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ABSTRACT: Differential scanning calorimetry and spectroscopic probes were applied to study folding and
stability of the single-chain Fv fragment (scFv) of the anti-human ferritin antibody F11 and its isolated
variable light-chain (VL) domain. The scFv fragment followed variable heavy-chain domain (VH)-linker-
VL orientation and contained (Gly4Ser)3 linker peptide. The two proteins were produced inEscherichia
coli and refolded from denaturant-solubilized inclusion bodies. The isolated VL domain demonstrated a
typical immunoglobulin fold with well-defined secondary and tertiary structure and was capable of binding
human ferritin withKa ) 1.8 × 107 M-1, ∼1/30 of the affinity of the parent F11 antibody. Involvement
of this VL domain into the two-domain scFv fragment yielded a distorted secondary and significantly
destabilized tertiary structure in which neither of the two constituent domains attained complete folding.
The thermal unfolding enthalpy of scFv F11 at pH 7.0 was as low as 5.0 J‚g-1 versus 16.3 J‚g-1 obtained
for the VL domain and 24.7 J‚g-1 for the parent F11 antibody (mouse IgG2a subclass). Intrinsic fluorescence
and near-ultraviolet circular dichroic (CD) spectra, and binding of the hydrophobic probe 8-anilino-1-
naphthalene sulfonate, confirmed partial loss of tertiary interactions in scFv. The spectroscopic and
calorimetric properties of scFv F11 under physiological conditions are consistent with a model of a partially
structured state with a distortedâ-sheet as a secondary structure and partial loss of tertiary interactions,
which closely resembles the alternatively folded A-state adopted by an immunoglobulin at pH 2-3
[Buchner, J., Renner, M., Lilie, H., Hinz, H.-J., Jaenicke, R., Kiefhaber, T., and Rudolph, R. (1991)
Biochemistry 30, 6922-6929]. However, scFv F11 demonstrated only an∼4-fold decrease in the antigen-
binding affinity (Ka ) 1.3 × 108 M-1) versus the parent F11 antibody. The scFv fragment F11 provides
the first description of a functional protein trapped under physiological conditions in a partially structured
state. This state is either close to the native one in the antigen-binding affinity or, alternatively, initial
weak binding of the antigenic epitope induces folding of scFv F11 into a more structured conformation
that generates relatively high affinity.

Single-chain variable fragments (scFvs)1 of immunoglo-
bulins, frequently also referred to as single-chain antibodies,
were designed as potentially useful means of targeting
cytotoxic agents to tumor cells (1, 2). In addition, study of
recombinant antibody fragments is an important milestone
on the way toward establishing mechanisms underlying
folding of multidomain proteins. The scFv fragments com-
prise two immunoglobulin variable domains covalently

joined with a flexible linker peptide and follow the VH-
linker-VL or VL-linker-VH orientation. Depending on the
length of a linker peptide, antibody sequence, and solvent
conditions, scFv fragments can form dimeric, trimeric, and
oligomeric species, with a 15-residue linker being optimal
for providing the maximal percentage of monomers (3-6).

An antigen-binding site spans a significant part of a
structure in scFv fragments, and therefore CDR loops lining
the surface of this binding site may potentially represent an
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essential determinant of folding and stability of single-chain
antibodies. Structural energetics of scFvs as a reliable and
quantitative measure of their folding and stability was not
determined by the high-resolution method of differential
scanning calorimetry because of a pronounced protein
aggregation that might occur below an unfolding temperature
(7, 8). In the only calorimetric study of scFv recently reported
(9), the heat capacity profile was incomplete because of the
aggregation process observed a few degrees above the
midpoint temperature, which precluded thermodynamic
measurements. However, stability measurements using de-
naturant-induced unfolding curves were performed for many
scFv fragments and revealed significant variations between
them (7, 10-13). Differences in CDR loops resulted in
significant effects on thermal stability of noncovalently linked
Fv fragments (VH-VL heterodimers) of the anti-lysozyme
antibody D1.3 (14). Furthermore, CDR loops were reported
to significantly contribute to stability of recombinant human
VL domains (15-17). Some mutations in CDRs resulted in
a dramatic decrease in VL stability and tertiary interactions
as demonstrated by fluorescence and CD spectroscopy. On
the other hand, noncognate domain interactions in a cyclic
“head-to-tail” trimer of scFv (the so-called “triabody”) were
shown to alter tertiary interactions of the VH CDR3 loop
involved in the antigen binding site and VH-VL domain
interface (18).

Recently, we reported construction of the anti-human
ferritin scFv fragment F11 that was produced inEscherichia
coli inclusion bodies and refolded from the denaturant to a
functional conformation (19). We employed the VH-linker-
VL orientation (Figure 1), starting with the N-terminal VH

domain and the most frequently used (Gly4Ser)3 linker that
provides sufficient flexibility and hydrophilicity (1, 5). The
parent F11 antibody (mouse IgG2a subclass) is directed
against a tumor marker, human ferritin (20, 21). The two
distinctive features of the parent antibody F11 are (i) a
significantly lower enthalpy of thermal unfolding in com-
parison with the other anti-ferritin monoclonals of IgG2a and
IgG1 subclasses and (ii) unusual interactions between the
antigen-binding domains and the Fc fragment as demon-

strated by negative cooperativity between the antigen and
protein A binding sites (21). These two features were
attributable to the structure of CDR loops. Here, we applied
the differential scanning calorimetry and spectroscopic probes
to analyze folding and stability of the scFv F11 in comparison
with the isolated VL domain of the same antibody fragment.
We showed that the isolated VL domain demonstrates
apparently complete folding into a well-defined tertiary
structure with moderately low binding affinity. In contrast
to VL, the scFv fragment F11 under physiological conditions
adopted a partially structured conformation that is, however,
capable of binding antigen and generating relatively high
affinity; this combination of properties has not been reported
so far.

