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It is generally believed that unfolded or denatured proteins show randomcoil statistics and hence their radius of gyration simply scales with solvent
quality (or concentration of denaturant). Indeed, nearly all proteins studied
thus far have been shown to undergo a gradual and continuous expansion
with increasing concentration of denaturant. Here, we use fluorescence
correlation spectroscopy (FCS) to show that while protein A, a multidomain and predominantly helical protein, expands gradually and
continuously with increasing concentration of guanidine hydrochloride
(GdnHCl), the F(ab′)2 fragment of goat anti-rabbit antibody IgG, a multisubunit all β-sheet protein does not show such continuous expansion
behavior. Instead, it first expands and then contracts with increasing
concentration of GdnHCl. Even more striking is the fact that the
hydrodynamic radius of the most expanded F(ab′)2 ensemble, observed at
3–4 M GdnHCl, is ∼3.6 times that of the native protein. Further FCS
measurements involving urea and NaCl show that the unusually expanded
F(ab′)2 conformations might be due to electrostatic repulsions. Taken
together, these results suggest that specific interactions need to be
considered while assessing the conformational and statistical properties of
unfolded proteins, particularly under conditions of low solvent quality.
© 2008 Elsevier Ltd. All rights reserved.
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Despite its obvious importance in understanding
how proteins fold, the unfolded or denatured state of
proteins remains relatively unexplored.1,2 Recent
years have thus seen an increasing number of studies
focused on the conformational properties of proteins
in their unfolded state.3–24 Of particular interest are
those that assess the molecular dimensions as well as
conformational dynamics of proteins under various
denaturing conditions using ensemble11–20 or singlemolecule techniques.25–32 All these studies, while involving a wide variety of peptides and proteins that
span a large range of chain lengths (8–549 amino
acids), generally support the notion that unfolded
*Corresponding author. E-mail address:
gai@sas.upenn.edu.
† L.G. and P.C. contributed equally to this work.
Abbreviations used: FCS, fluorescence correlation
spectroscopy; IgG, immunoglobulin G; GdnHCl,
guanidine hydrochloride; CD, circular dichroism.

proteins behave as self-avoiding random coils that
undergo a continuous expansion with increasing
concentration of denaturant, following Flory's powerlaw relationship (i.e., RG = R0Nν; where RG is the
radius of gyration, R0 is a constant determined by the
persistence length of the polymer, N is the number of
residues, and ν is a scaling exponent that depends on
the quality of the solvent).11–18 In addition, several
single-molecule fluorescence resonance energy
transfer studies26,29,32 have shown that conformational transitions within an unfolded protein ensemble could occur on a range of timescales, signifying
the underlying hierarchical nature of the unfolded
potential well. While these previous studies provided valuable insights into the statistical properties of unfolded polypeptide chains, they focused
mainly on relatively small and mostly singledomain proteins.12,14 To verify whether the denatured states of large multi-domain proteins
exhibit similar behaviors upon chemical denaturation, here we investigate the guanidine hydrochlor-
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Fig. 1. (a) A representation of the F(ab′)2 fragment of goat IgG, showing the Y-shaped spatial disposition of the light (L)
chain and part of the heavy (H) chain, linked together via a disulfide bridge. Each chain, as shown, is composed of a
constant (CH1 and CL) and a variable (VH&L) domain, with each domain having about 110 amino acid residues. (b) Mean
residue ellipticity of Alexa-F(ab′)2 (0.8 μM) at 218 nm as a function of the concentration of GdnHCl (in PBS (pH 7), 100 mM
NaCl). The CD data were collected on an AVIV 62DS spectrometer (Lakewood, NJ) using a 1 mm path-length quartz cell
at 25 °C.

