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Additional information about denaturant-induced denaturation of the scFv
fragments studied
Tryptophan fluorescence as spectral probe for the unfolding of the scFv. The scFv
fragments huV3-huVH3, huV3-huVH3•MocB and huV3-huVH3•1 contain 5 Trp residues, a
sixth fully buried Trp is present in the lower core of the VH domain of huV3-huVH3•1
(Figure S1). Comparison of the spectra of the native and denatured isolated huV3 and
huVH3 domains and of the scFv composed of these domains suggests that the conserved core
Trp L43 and Trp H43 are highly quenched in the native domains (Jäger et al., 2001). Thus,
the fluorescence intensity increases when the isolated huV3 and huVH3 domains unfold.
However, the specific fluorescence of the scFv is higher than the sum of the fluorescence of
the two isolated domains. This is due to the contribution of the three VH tryptophan residues
buried in the interface between the between the VL and the VH domain, Trp H54 (conserved),
H109 (CDR-H3) and H139 (conserved). Their contribution is higher when they are buried in
the domain interface (native scFv) than when these residues are solvent exposed (isolated
domains). Upon domain dissociation, not only does the fluorescence quantum yield of these
interface Trp residues decrease, but also the fluorescence maximum shifts from lower
wavelengths to about 350 nm, the typical value for exposed tryptophan residues (Schmid,
2005).
Figure S2 compares the spectra of native and refolded huV3-huVH3 to those of the three
core-grafted constructs. Spectra were recorded at 0 - 0.2 M GdmCl and at 4.9 - 5.1 M GdmCl.
The emission maxima max of the native and denatured state are listed in Table ST3. The
decreased fluorescence quantum yield of the three interface Trp more or less balances the
increased quantum yield of the conserved core Trp. As a result, the total fluorescence yield
shows no drastic change upon denaturation, although the peak fluorescence intensity of the
native state could not be determined with great precision. In Figure S3, the spectra of the
denatured scFv are normalized to the maximal fluorescence intensity (Figure S3) and
superimposed. This immediately demonstrates that not only the wavelength of the emission
maximum, but also the shapes of the spectra of the denatured scFv are very similar. This
finding is not compatible with the large differences in the amount of residual structure in
huV3-huVH3 compared to the other constructs. However, such large differences would have
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to be postulated if the denaturation curves were to be interpreted according to a two-state
model (see main text).
Equilibrium unfolding curves. True two-state unfolding behavior of an scFv is the exception
rather than the rule, particularly for scFv that require high denaturant concentrations to
unfold, and it is predominantly seen in scFv that are composed of domains that have low
intrinsic stability but are stabilized to a significant extent in the scFv (see below, Figure S6).
We are, therefore, skeptical about the G(H2O)-values derived from such extrapolations in
view of the the very different m-values obtained for very similar constructs.
We thus prefer a qualitative interpretation of the unfolding curves: the unfolding curves of
three of the four constructs, huV3-huVH3•MocB, huV3-huVH3•1 and huV3-huVH3•5, are
roughly parallel in the range of their respective unfolding transitions, with m-values
approaching the values expected for a two-state unfolding. The qualitative ranking of the
three curves remains the same throughout the transition range. If the three spectra are
compared at the same denaturant concentration, the spectral characteristics of huV3huVH3•1 and huV3-huVH3•5 are closer to the denatured state than those of huV3huVH3•MocB. The unfolding curve of the forth scFv, huV3-huVH3, clearly shows a different
slope than the other three curves — it starts unfolding at roughly the same denaturant
concentration as huV3-huVH3•5, but reaches the fully unfolded state at a significantly higher
denaturant concentration than the other three constructs. As we will argue below, this
indicates a hidden intermediate.
For our constructs, this qualitative picture does not depend on the way the spectral shift has
been determined (Figure S4). We compared three different methods: (i) center of spectral
mass, which does not imply a specific shape of the spectrum, but is sensitive to differences in
the quantum yield between the native and the unfolded state, (ii) a gaussian fit which assumes
symmetry of the fluorescence peak, which may not be the case for the native state of scFv that
may contain both fully buried and highly solvent accessible tryptophan residues, (iii) and fit
of the spectra by a Taylor series (Monsellier and Bedouelle, 2005).