MATERIALS AND METHODS

Reagents and Enzymes.The employed reagents and
enzymes for recombinant DNA technique, as well as standard
bacterial strains and plasmids, were described in our recent
publication (19).

ScFV-Encoding Plasmid and scFV Fragment F11.Con-
struction of the pETscF11 plasmid, expression, purification,
and refolding of scFv F11 into soluble conformation was
recently described (19). The scFv fragment was about 98%
pure as judged by SDS-PAGE.

Construction of VL-Expressing pETVL Plasmid.The VL

domain-encoding plasmid pETVL (Figure 1) was generated
by standard techniques from the pETscF11 plasmid that
encodes the antiferritin scFv fragment F11 comprising the
VH domain followed by the linker peptide and the VL domain.
Briefly, the VL-encoding fragment was amplified by PCR
from pETscF11 DNA with a direct primer (5′-GCCGC-
CCATATGGACATCCAGATGACTCAGTCT-3′) compris-
ing the NdeI restriction site and a reverse primer (5′-
GCCGCCGGATCCCTAGTGGTGGTGGTGGTGGTGC-
CGTTTTATTTCCAACTTTGT-3′) to insert aBamHI re-
striction site and to add a six-histidine tag to the C-terminus
of VL. The resulting VL gene was digested withNdeI and
BamHI and ligated into theNdeI/BamHI-digested plasmid
pET12b under a control of T7 RNA polymerase promoter.
A ligation mixture was used to transformE. coli BL21(DE3)-
pLysS cells. The resulting construct pETVL comprised the
sequence encoding the VL domain, starting with additional
N-terminal Met. Following the sequence encoding the
C-terminal Arg that belongs to the native C-terminus of the
VL domain in the full-length F11 antibody, the recombinant
VL domain comprised the C-terminal (His)6 tag added to
permit affinity purification by immobilized metal affinity
chromatorgaphy (IMAC) on Ni-NTA Sepharose for crystal-
lization studies. Instead of His hexapeptide, the scFv frag-
ment F11 comprised the C-terminal sequence Asp-Pro-Arg-
Leu-Ile-Asn that contains an acid-labile Asp-Pro bond
introduced for further designing cleavable fusion constructs.

Expression of the VL Domain. E. coli BL21(DE3)pLysS
cells transformed with the pETVL plasmid were grown in 1
L of LB broth containing ampicillin (100 mg L-1) and
chloramphenicol (170 mg L-1) at 37 °C until the culture
reached mid-log phase. After 2.5-3.0 h of growth, isopropyl
â-D-thiogalactopyranoside (IPTG) was added to a final
concentration of 1 mM and the bacterial cells were grown
for additional 3 h at 30 °C. The cells were harvested by

FIGURE 1: Schematic diagram of the expression units for the scFv
fragment F11 and its isolated VL domain, and the amino acid
sequence of the VL domain. Underlined is the (His)6 tag added to
the C-terminus of the VL domain. The sequence of the scFv
fragment F11 was reported in ref19.
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centrifugation at 3000g for 10 min and washed twice with
150-200 mL of 50 mM Tris-HCl, pH 8.0, containing 0.15
M NaCl and 1 mM phenylmethanesulfonyl fluoride (PMSF).
The cells were resuspended in 60-80 mL of the above
buffer, disintegrated by sonication, and centrifuged at 40000g
for 30 min. The sediment of inclusion bodies typically
contained VL domain of 70-80% purity.

Purification of the VL Domain. The pellet of inclusion
bodies containing VL domain was solubilized with 6 M
GdnHCl for 1 h at room temperature. After centrifugation
for 30 min at 40000g, the supernatant was dialyzed against
5 M urea in 0.1 M Tris-HCl buffer, pH 8.0, with 1 mM
PMSF and then centrifuged to remove precipitated material
and dialyzed against 1 M urea in 0.1 M Tris-HCl buffer, pH
8.0, with 1 mM PMSF. The supernatant after centrifugation
for 30 min at 40000g was stored at-20 °C up to 12 months.
To refold the protein, supernatant was dialyzed against 50
mM sodium phosphate, pH 7.4, containing 1 mM PMSF.
Typically, the yield of the purified and refolded VL domain
was 40-60 mg/L of the cell culture.

Human Spleen Ferritin and Parent F11 Antibody.Human
spleen ferritin was isolated as previously described (20, 22).
The parent monoclonal antiferritin antibody (IgG2a/κ) pro-
duced by the F11 hybridoma cell line and previously
described as the antibody HSF102 (20, 21) was purified from
ascitic fluid by the procedure of McKiney and Parkinson
(23). To obtain biotinylated F11 antibody, 0.36 mg of biotin
amidocaproateN-hydroxysuccinimide ester dissolved in 0.12
mL of dimethyl formamide to give a reagent-to-protein molar
ratio of approximately 120:1 was added to 1.0 mL of protein
solution containing 1.0 mg of F11 antibody. After 3 h, the
antibody solution was dialyzed against 0.1 M sodium borate
buffer, pH 8.5.

Antigen-binding affinitywas determined by a competition
enzyme-linked immunosorbent assay (ELISA) at room
temperature in triplicate as we previously described (19).
Variations of Ka determinations were within 25%. The
procedure comprised competition of the scFv fragment or
VL domain with the parent biotinylated antibody F11 for
binding to ferritin adsorbed onto a surface of polystyrene
tubes.