ide (GdnHCl)-induced unfolding of the F(ab′)2
fragment of goat anti-rabbit immunoglobulin G
(IgG) and an IgG-binding protein, protein A, using
fluorescence correlation spectroscopy (FCS). FCS is
based on correlating fluctuations in emission intensity arising from fluorescent molecules diffusing in
and out of a small confocal volume, thus providing a
convenient means to measure the diffusion time and
hence the molecular size of the diffusing species.33,34
The F(ab′)2 fragment (100 kDa), obtained by proteolytic cleavage of the intact goat anti-rabbit IgG, is
composed of two identical Fab subunits (or arms),
each consisting of four β-sheet domains.35,36 Two
disulfide bridges bring the two Fab arms together to
form a unique Y-shaped structure (Fig. 1a). Because
of its distinctive structural characteristics and the
prevalence of antibodies, the folding of F(ab′)2 as
well as its constituent domains has been the subject
of many studies.35–42 Protein A (55.5 kDa), on the
other hand, is a component of the cell wall of
Staphylococcal aureus and is known to bind to the FC
fragment of IgG.43 While it also consists of multiple
domains, protein A differs from F(ab′)2, mostly
in that it lacks disulfides and is predominantly
helical.
The Alexa 555-labeled IgG F(ab′) 2 protein
(referred to here as Alexa-F(ab′)2) studied here was
purchased from Molecular Probes (Carlsbad, CA)
and used without further purification. The far-UV
circular dichroism (CD) spectrum of the dye-labeled
F(ab′)2 is identical with that of unlabeled F(ab′)2
(data not shown), indicating that labeling does not
change the integrity of the protein. Further CD studies indicate that high concentrations of GdnHCl
induce Alexa-F(ab′)2 to unfold (Fig. 1b). Consistent
with this picture, representative FCS measure-

ments‡ show that the diffusion time of the protein
molecules is distinctly lengthened in the presence of
GdnHCl (Fig. 2a), a phenomenon characteristic of
molecular expansion upon unfolding. More importantly, these FCS data show that the diffusion time of
Alexa-F(ab′)2 exhibits a distinct non-monotonic dependence on the concentration of GdnHCl, a feature
that has rarely been observed for other proteins.
Moreover, repeated measurements reveal that the
individual autocorrelation traces obtained under a
given concentration of denaturant can deviate
significantly from each other, indicative of a protein
ensemble of varying molecular dimensions.
‡ The FCS measurements were carried out using a
confocal microscope (Nikon Eclipse TE 300) setup
equipped with an oil immersion objective (N.A. = 1.3)
and a 50 μm confocal pinhole.44,45 Excitation of the Alexa
555-labeled protein samples (3–5 nM) was accomplished
by the 514 nm line of an argon ion laser (∼100 μW before
entering the microscope), and the resultant fluorescence
was split equally by a nonpolarizing beamsplitter (Newport, CA) and detected by two avalanche photodiodes
(Perkin Elmer, NJ) using an integration time of 1 μs.
Correlating the fluorescence signals in the cross-correlation mode was accomplished by a Flex 03-LQ-01
correlator card (Correlator.com, NJ) for a duration of
150 s. It is known that high concentrations of GdnHCl
and urea increase the confocal volume (due to refractive
index mismatch) and the viscosity of the solution, both
lengthening the apparent diffusion time. Thus, all the τD
values obtained from FCS measurements involving
denaturants were “corrected” to yield the reported values
following common practice;25,30 namely, by calibrating
the aforementioned effects using the diffusion time of a
standard (R6G in the current case) measured under the
same solution conditions.
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Fig. 2. (a) Representative autocorrelation traces of Alexa-F(ab′)2 measured at different concentrations of GdnHCl, as
indicated. Fitting these FCS data to Eq. (1) yields the following diffusion times: τD = 337 μs for 0 M GdnHCl, τD = 595 μs for
2 M GdnHCl, τD1 = 544 μs and τD2 = 1300 μs for 4 M GdnHCl, τD = 462 μs for 5 M GdnHCl, and τD = 527 μs for 7 M
GdnHCl. These results show that the characteristic diffusion time of F(ab′)2 is nonlinearly dependent on [GdnHCl]. (b)
The corrected (see the text) diffusion times (blue open circles) of Alexa-F(ab′)2 obtained at different concentrations of
GdnHCl. Also shown (red circles) are the respective averages.

In order to provide a more quantitative picture
regarding how the molecular diffusion of the IgG F
(ab′)2 fragment changes as a function of [GdnHCl], a
minimum of 30 autocorrelation traces were collected
under each denaturation condition and analyzed
according to the following equation:34
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where τD
represents the characteristic diffusion time
of species i, ω refers to the axial to lateral dimension
ratio of the confocal volume element, N is the
number of fluorescent molecules in the confocal volume, τtriplet is the triplet lifetime of the fluorophore
and T is the corresponding triplet amplitude. For
Alexa-F(ab′)2 in 100 mM PBS at pH 7, all the
autocorrelation traces can be well described by
Eq. (1) with n = 1 and τD of 340 ± 30 μs. Similarly, for
[GdnHCl] = 1 M, 2 M, 5 M, 6 M, and 7 M, the
respective autocorrelation traces can be modeled
adequately by Eq. (1) with n = 1. However, in order
to fit those autocorrelation traces obtained in 3 M or
4 M GdnHCl, two diffusion components (i.e., n = 2 in
Eq. (1)) have to be invoked. In this regard, it is worth
pointing out that FCS is commonly considered a
single-molecule technique based on the fact that
most of the recorded fluorescence bursts arise
primarily from individual molecules traversing the
confocal volume element. However, a typical FCS
measurement involves the collection of an appreciable number of such bursts arising from many probe