For the three chimeric constructs the ranking by G(H2O)-values, determined from these curves
(Tables ST1 and ST2), confirm the qualitative ranking with 11.2 kcal/mol (m = 5.1

3

kcal·L/mol2) for huV3-huVH3•1, 13.0 kcal/mol (m = 5.5 kcal·L/mol2) for huV3-huVH3•5
and 17.2 kcal/mol (m = 6.6 kcal·L/mol2) for huV3-huVH3•MocB. While the different
methods of determining the spectral fit lead to slight differences in the exact values of the
thermodynamic parameters, these difference are within the experimental error and do not
affect the ranking of the construct. However, a two state fit of the unfolding curve of huV3huVH3 results in an extrapolation to a G(H2O) of only 6.6 kcal/mol (m = 2.5 kcal·L/mol2) due
to the very low m-value, which is not consistent with the superior functional and thermal
stability observed for this scFv.
Corrective terms involving the curvature of the spectra at their respective max introduced by
(Monsellier and Bedouelle, 2005) to compensate for the deviation from linearity of the
relation between max and the fraction of unfolded molecules only account for 0.1 - 0.3
kcal/mol and have no effect on the ranking (Table ST3). These corrective turns are supposed
to correct both for the different peak width of the spectrum and the different fluorescence
quantum yield of the native and the denatured state. As the comparison of the normalized
spectra shows (Figure S3), the difference between the shape of the spectra of the native and of
the denatured state is very similar for all four constructs. In contrast, the differences in
quantum yield are obscured by the variations in absolute intensity (due, e.g., to light scattering
effects or concentration errors). This can be seen by the fact that the relative peak intensities
differ in spectra taken from the unfolding and the refolding curve of the same construct under
the same conditions (Figure S2), while the peak shape remains the same (Figure S3).
The midpoint of the equilibrium unfolding curve of the scFv fragment huV3-huVH3
([GdmCl]50 = 2.6 M) is equal or lower than that of the isolated huVH3 domain ([GdmCl]50 2.7
M (Ewert et al., 2003) and this study), which is typical of an scFv in which the unfolding of
the two domains is not stringently coupled. The isolated huV3 domain unfolds with a
[GdmCl]50 of 2.3 M ((Ewert et al., 2003) and this study). Due to aggregation of the material at
low denaturant concentrations, interpretation of the unfolding curve of huVH3•MocB can only
be qualitative, as the fit of a pre-transition baseline was very unreliable. Comparison of the
data points at higher denaturant concentrations to the unfolding curve of huVH3 was found to
be consistent with a curve that is parallel to the unfolding curve of huVH3, but shifted to 0.4
M lower GdmCl concentration. This leads to an estimate of [GdmCl]50 of approximately 2.3
M for the isolated VH domain. If this is correct, the midpoint for the unfolding of 2.7 M for
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the scFv indicates an scFv in which both domains benefit from the association, indicating
cooperative unfolding. Isolated domains huVH3•1 and huVH3•5 could not be produced in
sufficient amounts and monomeric state to characterize of their unfolding curves.
Based on previous studies (Wörn and Plückthun, 1999; Wörn et al., 2000; Jäger et al.,
2001; Röthlisberger et al., 2005), we suggest that true two-state unfolding behavior of an scFv
is the exception rather than the rule, and is predominantly seen in scFv composed of domains
that have low intrinsic stability but are stabilized to a significant extent in the scFv (Figure
S6a). For scFv with fairly high stabilities, unfolding curves like those depicted in
Supplementary Figure S6b and S6d are more frequent: curves that show no discernable
intermediate, but are characterized by a low m-value and a [GdmCl]50 intermediate between
those of the isolated VL and VH domain. If the difference between the intrinsic stabilities of
the isolated VL and VH domain is sufficiently large, an stable intermediate in which the less
stable domain is unfolded and the more stable one remains folded may present itself at
intermediate denaturant concentrations (Figure S6c).
The equilibrium unfolding curve of scFv fragment huV3-huVH3 is clearly not compatible
with two-state equilibrium unfolding, while for the other three constructs the case is not that
clear, as their m-values are closer to the expected value. This is not likely to be due to a
selective destabilization of the VL/VH interface in the huV3-huVH3 construct, compared to
the other three constructs: all residues whose side-chains contribute to this interface are
identical in all four constructs. Furthermore, the main-chain hydrogen bonding between the
strands of the -sheet does not allow local changes of the backbone conformation.