Enzyme Immunoassay for scFV. The scFv fragment in
amounts as low as 0.2-200 ng was determined in a two-
site immunoassay performed at room temperature in triplicate
with variations of individual measurements below 6%.
Polystyrene tubes were coated with 3µg of rabbit anti-scFv
IgG obtained from antisera of rabbits immunized with the
scFv fragment F11. The unbound protein was removed by
aspirating and washing three times with the coating buffer
(0.1 M sodium borate, pH 8.5). Residual protein binding sites
on the polystyrene surface were then blocked for 40 min
with 1% BSA in 0.1 M sodium phosphate, pH 7.4. Into each
tube was introduced 250µL of a solution containing variable
amounts of scFv. After 2 h, the tubes were washed twice
with distilled water, 250 ng of biotin conjugated with anti-
scFv rabbit IgG was added, and the samples were incubated
for 1.5 h. After two washings with distilled water, 250 ng
of streptavidin-horseradish peroxidase conjugate was in-
troduced into each tube; they were then incubated for 40
min and washed twice as above. Bound peroxidase activity
was determined by adding 0.6 mL of the substrate solution
containing 0.02 Mo-phenylenediamine and 0.02 M H2O2 in

0.1 M sodium citrate, pH 5.0. After 10 min with shaking,
the reaction was stopped with 0.3 mL of 10% H2SO4, and
the absorbance was determined at 492 nm. The amount of
scFv in samples was calculated from a calibration curve that
was obtained with the known amount of scFv (0.2-200 ng/
tube) determined from molar extinction at 280 nm. Bound
peroxidase activity in the tube containing 0.2 ng of scFv was
from 8 to 10 times higher than the background activity (in
the absence of scFv), which provided a reliable estimate of
scFv in samples with stoichiometry as high as 95-98% (see
below).

Stoichiometry of scFV. To estimate the stoichiometry of
the functional antigen-binding sites, [n], a sequential satura-
tion assay was performed at room temperature. Human spleen
ferritin was covalently coupled through protein amino groups
to polystyrene balls (6.3 mm in diameter) bearing surface-
exposed phenaldehyde groups (the product of the Institute
of Physical Organic Chemistry, Minsk, Belarus). Typically,
100 balls were incubated with 6 mg of human spleen ferritin
in 300 mL of 0.01 M PBS, pH 7.4. After 6-10 h with
shaking, balls were placed into a series of polystyrene tubes
and residual protein-binding sites on the polystyrene surface
were blocked as above. Then, 3 mL of the solution of scFv
fragment F11 (0.2µg‚mL-1 in the same buffer) was placed
into the first tube. After incubation for 1 h with shaking, a
250 µL aliquot of the solution was taken to determine the
unbound scFv fraction, and the remaining solution was placed
into the next tube. This procedure was repeated five times,
and unbound scFv was quantitated by the immunoassay as
described above. Ferritin-bound scFv was determined as the
difference between the amount of the total and unbound
protein, and the magnitude of [n] was determined as a ratio
of ferritin-bound scFv and total scFv.

CD spectrawere recorded on a J-20 spectropolarimeter
(Jasco, Japan) at a protein concentrations of 0.5-0.7
mg‚mL-1 in a thermostated cuvette holder with a 1 mm
quartz cell for the far-UV spectra and a 10 mm cell for the
near-UV region. Spectra were usually scanned from 250 to
200 nm or from 300 to 250 nm at a scan speed of 5 nm/min
and a time constant of 16 s. The averaged spectra of three
scans were corrected for the buffer blank. Mean residue
ellipticities were calculated by use of a value of 115 for the
mean residue weight.

Fluorescence Measurements. Fluorescence spectra of the
proteins and protein-ANS complexes were recorded at room
temperature and a protein concentration of 0.1 mg‚mL-1 in
a 1 cm path length cuvette on a SFL-1211 fluorometer (Solar,
Belarus) as described in ref24. The protein tryptophan
fluorescence was excited at 295 nm, and the ANS fluores-
cence was excited at 360 nm. The ANS-to-protein molar
ratios were equal to 10, 20, and 120 for the VL domain, scFv
fragment, and parent F11 antibody, respectively, correspond-
ing approximately to the ratio of 10 mol of ANS/mol of
antibody domain.

Differential Scanning Calorimetry.Measurements were
performed with a DASM-4 scanning calorimeter (Biopribor,
Pushchino, Russia) in the temperature range 10-100 °C at
a scan speed of 60 K/h. In all experiments the reference cell
was filled with the buffer used to dialyze the protein sample.
Unless otherwise specified, the buffers used for the calori-
metric measurements were as follows: at pH 2.0, 0.05 M
sodium phosphate-hydrochloride; at pH 3.0, 0.05 M phos-
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phate-citrate buffer; and at pH 5.0 and 7.0, 0.05 M sodium
phosphate. From the obtained heat capacity curves, the
instrumental baseline was subtracted. The latter was deter-
mined prior to each protein scan with both cells filled with
the buffer. The protein concentrations in calorimetric experi-
ments ranged between 1 and 2.5 mg‚mL-1. Three to four
scans were recorded for each sample, with variations of
enthalpy measurements being within the range of 5-7% for
the VL domain and parent F11 antibody, and within 10%
for the scFv fragment, which had significantly lower transi-
tion enthalpy and solubility at high protein concentrations.
Calorimetric enthalpy was calculated according to Privalov
and Khechinashvili (25). Heat capacity curves were analyzed
and deconvoluted with software TERMCALC based on the
method described by Privalov and Potekhin (26). The
TERMCALC software was supplied by the DASM-4 manu-
facturer. The heat capacity function of fully unfolded proteins
was calculated according to Makhatadze and Privalov (27).

Size-Exclusion Chromatography. The protein oligomer-
ization state was determined by size-exclusion chromatog-
raphy on a TSK-55f column (0.8× 50 cm) at room
temperature, which was calibrated with molecular mass
standards (IgG, 150 kDa; BSA, 67 kDa; ovalbumin, 45 kDa;
chymotrypsinogen, 25 kDa). The sample volume was 0.5
mL.