molecules diffusing in and out of the excitation
volume. Hence, the resultant autocorrelation trace is
in fact a weighted average of the diffusion profiles
of all the individual molecules contributing to the
aforementioned fluctuations in fluorescence. 25
While in principle, one should be able to extract
the characteristic diffusion time of each and every
molecule contributing to the autocorrelation trace,
both simulation and experimental studies have
shown that in order to differentiate between two
species using this technique, their diffusion times
have to differ by at least a factor of 1.6.46 In other
words, for a group of molecules whose diffusion
times are not significantly different, an FCS measurement would result in an autocorrelation trace
that can be well described by Eq. (1) with n = 1 and
yield a τD value corresponding to the weighted
average of the diffusion times of all the contributing
molecules. On the other hand, for a group of
molecules that exhibit marked differences in their
diffusion times, two or more diffusion components
will be required to fit the experimentally measured
autocorrelation traces reliably, depending on the
number of diffusion events (or the total observation
time) as well as the separations in their respective
diffusion timescales.25
For the reasons discussed above, it is clear that a
single FCS experiment might fail to reveal the diffusion heterogeneity intrinsic to an unfolded protein
ensemble. However, such heterogeneity may be
unmasked through a series of repeated FCS measurements, as demonstrated in the current case (see
below), provided that the underlying reconfiguration times among different conformations are slower
than their respective transit times through the confocal volume. This is because, despite the fact that
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many molecules contribute to each individual FCS
trace, the actual number is nevertheless very small
compared to the total number of fluorescent
molecules in the sample solution. Thus, a set of individual FCS measurements would yield τD values
that statistically fluctuate around a mean value,
determined by the intrinsic size distribution of the
protein ensemble under investigation.
As shown (Fig. 2b), the characteristic diffusion
times of Alexa-F(ab′)2 not only show a complex
dependence on [GdnHCl] but also vary quite
considerably among individual measurements. In
particular, three key observations merit elaboration.
First, at an intermediate concentration of GdnHCl
(i.e., 2–5 M) the diffusion of Alexa-F(ab′)2 is
characterized by a range of τD values with a
standard deviation much larger than that arising
from the uncertainties commonly associated with
FCS experiments.47 For example, the data obtained
at 2 M GdnHCl yield a mean diffusion time of 600 μs
with a deviation of ∼ 200 μs around the mean. The
latter is significantly greater than that (i.e., 30 μs)
observed for the protein under native conditions. In
addition, for 3 M or 4 M GdnHCl, the recovered
diffusion times spread over an even larger time
window. Hence, as discussed above, these results
indicate that under such conditions the Alexa-F
(ab′)2 molecules sample a large set of conformations
that are distinguishable by their respective diffusion
characteristics. Furthermore, these results imply that
the interconversion rates among different conformations are slow enough that the hydrodynamic radius
of most molecules remains unchanged while traversing the confocal volume,25 thus allowing the recovery of distinctly different diffusion times. Consistent with this picture, it has been shown that Fab
unfolds very slowly.36,40,41 In addition, these results
are in accord with the fact that each Fab arm contains 23 proline residues, the isomerization of which
would definitely slow the interconversion rates
among different denatured conformations. Second,
increasing the GdnHCl concentration from 0 to 4 M
leads to a significant increase in the average diffusion time of the protein, from 340 μs to ∼ 1.2 ms. This
indicates that, on average, the molecular dimension
of F(ab′)2 in 4 M GdnHCl is significantly larger than
that of the native F(ab′)2. Considering the fact that a
large number of proteins have now been shown
to expand only modestly upon denturation,14,17,18
this result is quite surprising and unexpected. The
final, and perhaps the most intriguing observation is
that a further increase in [GdnHCl] from 4 M to 6 M
or 7 M results in a considerable compaction of the
protein molecules, as judged by the significant
decrease in the average diffusion times under these
conditions.
Taken together, these results indicate that the
GdnHCl-induced denaturation of this large, multidomain, multi-subunit protein, as monitored by the
change in diffusion times (τD) and hence the
associated hydrodynamic radii (discussed below)
as a function of [GdnHCl], is markedly different
from the commonly observed continuous expansion
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behavior.26,27,30 To further probe into this aspect,
and for the purpose of comparison, we have performed similar FCS measurements on protein A, a
508 residue protein composed of five helical domains. Both CD (data not shown) and FCS measurements (Fig. 3) corroborate each other in that protein
A unfolds progressively with increasing concentration of denaturant. However, in marked contrast to
what has been observed for F(ab′)2, the molecular
dimension of this IgG-binding protein shows a continuous and very modest expansion upon chemical
denaturation, as suggested by Flory's random-coil
model.48
The hydrodynamic radius (Rh) of a spherical diffusing species is related to τD through the following
equation:24,25
H D ¼ 6kDRh r02 =4kB T