In scFv that show a clear unfolding intermediate (Figure S6c), this intermediate represents a
state where the variable domain with lower intrinsic stability is unfolded, while the domain
with higher intrinsic stability remains folded and unfolds at the same denaturant concentration
as the isolated domain (see Jäger et al., 2001 for an example where the stability of VH was
limiting, Wörn and Plückthun, 1999; Wörn et al., 2000 and Röthlisberger et al., 2005 for a
series of constructs in which VL has been shown to be the first domain to unfold). The
unfolding transition of the weaker domain is shifted to higher denaturant concentration
compared to the isolated domain by the stabilizing influence of the VL/VH interface. Such a
clear step in the unfolding trace is only seen if denaturant concentrations where the first
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unfolding transition is essentially complete and the second transition has not yet started is
well separated. In cases where this range is narrower and the unfolding transition of the
interface-stabilized weaker domain overlaps that of the stronger domain (Figure 6b), the
combined unfolding trace resembles a two-state transition with decreased m-value and a
midpoint intermediate between those of the two component domains. The smaller the gap
between two individual transitions, the steeper this combined unfolding trace becomes. As a
result, we find that starting from an scFv like the one depicted in Figure 6b, introduction of
stabilizing mutations into the weaker domain will increase the apparent [D]50, G(H2O) and mvalue derived from a two-state fit. Introduction of stabilizing mutation into the stronger
domain will increase the apparent [D]50, but at the same time decrease the apparent m-value,
which can lead to a decrease of the apparent G(H2O). Introduction of destabilizing mutations
into the more stable domain will decrease the apparent [D]50, but increases the m-value
derived from a two-state fit, and therefore, paradoxically, increases the apparent G(H2O). The
more stable an scFv is, the farther the extrapolation from G(D50) to G(H2O) has to reach
beyond the relevant data points that contribute to the fit of the m-value, increasing the
likelihood that even small changes of the m-value cancel the influence of the shift of [D]50 on
G(H2O).
The increased cooperativity of the scFv containing the chimeric VH domains compared to
huV3-huVH3 suggests a decreased difference between the intrinsic stabilities of VL and VH
in these constructs as a consequence of a reduction of the intrinsic stability of these VH
domains. The decreased [D]50 values for huV3-huVH3•1 and huV3-huVH3•5 compared to
huV3-huVH3•MocB and huV3-huVH3 point in the same direction. An alternative
explanation, blaming the low cooperativity observed for huV3-huVH3 on a destabilization of
the VL/VH interface in this particular construct is highly unlikely, since the VL domain and the
VH residues contributing to the VL/VH interface are identical in all four constructs, and the
main-chain hydrogen bonding between the strands of the VH -sheet that supports the
interface residues does not allow major changes of the backbone conformation.
We conclude that the increased cooperativity of huV3-huVH3•MocB is a sign of a decreased
intrinsic stability of huVH3•MocB compared to huVH3. Therefore, in the context of the huVH3
CDRs, the huVH3 consensus framework is more stable than the huVH3•MocB chimera, while
in the context of the Moc31-derived CDRs, the huVH3•MocB chimeric framework was more
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stable than the consensus framework. This difference in the stability ranking between the two
frameworks can be explained by a different amount of steric strain between framework and
CDRs.
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Figure S1: Positions of tryptophan residues in the scFv fragment: Constructs huV3huVH3, huV3-huVH3•MocB and huV3-huVH3•1 contain 5 Trp residues: Trp L43 is fully
quenched in the native state, the same is probably true for Trp H43. Three Trp residues are
mostly buried in the interface between VL and VH: Trp H54 (conserved), Trp H109 (CDR-H3)
and Trp H139 (conserved). They become solvent exposed when either domain unfolds.
Construct huV3-huVH3•5 contains a sixth Trp, H93, which is fully buried in the VH core.
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Figure S2: Fluorescence spectra of the scFv fragments huV3-huVH3 (a), huV3huVH3•MocB (b) and huV3-huVH3•1 (c) and huV3-huVH3•5 (d) at low (0 - 0.2 M GdmCl
(n)) and high (4.9-5.1 M GdmCl, (u)) denaturant concentration. Comparison of the
corresponding spectra taken from the unfolding curve (e.g. huV3-huVH3u) and from the
refolding curve (e.g. huV3-huVH3r) demonstrate the variations of the fluorescence
intensities, but the reproducibility and reversibility of max (cf. the normalized spectra in
Figure S3)
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Figure S3: Normalized fluorescence spectra. The spectra shown in Figure S2 were
normalized at the maximal fluorescence intensity to show that the shape and wavelength of
the fluorescence maxima of the unfolded spectra is the same for all constructs, while the
wavelength of the fluorescence maxima of the native spectra differ slightly for the different
constructs.