QuantitatiVe Analysis of Disulfides and Free Thiols.The
number of disulfides in the purified and refolded proteins,
VL and scFv, was determined by the method of Thannhauser
et al. (28) in a protein solution containing 3 M GdnSCN, a
denaturing agent that does not interfere with the assay. Free
thiols were assayed with DTNB as described by Ellman (29)
both in the presence and absence of the denaturant.

Other Methods.SDS-PAGE was performed according to
Laemmli (30) and stained with Coomassie Brilliant Blue
R-250. Native electrophoresis in the absence of SDS was
carried out in a 10% polyacrylamide running gel without a
stacking gel. The isoelectric points for the VL domain and
scFv fragment are above pH 8.5, and therefore the standard
buffer system with pH 8.8-8.9 in the running gel cannot be
applied. The following buffers were used: 0.35% acetic
acid-NaOH, pH 5.9, for the running gel; 0.035 Mâ-alanine,
titrated with acetic acid to pH 4.5, as the upper (positive)
electrode buffer; and 0.1 M sodium acetate, pH 4.9, as the
lower electrode buffer. Concentration of antibodies were
determined from the absorption of 0.1% solution in a 1 cm
path length cuvette at 280 nm. The absorption values 1.81
for scFv, 1.62 for F11, and 1.12 for VL were calculated from
the known amino acid sequences according to ref31.

RESULTS

Purity and Stoichiometry.Each of the two recombinant
proteins, VL and scFv F11, demonstrated a single polypeptide
band on SDS-PAGE with apparent molecular masses of 14
( 1 kDa for VL and 27( 2 kDa for scFv. Previously, two
conformers were obtained after refolding of the immuno-
globulin light chain comprising VL and CL domains (32).
Given these data, we extended the analysis of purity to
consider a hypothesis that our scFv fragment may represent
a mixture of two or more refolding conformers, only one of
which is functional and completely folded. We obtained at
least four lines of evidence that argue against this hypothesis.

First, a single band observed in SDS-PAGE without
â-mercaptoethanol for both VL and scFv (data not shown)
suggests the absence of refolding conformers resulting from
nonnative disulfide bonding. Second, the separation in PAGE
without SDS (not shown) revealed a single band of scFv,
thus indicating the lack of other folding conformers. The
resolution power of this method was demonstrated by clear-
cut separation of the full-length parent antibody F11 and its
truncated two- and single-domain versions, scFv and VL. As
a third line of evidence, we failed to isolate any inactive
polypeptide(s) from our scFv samples by size-exclusion
chromatography (Figure 2). Finally, the stoichiometry of the
active antigen-binding sites, [n], ranged from 0.93 to 0.98
for different scFv samples. This stoichiometry indicates that
scFv F11 purified to electrophoretic homogeneity may
contain only a minor amount of a nonfunctional protein.
Together, these results strongly suggest that our purification/
refolding protocol yielded a single molecular form of scFv
rather than two or more refolding conformers.

Monomeric and Multimeric Forms of scFV. Size-exclusion
chromatography revealed that fresh samples of the scFv
fragment F11 comprised only monomeric species, with
higher oligomers (molecular mass exceeding 150 kDa)
observed after storage (Figure 2). As demonstrated by the
functional assay, these two forms of scFv possessed virtually
identical antigen-binding activity. The oligomerization pro-
pensity of our scFv is consistent with that reported for several
scFv fragments (see refs31-33as the examples). In previous
studies, the propensity of scFvs to produce dimers and trimers
was minimal with 15-residue linker peptides, while shorter
linkers (from 0 to 10 amino acids) produced mainly dimeric
and/or trimeric species (5, 6). Recently, Arndt et al. (6)
provided convincing evidence that refolding of scFv frag-
ments from denaturant-solubilized inclusion bodies in dilute
solutions normally results in predominantly monomeric
species, at least in the case of 15-residue linkers and VH-
linker-VL orientation of scFv, which is fully consistent with
our conditions and results. Given oligomerization of a

FIGURE 2: Size-exclusion chromatography of the scFv fragment
on a TSK-55f column (0.8× 50 cm) immediately after refolding
in 0.1 M phosphate buffer, pH 7.4, and concentrating 8-fold during
8 h (- - -) and after 2 weeks of storage at 2-4 °C (s). Protein
concentration: 1.0 mg mL-1. Functional activity, shown for (O)
freshly refolded scFv and (1) scFv after storage, was determined
by a competition ELISA (see Materials and Methods). Molecular
mass standards: 150 kDa, rabbit immunoglobulin G; 67 kDa,
bovine serum albumin; 45 kDa, ovalbumin; 25 kDa, chymotrypsi-
nogen.
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significant fraction of scFv after 2 weeks of storage (Figure
2), we used freshly prepared monomeric samples (normally
stored 3 days or less at 2-4 °C) for spectroscopic and
calorimetric measurements.

The VL domain was found to be a dimer, as judged by
size-exclusion chromatography (data not shown), consistent
with the well-known tendency of VL to form dimeric species
(see17, for a review).

Antigen-Binding Affinity. We found that the VL domain is
capable of antigen binding with an affinity constant of about
1.8 × 107 M-1, ∼30 times lower than the affinity of the
parent F11 antibody (Figure 3). Previously, a VH domain
was suggested to make a major contribution to generating
an antigen-binding site (36, 37). However, antigen-binding
activity was also reported for the mouse light chain compris-
ing VL and CL domains (32). For the scFv fragment F11,
the affinity constant was only∼4 times lower than that for
the parent F11 antibody. Higher affinity of scFv versus the
VL domain suggests that CDR loops of the VH domain of
this antiferritin antibody significantly contribute to generating
the antigen binding site.