ð2Þ

where r0 is the lateral dimension of the confocal
volume element (∼ 0.26 μm in the current case), η
represents the viscosity of the solution, kB is Boltzmann's constant and T is the absolute temperature.
Using Eq. (2) and the measured τD of 340 ± 30 μs, the
hydrodynamic radius of F(ab′)2 in its folded state
was calculated to be 44 ± 4 Å. This value is very
similar to that (44.8 Å) determined by other techniques for the same fragment of IgG in buffer,49,50
further validating the current method. Similarly,
using the average τD value obtained in 7 M GdnHCl,
we have estimated the hydrodynamic radius of the
denatured F(ab′)2 to be ∼70 Å. This result appears
to be consistent with the notion that the hydrodynamic radius of the highly denatured ensemble of
proteins follows Flory's scaling law,11–18 Rh = 2.21
N0.57, which predicts an Rh of 113 Å for the highly
denatured F(ab′)2 molecules. The apparent difference is likely due to the fact that there are 12 disulfides in F(ab′)2, which can certainly exert conformational constraints.
On the other hand, based on the same premise
(presence of disulfide bonds), the observation of the

Fig. 3. The corrected (see the text) diffusion times of
protein A obtained at different concentrations of GdnHCl.
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Fig. 4. (a) The corrected (see the text) diffusion times of Alexa-F(ab′)2 obtained at 4 M and 1 M GdnHCl. The 1 M
GdnHCl sample was prepared by dilution of the 4 M GdnHCl protein sample used to generate the data presented here.
These results indicate that the denaturation is reversible under the current experimental conditions. (b) The corrected (see
the text) diffusion times of Alexa-F(ab′)2 obtained in urea (blue) and 2 M NaCl-urea (red) solutions.

very slow-moving species at 3 M and 4 M GdnHCl is
indeed quite unexpected. For example, the average
τD is ∼ 1.2 ms under these conditions, which gives
rise to an Rh value of ∼ 161 Å according to Eq. (2),
corresponding to ∼ 3.6 times that of the folded
conformation. Since protein aggregation can also
yield diffusing species with a prolonged diffusion
time, special precautions and measures have been
taken to prevent formation of such aggregates.
Firstly, the coverslips used for the FCS measurements were surface-passivated with either BSA
(Pierce Chemicals, Rokcford, IL) or PEG-silane
(Gelest Inc., Morrisville, PA) to minimize the
tendency of adhesion and surface-induced aggregation of the protein molecules under investigation.
Secondly, the nanomolar Alexa-F(ab′)2 samples
used in the FCS experiments were prepared by
directly diluting the stock protein solution (10 μM)
from Molecular Probes by the desired denaturant
solution so as to minimize aggregate formation
under denaturing conditions. In addition, all the
fluorescence burst profiles were scrutinized carefully and were found to have very similar brightness, suggesting that they arise from monomeric
Alexa-F(ab′)2 molecules as aggregates would appear
brighter due to the increased number of fluorophores per diffusing species.51 However, to provide
more direct evidence that the protein molecules
under current experimental conditions are predominantly monomeric, we have examined the reversibility of the GdnHCl-induced denaturation of
Alexa-F(ab′)2. As shown (Fig. 4a), the distribution
of the diffusion times of Alexa-F(ab′)2 is reversible
upon dilution of the denaturant after unfolding (e.g.,
from 4 M to 1 M). Since protein aggregation is
usually irreversible, these results thus suggest
strongly that the slow-moving species observed at
intermediate concentrations of GdnHCl do not