9

Figure S4: Equilibrium unfolding curves. For each of the four scFv in the study, both the
equilibrium unfolding curves (u) and the equilibrium refolding curves (r) starting from
material equilibrated for 24 h in 6 M GdmCl were determined. The spectral shifts upon
denaturation were determined by different methods and fitted according to eq. 1 (main text,
Materials and Methods) (Creighton, 1997). The parameters derived from this fit are listed in
Table ST1
(a) Center of spectral mass (csm) plotted against the denaturant concentration. The csm over
the interval from 320 to 370 nm is determined as the sum of each fluorescence intensity at a
given wavelength multiplied by this wavelength, divided by the sum of the fluorescence
intensities over this interval. The csm makes no assumptions concerning the shape of the
fluorescence spectrum.
(b) Wavelength of the emission maximum determined by fitting a Gaussian curve to the
fluorescence peak over the interval from 320 to 370 nm. This is a deliberately poor choice, as
we usually use a narrower interval to more precisely fit the peak maximum, but it still leads to
very similar curves.
(c) Wavelength of the emission maximum determined by fitting a Taylor series to the third
order term (Monsellier and Bedouelle, 2005)
(d) Wavelength of the emission maximum determined by fitting a Taylor series to the fourth
order term (Monsellier and Bedouelle, 2005)
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Figure S5: Curvature of the spectra shown in Figures S2 and S3. max(n) and max(u) of
each construct were determined by fitting a Taylor series to the fourth order term to the
spectra in the wavelength interval from 320 to 370 nm. The curvature was then determined by
fitting the spectra with a parabola, centered on max(n) or max(u), respectively, in the
wavelength interval from max(n) – 2 nm to max(u) + 2 nm according to Monsellier and
Bedouelle (2005). (a) Spectra of native scFv, (b) spectra of denatured scFv (c) spectra of
native scFv normalized to 100% intensity at max, (d) spectra of denatured scFv normalized to
100% intensity at max. The parameters derived from (a) and (b) are listed in Table ST3,
together with the G(H2O)-correction derived from this fit according to Monsellier and
Bedouelle (2005). The values derived from (c) and (d) are given in Table ST3 for illustration
only.
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Figure S6: Two-state and non two-state systems. Cooperativity of scFv unfolding curves as
a function of the intrinsic stabilities of the constituent domains (redrawn from the data of
Wörn and Plückthun (1999); Röthlisberger et al., (2005)).
(a) Unfolding of a weak VL domain (w.t. AB48) is coupled to a weak VH domain (disulfidefree AB48 Cys H23 Ala) in VH-linker-VL orientation. The resulting scFv shows a cooperative
equilibrium unfolding curve with a midpoint at significantly higher denaturant concentration
than the midpoints of either of the two constituent domains (indicated by dashed lines).
(b) A weak VL domain (w.t. AB48) is coupled to a VH domain of intermediate stability
(disulfide-free AB48 Lys H77 Arg, Asn H59 Ser, Tyr H106 Val). The resulting scFv shows
an equilibrium unfolding curve with apparent low cooperativity (broad transition) and a
midpoint denaturant concentration intermediate between those of the two constituent
domains.
(c) A weak VL domain is coupled to a very strong VH domain (disulfide-restored AB48 Lys
H77 Arg, Asn H59 Ser). The unfolding curve of the scFv shows a clear equilibrium unfolding
intermediate; although the unfolding curve of the VL domain is shifted to higher denaturant
concentrations than that of the free VL domain, the VL in the scFv fully unfolds at denaturant
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concentrations at which VH has not even started to unfold. The unfolding curve of the VH
domain within the scFv is not affected by the presence of the VL domain.