CD Spectra. The far-UV CD spectrum of the VL domain
(Figure 4A) displayed a negative maximum of mean residue
ellipticity at 218 nm in the far-UV region, which is typical
for theâ-sheet secondary structure of native immunoglobu-
lins. Furthermore, the negative maximum around 280 nm in
the near-UV CD spectra (Figure 4B) suggests asymmetric
environment of aromatic residues, i.e., the presence of a
tertiary structure. Close similarity of CD spectra for parent
F11 and VL (Figure 4A) indicates that the secondary structure
of the VL domain is close or identical to that of parent F11.

In contrast to the VL domain, the scFv fragment demon-
strated a negative ellipticity maximum in the far-UV CD
spectrum (Figure 4A), which was 3-4-fold higher than that
observed for VL and full-length parent antibody F11. In
addition, the far-UV CD spectrum was distinctly different
from a spectrum of the denatured scFv and VL. These results
indicate that the scFv fragment F11 possesses significant
amount ofâ-sheet secondary structure, which is, however,
significantly distorted and differs from the structure of both
native and denatured immunoglobulin domains. It is note-
worthy that a significant (2-3-fold) increase in the negative
ellipticity is characteristic for a partially structured state
obtained at pH 2-3 for the mouse IgG1 antibody and its
Fab fragment (16, 38, 40) and for our parent F11 antibody
(not shown). The near-UV CD spectrum of scFv F11 in
comparison with that of the VL domain did not display a

negative maximum around 280 nm, thus indicating that
aromatic residues of scFv lost their asymmetric environment
due to the partial loss of tertiary interactions.

Fluorescence Spectra.The intrinsic fluorescence spectrum
of the VL domain (Figure 5) suggests a compact conformation
with aromatic fluorophores protected from quenching by
solvent, as judged by the emission maximum around 337
nm in the native protein and a red shift to 352 nm observed
after unfolding in the denaturant. Furthermore, enhanced
emission intensity (“dequenching” effect) was observed after
denaturant-induced unfolding, which suggests that aromatic
fluorophores in the compact protein are in close proximity
with internal quencher generally assigned to the disulfide
bond present in immunoglobulin domains (16, 38, 40).
Together, CD spectra and “dequenching” effects observed
for the VL domain are indicative of the presence of the so-
called immunoglobulin fold that is characteristic for native
immunoglobulins.

Similarly to the VL domain, scFv demonstrated a fluores-
cence emission maximum at 337 nm and a red shift in the
emission wavelength after addition of the denaturant (Figure
5), suggesting a compact conformation of the scFv fragment
with aromatic residues involved in a hydrophobic core.
However, scFv did not display “dequenching” after denatur-
ant-induced unfolding, which indicates spatial separation of
quencher and aromatic fluorophores. This finding suggests
either incomplete or at least nonnative tertiary folding of the
scFv fragment F11.

ANS is the generally accepted probe for partially structured
states of proteins. This hydrophobic dye does not bind to
completely folded native proteins, nor does it interact with
unfolded polypeptides. However, fluctuating tertiary structure
of partially unfolded states allows the access of ANS to a
protein hydrophobic core hidden in the native state or lost
in unfolded polypeptides (41, 42). Our ANS-binding studies
demonstrate that neither native nor denaturant-unfolded states
of the VL domain bind the hydrophobic dye (Figure 6). In
contrast, scFv F11 under physiological conditions demon-
strates pronounced binding of ANS, which is indicative of a
partially unfolded tertiary structure. Our observation that the
VL domain at pH 7 does not bind ANS indicates that high
ANS binding propensity observed for scFv F11 cannot be
explained by the exposure to solvent of the VL and VH

domain interfaces that are hidden in the native immunoglo-
bulins by the partner CL and CH1 domains.

Differential Scanning Calorimetry.Thermodynamic stabil-
ity of the parent antibody F11 and its recombinant fragments,
scFv and the VL domain, was compared in terms of specific
transition enthalpies,∆h, calculated per gram of protein in
order to disregard differences in their molecular mass. In
repetitive cycles of heating and cooling of protein samples
in the calorimetric cell, thermal unfolding of the three
proteins revealed variable degrees of reversibility depending
on the protein, pH, and the end temperature of the first scan.
Although thermodynamic measurements are formally al-
lowed for processes that possess reversibility of a thermal
transition (25, 43), it was more recently shown that the
quantitative calorimetric analysis is admissible also for
transitions having little or no reversibility (44-46). Major
arguments were attributed to the findings that the irreversible
part of the process (i.e., thermal aggregation at near-transition
temperatures, in most cases) is generally slow and does not

FIGURE 3: Antigen-binding affinity of the scFv fragment and VL
domain determined by competitive ELISA. TheKa values were
obtained from double-reciprocal plots.
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interfere with calorimetric measurements. Differential scan-
ning calorimetry of the VL domain (Figure 7A,B) revealed
a highly cooperative thermal transition between pH 3 and 7,
with a high degree of reversibility at acidic pH. At pH 7.0
(Figure 7B), a sharp peak of thermal unfolding with the half-
width T1/2 ) 6 °C, was obtained at the midpoint temperature
Tm ) 60.5°C. The specific calorimetric enthalpy of thermal
unfolding was about 16.3 J‚g-1, which is close to the values
obtained for many fully compact proteins with well-defined
tertiary structure. For the parent antibody F11, the transition
enthalpy at pH 7 was significantly higher (24.7 J‚g-1), which
may indicate significant contribution of domain interactions
to stability of the naturally occurring immunoglobulins.

