus confirm the
hypothesis put forward earlier, stating that kinetic
trapping is an intrinsic property of the scFv format,
which is independent of other rate-limiting reac-
tions and occurs due to premature domain inter-

action. Particularly, these results show that
existence of this kinetic trap is independent of
proline cis–trans isomerization reactions, as the
current model system does not have anycis-
prolines.
Fig. 6 depicts a summary of the general folding

scheme for the anti-GCN4 wt scFv. Upon refolding
from completely unfolded protein(black arrows),
a trapped intermediate is formed in the dead time
of manual mixing, which then slowly converts in
a rate-limiting step to an open intermediate. The
direct folding pathwayU to I (crossed line inopen

Fig. 6) not used in the scFv, but it is used, in Fv
fragmentsw6,11x, which fold much faster, and thus
the linker enforces an ‘unnecessary’ intermediate
I off this main track. Likewise, population oftrap

the kinetic trap is prevented, when refolding of the
anti-GCN4 scFv is started from an equilibrium
intermediate(I ) retaining mostly native struc-equil

ture in V . We consider the trapped intermediateH

I as ‘off-pathway’, although it is apparently ontrap
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the actually employed folding pathway of the scFv,
since the fast, ‘direct’ pathway from U toIopen
(crossed line in Fig. 6), with independent folding
of V and V and subsequent association, is notH L

used. This phenomenon is caused by the linker
and may well be a frequent feature also in natural
multidomain-proteins.
This kinetic behavior has essentially been

observed for all scFvs, with the only difference
that for some scFvs there seems to be an additional
direct path from the unfolded state to the open
intermediate, depending on the refolding condi-
tions. Additional complexity is introduced in the
case of those scFvs containing aV domain of theL

k-type throughcisytrans isomerization at the level
of the unfolded state and in the trapped as well as
in the open intermediate.
The interesting properties of the variant carrying

the destabilizing mutation H-R66K allow addition-
al new insights into the factors determining the
formation and the rate of escape from the kinetic
trap. In the destabilized mutant the rate-limiting
folding phase for the scFv(I to I ) is slowedtrap open

down by a factor of ten, compared to the wt, when
refolding is started from fully denatured protein.
The refolding rate of the destabilizedV domainH

observed at intermediate concentrations of dena-
turant(U to I ) is also slowed down by a factorequil

of ten compared to the wtV domain. SinceH

refolding of theV domain is unaffected in theL

context of the wt and the mutantV domain, whenH

refolding is started from the equilibrium interme-
diate (I to I ), it thus seems plausible thatequil open

the refolding rate of theV domain directly affectsH

the rate of escape from the kinetic trap.
In this context, it is interesting to note that the

trap is not populated when refolding of either of
the anti-GCN4 variants is started from the equilib-
rium intermediateI , i.e. in the presence of anequil

already largely foldedV domain. In the case ofH

the hu4D5-8 scFv in the sameV -linker-V format,L H

on the other hand, it could be shown that a trapped
kinetic intermediate was populated when folding
was started from intermediate GdmCl concentra-
tions. In this case, however, an equilibrium inter-
mediate exists, which retains native structure in
V , but not inV . This might imply that formationL H

of a trapped intermediate is more likely to be an

intrinsic property of an unfoldedV domain, whichH

becomes manifest in the presence of high local
concentrations of theV domain, as present in theL

context of the covalently linked scFv.
The stability and the refolding rate of theVH

domain might thus be the major factors in the
scFv format determining the rate of rescue from
the kinetically trapped intermediate. Since trapping
is prevented upon refolding started from an inter-
mediate with an at least partially structuredVH

(I to I ), theV domain, moreover, seems toequil open H

be critical for the initial formation of the kinetic
trap. This is of course highly relevant for all
applications of scFv fragments and has implica-
tions for further attempts to improve solubility and
reduce the aggregation tendency of these important
molecules, suggesting thatV domains should beH

the major target of engineering efforts.
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