(d) A very strong VL domain (4D5) is coupled to a very strong VH domain (disulfide-restored
AB48 Lys H77 Arg, Asn H59 Ser). The resulting scFv shows an equilibrium unfolding curve
with apparent low cooperativity and a midpoint denaturant concentration intermediate
between those of the two constituent domains
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Figure S7: Fluorescence emission spectra of the isolated domains huV3 and huVH3 in
native and denatured form, compared to the scFv huV3-huVH3. The scales of the three
panels have been adjusted to make the peak intensity of the fully denatured proteins (red
curves, (u)), proportional to the number of tryptophan residues in each construct (since those
spectra are essentially dominated by exposed Trp). The spectra of the native proteins (blue
curves, (n)) are properly scaled in relation to their denatured counterparts, as experimentally
determined. (a) The VL domain contains a single Trp (L43) that is fully quenched in the
native state. (b) The fluorescence spectrum of the native VH domain (4 Trp) is dominated by
the three Trp that in the scFv are buried in the VL/VH interface. In the isolated domain, these
Trp are partially solvent-exposed. The core Trp H43 presumably is quenched to a similar
extent as the core Trp of the VL domain. (c) The intensity of the fluorescence emission of the
native scFv is significantly higher than the sum of the emissions of the isolated domains.
Since the three interface Trp are mostly buried in the scFv, the wavelength of the emission
maximum of the native scFv is shifted to lower wavelengths compared to the isolated VH
domain. Upon unfolding of the scFv fragment, two effects come into play: first, the core Trp
residues of VL and VH become unquenched, resulting in an increased fluorescence of the
isolated domains. Second, fluorescence quantum yield of the interface Trp residues decreases,
when this interface is destroyed. Both effects somewhat compensate each other, such that the
overall quantum yield at the respective maxima of the native and unfolded scFv fragment is
not very different (blue and red curves in (c)). See Figure S1 for the location of the Trp
residues in the scFv structure. Fitted max and curvatures are listed in Table ST4. The Figure
was produced using raw data from Ewert et al. (2003).
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Table ST1: Fit of a two-state model of the unfolding transition to the data depicted in
Figure S4, using different fitting approaches

The columns give the fitted parameters form a two-state interpretation of the data for the pretransition baseline (intercept max(n) and slope(n)), for the post-transition baseline (intercept
max(u) and slope(u)), the apparent free energy of unfolding G(H2O) extrapolated to zero
denaturant and the apparent m-value (slope of extrapolation). Eq. 1 was used (in the main
text), using the change of the relevant fluorescence wavelength as a function of denaturant.
The letters (a, b, c, d) indicate which wavelength was used:
(a) Center of spectral mass of the fluorescence spectrum from 320 nm - 370 nm as a function
of denaturant concentration
(b) Wavelength of the fluorescence maximum determined by a Gaussian fit of the
fluorescence spectrum from 320 nm - 370 nm as a function of denaturant concentration
(c) Wavelength of the fluorescence maximum determined from a fit of the fluorescence
spectrum from 320 nm - 370 nm by a Taylor expansion to the 3rd power term as a
function of denaturant concentration
(d) Wavelength of the fluorescence maximum determined from a fit of the fluorescence
spectrum from 320 nm - 370 nm by a Taylor expansion to the 4th power term as a
function of denaturant concentration.
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Table ST2: Comparison of the apparent G(H2O), m-values and [GdmCl]50 derived from
the fits shown in Figure S4 and Table ST1

The letters a, b, c and d indicate the method used to fit the spectra, as described in the legends
to Figure S4 and Table ST1
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Table ST3: Corrections to G(H2O) -values derived from the spectral shift for the
different curvatures of the spectra of the native and the denatured scFv according to
Monsellier and Bedouelle (2005).

The terms b(n) and b(u) are defined in Monsellier and Bedouelle (2005). Curves derived from
normalized spectra are only shown to demonstrate that the variability in the curvature-derived
G correction terms is entirely due to the large error in the fluorescence intensities and not
due to changes in the shape of the spectrum.
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Table ST4: Emission maxima of the native and the unfolded state and curvatures for the
native and denatured isolated VL and VH domain shown in Figure S7 compared to the
scFv.

Since the core Trp is fully quenched in the native state of huV3 (see Figure S7), max (n),
b(n) and b(n)/b(u) could not be determined (nd). Therefore, the spectral shift cannot be used
to evaluate the stability of the isolated VL domain. However, isolated VL domains are much
less prone to aggregation than VH domains, permitting the use of fluorescence intensity to
monitor unfolding. Since the interface Trp are solvent exposed in the isolated VH domain, the
spectral shift upon unfolding is much smaller than for the scFv.
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