Dramatic differences in the heat capacity functions were
observed for the scFv fragment in comparison with the VL

domain and parent F11 (Figure 7A,B). Thermal unfolding
of scFv at pH 7.0 did not display a sharp heat absorption
peak. Instead, calorimetry revealed a broad low-cooperative
transition with a small enthalpy, 5.0 J‚g-1; this transition was
irreversible. In the pretransition region, the specific heat
capacity of the scFv was intermediate: it exceeded the heat

capacity of the native VL domain (Figure 7B) and parent
antibody (Figure 7A) but did not reach the value obtained
for the denatured states, as demonstrated by the second scan.
This finding indicates partial exposure of hydrophobic amino
acids in scFv F11, consistent with the prominent ANS-
binding capacity shown for this protein. It is noteworthy that
the midpoint of thermal transition of scFv F11 is unexpect-
edly high (Tm ) 57 °C) when compared to theTm of the
destabilized states of VL and parent F11 obtained at pH 3
(40 and 49°C, respectively). This combination of remarkably
low ∆h and highTm is characteristic of a partially structured
state of an immunoglobulin, the so-called alternatively folded
state (38). Together, our calorimetric data strongly suggest
a partially structured conformation of the scFv fragment F11
at pH 7.0.

The ratio of the calorimeric-to-van’t Hoff enthalpies (the
cooperativity ratio, CR) obtained for the scFv fragment was
close to unity and varied between CR) 0.93 and 1.12 for
different scFv preparations, which is suggestive of a two-
state unfolding of a single calorimetrically revealed folding
unit. Accordingly, quantitative deconvolution of the heat
capacity curve of scFv F11 yielded a single all-or-none

FIGURE 4: Far-UV (A) and near-UV (B) CD spectra of the scFv fragment, VL domain, and parent monoclonal antibody F11. For the
unfolded scFv fragment and VL domain (4.5 M GdnHCl), the two curves coincide.

FIGURE 5: Fluorescence spectra of the scFv fragment, VL domain,
and parent F11 antibody. Protein concentration: 0.1 mg mL-1.
Buffer: 0.05 M sodium phosphate, pH 7.

FIGURE 6: Binding of a hydrophobic probe, 8-anilino-1-naphthalene
sulfonate (ANS), to the scFv fragment, VL domain, and parent F11
antibody.
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thermal transition (Figure 7C). It is noteworthy that the VL

domain comprises∼50% of the molecular mass of our scFv,
while the specific transition enthalpy of scFv was only∼30%
of that determined for the VL domain. Therefore, the low
transition enthalpy of scFv F11 cannot be attributed to a
“bipartite” structure (as reviewed in ref47) comprising
completely folded VL and unfolded VH domain. Significant
contribution of the VH domain to generating the antigen-
binding site (Figure 3) also argues against this hypothesis.
Thus, from our calorimetric and functional studies we have
no choice but to conclude that both VL and VH domains in
the scFv fragment F11 adopt a partially structured conforma-
tion.

Disulfide Bonds and Free Thiols.Determination of the
number of disulfides under denaturing conditions for five
different scFv samples gave a mean value of 1.94 mol/mol
of scFv (variation range: 1.87-2.04 mol of disulfides/mol
of scFv). This result is fully consistent with four Cys residues
generally present in scFv fragments and one disulfide bond
per each VH and VL domain. The maximal content of free
thiols determined by Ellman’s method (29) was 0.15 mol/
mol of scFv, which is less than 4% of the molar amount of
Cys residues in the scFv fragment. These results demonstrate
that our scFv fragment does not comprise free thiols, stable
oxygen derivatives of Cys residues, or presumed mixed
disulfides with cellular mercaptans in appreciable amounts
that would provide an alternative explanation for incomplete
folding of scFv through incorrectly or incompletely bonded
disulfides.

For the VL domain, the maximal number of free thiols
was∼3% of the molar amount of Cys residues. The mean
value for the number of disulfides estimated under denaturing
conditions was 0.96 mol/mol of VL (variation range for four
different samples: 0.93-1.02 mol of disulfide/mol of VL).
Virtually identical content of disulfides and free thiols
determined for the scFv fragment and VL domain is not
surprising as long as the two proteins passed through a
similar purification/refolding procedure under nonreducing
conditions in the presence of oxygen. Although this proce-
dure does not seem to provide as high potential of forming
correct disulfides as a series of specially designed methods
(e.g., see refs48-50), it appeared efficient enough in forming
correctly folded and functional VL domain. In addition to
the lack of refolding conformers and a stoichiometry of
disulfides and thiols, complete folding of the VL domain
provides a further indication that argues against involvement
of incomplete or incorrect disulfide bonding in formation of
a partially structured state of the scFv fragment F11.

DISCUSSION

In this study, we analyzed folding of the isolated VL

domain of the full-length F11 antibody in comparison with
the scFv fragment F11 that involves the VL and VH domains
in the VH-linker-VL orientation. The isolated VL domain
is a homodimer and possesses apparently native secondary
and tertiary structures that adopt a typical immunoglobulin
fold, as demonstrated by CD and fluorescence spectra and
differential scanning calorimetry. Stability of the tertiary
structure in terms of the thermal transition enthalpy is
consistent with stability of fully compact proteins. The VL

domain is capable of binding to the antigen with moderately

FIGURE 7: Differential scanning calorimetry of the scFv fragment
and VL domain in comparison with the parent F11 antibody. Panels
A and B: Heat capacity functions obtained at pH 3, 5, and 7 (A)
and at pH 7 (B). Panel C: Deconvolution analysis of the excess
heat capacity function of the scFv fragment. The dotted curve in
panel B shows the predicted heat capacity profile for the unfolded
scFv fragment, which was calculated according to Makhatadze and
Privalov (27). The buffers used were, at pH 7.0 and 5.0, 0.05 M
sodium phosphate, and at pH 3.0, 0.05 M sodium phosphate-citrate.
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low affinity (Ka ) 1.8 × 107 M-1), approximately1/30 that
of the full-length parent antibody F11.

In contrast to apparently complete folding of the isolated
VL domain, its coupling to the partner VH domain via
nonnative linker peptide produces the protein in which neither
VL nor VH domain attains complete folding into a well-
defined tertiary structure. The secondary structure of the scFv
fragment F11 can be characterized as a significantly distorted
â-sheet, and the tertiary structure demonstrates partial loss
of stabilizing interactions. At least three lines of evidence
indicate that the scFv fragment F11 under physiological
conditions possesses properties of a partially structured
intermediate-like state. The first line of evidence was
provided by the fluorescence spectra suggesting spatial
separation of an internal quencher (presumably the two
disulfide bonds) and aromatic residues in scFv. Spatial
proximity of aromatic fluorophores and a quencher is a
general feature of the native immunoglobulin fold (16, 38,
40) and was observed both in the parent F11 antibody and
in its isolated VL domain (Figure 5). In addition, a partial
loss of tertiary interactions in scFv F11 was confirmed by
the loss of asymmetric environment of aromatic residues as
demonstrated by near-UV CD spectra (Figure 4B). The most
convincing is the second, calorimetric line of evidence
indicating that a tertiary structure of scFv F11 is significantly
destabilized and undergoes low-cooperative thermal transition
with remarkably low unfolding enthalpy (∆h ) 5.0 J‚g-1

versus 16.3 and 24.7 J‚g-1 for the VL domain and parent
F11, respectively). The heat capacity of the native state is
intermediate between the values observed for the native and
unfolded states, which indicates partial exposure of hydro-
phobic residues hidden in the native protein. This is fully
consistent with our third observation that the structure of
scFv permits the access for ANS to hydrophobic sites that
are not exposed in the native proteins, VL and the parent
F11 antibody. However, partial tertiary interactions remaining
in scFv F11 are sufficient to provide stability against a
chemical denaturant, as demonstrated by the cooperative
unfolding transition (19). Furthermore, the scFv fragment
F11 is functional, it preserves a hydrophobic core, and it
still retains evident, yet greatly reduced, cooperativity of
thermal unfolding, which collectively indicates the presence
of a tertiary structure in scFv F11.

As an alternative explanation, intermediatelike spectro-
scopic and calorimetric properties of a functional protein
could have been attributed to a mixture of conformational
states (47) that in our case would comprise both native
functional and nonnative nonfunctional conformations. How-
ever, given the stoichiometry of functional binding sites in
our scFv (from 93% to 98%), the population of the
nonfunctional protein is very low and cannot explain a more
than 3-fold increase in the negative ellipticity displayed by
CD spectrum and a similar decrease in the unfolding
enthalpy. Thus, the whole set of calorimetric, spectroscopic,
and functional data obtained for scFv F11 cannot be
attributed to a presumed mixture of conformational states.
Likewise, our measurements of disulfides and free thiols
demonstrated that a partially structured state of the scFv
fragment F11 cannot result from presumed incomplete
formation of disulfide bridges or nonnative derivatives of
Cys residues.

The above properties of our scFv remained unchanged
when we varied the refolding protocol by changing the
number of steps in a sequential dialysis procedure (19) or
by insertion of additional dialysis at pH 2.0 prior to the final
refolding step (not shown). These variations in the refolding/
purification protocol resulted in varying the yield, not the
properties, of active soluble scFv. This strongly suggests that
different refolding conditions yield a single macroscopic state
of scFv. This state demonstrates long-term stability for at
least several days (19) and therefore seems to be trapped in
a free energy minimum which is well-separated (presumably
by a high activation barrier) from other possible minima.
The only source of structural heterogeneity is the appearance
of functional oligomeric species during storage, which cannot
change our calorimetric and spectroscopic data obtained with
monomeric scFv samples.

The changes in CD spectra, together with a high propensity
to bind a hydrophobic probe and a combination of the low
enthalpy and relatively high transition temperature, demon-
strate a remarkable similarity to the corresponding parameters
of a partially structured conformation, the so-called alterna-
tively folded state (A-state). This state was found at pH 2-3
for the full-length monoclonal antibody MAK33 (mouse
IgG1 subclass) and its Fab fragment (38, 39) and confirmed
by us for the parent F11 antibody of mouse IgG2a subclass
(Vlasov et al., to be published). Formation of this immuno-
globulin A-state was attributed to nonnative interactions of
antibody domains under strongly acidic conditions that
induce “reshuffling” of the tertiary and quaternary interac-
tions (38). Apocytochrome P-450 is an example of an
intermediatelike conformation that is populated under physi-
ological conditions and demonstrates close similarity to our
scFv fragment by calorimetric and spectroscopic properties
(51). The lack of heme or strongly acidic conditions
precluded functional studies in the above two examples of
partially structured (intermediatelike) states. A series of
staphylococcal nuclease mutants provided the first description
of engineered proteins significantly unfolded under physi-
ological conditions; these conformations were nonfunctional
and attributed to a denatured state with a residual structure
(52; see ref53 for a review). Besides the above stable
nonfunctional intermediates, a denaturant-induced molten
globule-like state of peanut lectin was shown to retain its
sugar-binding affinity in 2 M GdnHCl and therefore was
reported as a first demonstration of a functional molten
globule-like state (54). Furthermore, biological activity of
proteins involved in membrane translocation processes
requires unfolding of a part of their structure in order to
penetrate a membrane; therefore, under acidic pH, these
proteins usually form partially structured states that are
considered as functional (e.g., see refs55 and56).

In this context, the scFv fragment F11 provides an unusual
example of a functional partially structured state that, in
contrast to previous observations, possesses long-term stabil-
ity under physiological conditions. The combination of the
two apparently contradictive properties, i.e., functionality and
partially structured conformation, may be reconciled when
considered as an extreme example of known reciprocal
relationships between protein stability and functional activity
(see refs57-59 for a review; 60). However, for scFv
fragments stability-activity correlation may appear more
complicated. It was demonstrated that stability of scFv
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proteins and their derivatives can be greatly enhanced,
without loss of the binding affinity, through insertion of a
disulfide bond in the VH-VL domain interface (61) or by
a more generally applicable approach that involves engineer-
ing a disulfide in the conserved framework residues to link
the two partner domains (62-66). The latter approach
remained valid for scFv-derived immunotoxins (67, 68; see
ref 69 for a review). More recently, Warn and Pluckthun
(70, 71) demonstrated that reinsertion of the naturally lost
disulfide bond may provide drastic stabilization of scFv
fragments through at least two mechanisms, either increasing
intrinsic stability of domains or engineering a more stabile
interface.

As an alternative explanation for the unusual combination
of conformational and functional properties of the scFv
fragment F11, an antigenic epitope of ferritin might induce
folding of the scFv fragment F11 into a presumed more
structured state that generates moderately high antigen-
binding affinity. This assumption involves initial low-affinity
binding of the ferritin epitope to a partially disordered
conformation and a subsequent conformational transition into
a more ordered structure capable of generating higher affinity.
The presumed more structured state may possess tighter
association between constituent domains and/or their en-
hanced intrinsic stability. Although this two-step binding
mechanism is purely hypothetical and needs experimental
verification, apparently a similar mechanism was reported
for circularly permuted dihydrofolate reductase (72). The
mutant reductase possessed all the properties of a molten
globule state that, however, underwent a transition to the
nativelike conformation after simultaneous binding of the
two specific ligands, NADP and inhibitor (methotrexate).
When NADPH and the substrate (dihydrofolate) were added,
this structure regained functional activity.

Our results indicate that the concept of independent folding
of immunoglobulin domains (73) is consistent with the
properties of the isolated VL domain but cannot be applied
to the two-domain scFv fragment F11. In previous studies,
several recombinant VH domains were described as functional
proteins having apparently native conformation (36, 70, 74),
with few examples of structural resolution by X-ray crystal-
lography or NMR spectroscopy (see ref75 for a review).
Given these data and apparently complete folding of our
isolated VL domain, a partially structured state of the two-
domain VH-linker-VL construct suggests that a unique
structure of CDR loops in the VH domain or its combination
with the linker peptide may contribute to nonnative tertiary
and/or quaternary interactions stabilizing the partially struc-
tured conformation of the scFv fragment F11. To discriminate
between these presumed contributions, additional studies are
required that would include the isolated VH domain and
different linkers in our scFv. Recently, Pluckthun and co-
workers (76-79) reported that folding of the anti-phospho-
rylcholine scFv fragment was characterized by a kinetic trap
along the folding pathway that yielded a transiently populated
intermediate. In contrast to the scFv fragment, folding of
the isolated domains (VH and VL) and their noncovalent
heterodimer (Fv fragment) devoid of linker peptide did not
show such a kinetic trap. Therefore, formation of the partially
structured intermediate of the anti-phosphorylcholine scFv
fragment was attributed to early interactions of premature
conformations of the VH and VL domains due to their high

local concentration provided by the (Gly4Ser)3 linker (79).
From comparison of these (76-79) and our data, one can
speculate that similar underlying forces (i.e., interactions of
premature domains) but different values of an energetic
barrier between structural states along the folding pathway
might result in only transient population of a folding
intermediate, as observed for anti-phosphorylcholine scFv
fragment, or in long-term stability of the intermediate-like
state demonstrated for our scFv fragment F11. Significant
contribution of the C-terminal “tag” to folding and stability
of the scFv fragment F11 seems unlikely, taking into account
both apparently complete folding of our VL domain bearing
the hexapeptide tag and numerous data indicating that a
variety of immunoglobulin domains and scFv fragments
tolerated variations in C-terminal tags.

Solely on the basis of the present data, it is not possible
to decide whether a partially structured conformation is a
unique feature of the functional scFv fragment F11 or
whether it can also be observed for some other scFv
fragments. In the former case, the scFv fragment F11,
because of the unusual combination of functional activity,
partially structured conformation, and marginal stability may
provide a useful experimental system to gain new information
on forces underlying folding, stability, and activity of scFv
fragments and immunoglobulins. A relatively high propensity
of our scFv to form multimeric species and a moderate
decrease in the binding affinity versus the parent antibody
are consistent with properties reported for many scFv
fragments (11; see ref80 for a review). On the other hand,
low thermodynamic stability and unique allosteric properties
shown for the parent antibody F11 in comparison with the
other anti-ferritin monoclonal antibodies of the same IgG2a
subclass (21) may provide indirect indication in support of
a hypothesis that it is the structure of the VH CDR loops
and/or the linker peptide that resulted in the unusual
combination of a partially structured state and relatively high
affinity of the scFv fragment F11. As another indication in
support of this hypothesis, the anti-fluorescein scFv 4-4-20
(8) displayed the far-UV CD spectra that suggested an
unchanged secondary structure in comparison with the parent
antibody (mouse IgG2a). On the contrary, our scFv fragment
F11 possesses a significantly distorted secondary structure
versus both the full-length F11 antibody and anti-fluorescein
scFv 4-4-20, as judged by a comparison of the CD spectra.
Finally, although Weber-Bornhauser et al. (9) did not obtain
complete calorimetric scan of their scFv fragment, our rough
estimation of the transition enthalpy from the extrapolated
scan gave a value of 16-25 J‚g-1, which is from 3-5-fold
higher than the unfolding enthalpy of our scFv F11 while
being close to thermal unfolding enthalpies generally ob-
served for completely folded proteins, including the VL

domain and parent F11 antibody.
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