correspond to aggregates of the labeled F(ab′)2
fragments. In addition, fast protein liquid chromatography (FPLC) measurements§ provide further
evidence that even at a concentration of 1.5 μM,
Alexa-F(ab′)2 exists as monomer in 4 M GdnHCl.
Tentatively, we hypothesize that electrostatic repulsion is the dominant factor leading to the formation of such a highly expanded F(ab′)2 ensemble at
intermediate concentration of denaturant. To provide experimental evidence supporting this hypothesis, we have further studied the urea-induced
denaturation of Alexa-F(ab′)2 using FCS. Urea, another commonly used denaturant in protein unfolding studies, differs from GdnHCl mostly in that the
latter is a salt and hence can not only disrupt
hydrophobic interactions but also greatly affect
electrostatic forces.52 As shown (Fig. 4b), in 8 M
urea the distribution of the diffusion times of AlexaF(ab′)2 is quite similar to that observed in 4 M
GdnHCl, showing the presence of an ensemble of
highly expanded species. However, addition of 2 M
NaCl to the 8 M urea sample leads to a significant
reduction in the average diffusion times, indicative
of compaction in molecular dimensions. Thus, these
results suggest that electrostatic interactions play an
important role in defining the final molecular
§ FPLC measurements were carried out on an Akta
FPLC system (GE Healthcare). The column was calibrated
by using high molecular mass standards as described in
the manufacturer's protocol. Alexa-F(ab′)2 (1.5 μM in 4 M
GdnHCl at pH 7) was incubated overnight. This sample
was then passed through a Superdex S200 column under
the same denaturing conditions (i.e., in the presence of
4 M GdnHCl). The elution trace, monitored by measuring
the absorbance at 280 nm, showed a single peak at
10.3 mL, which corresponds to the molecular mass of
monomeric Alexa-F(ab′)2 based on the calibration.
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dimensions of the denatured F(ab′)2 molecules. In
other words, the complex dependence of the diffusion time (and hence the hydrodynamic radius) of F
(ab′)2 as a function of [GdnHCl] results from two
opposing effects: (i) significant swelling of the
protein due to unusual electrostatic repulsions
upon unfolding, which dominates at relatively low
concentrations of denaturant, and (ii) electrostatic
shielding provided by the GdnHCl salt, which
becomes more pronounced at high concentrations
of denaturant. Hence, with increasing [GdnHCl], F
(ab′)2 first expands due to unfolding and then
undergoes a transition leading to the formation of a
more compact conformational ensemble owing to
the increased screening that diminishes the charge
repulsions. Consistent with this picture, F(ab′)2
carries a net charge of + 20 at neutral pH, and this
net charge is distributed evenly among the four
chains. In particular, the VL (VH) domain carries a net
charge of +6 (+ 3). Because the VH and VL domains
are in close proximity, these net charges may play an
important role in determining the size of the
unfolded state of F(ab′)2. Additionally, the disulfides
in F(ab′)2 may also have a subtle but important role
in generating the more extended conformational
ensemble because they eliminate a large number of
feasible conformations.
While the Flory's model treats unfolded proteins
as polymers consisting of uncorrelated monomers,
such a mean-field treatment nevertheless yields a
scaling law (i.e., RG = R0Nν), arising from the repulsive excluded volume (EV) effects, that fits a large
number of experimental data.12,14 Thus, the observation here of an overly expanded F(ab′)2 ensemble
is indeed surprising. However, it is consistent with
the notion that electrostatic interactions can influence the radius of gyration of proteins. For instance,
it has been shown that several intrinsically unfolded
proteins (e.g., γ-synuclein and prothymosin-α) in
water have dimensions far beyond those predicted
on the basis of random-coil statistics12,14 (in one case
by as much as twofold) due to their unusually high
density of charges. Also, in a related study,53
Thirumalai and co-workers have shown that certain
ribosomal proteins show considerably larger RG
values than predicted by Flory's scaling law, due to
the long, positively charged, unstructured chains in
the tail region of the protein. Moreover, charge–
charge interactions have been shown to play a
distinct role in the unfolded states of proteins,54 such
as barstar, 55 cytochrome c, 56,57 staphylococcal
nuclease,56,58 and ribonuclease Sa.59 Furthermore,
force-quench refolding simulations of the I27 immunoglobulin domain of the muscle protein titin
indicate ∼ 6-fold reduction in the radius of gyration
when the molecule refolds from its unfolded
(stretched) state,60 suggesting that it is possible to
generate an expanded and thus slowly diffusing
species.
In summary, using FCS we have examined the size
distribution of two multi-domain proteins, protein
A and the F(ab′)2 fragment of IgG as a function of
the concentration of GdnHCl. F(ab′)2 is a predomi-
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nantly β-sheet protein, whereas protein A is
composed of mostly α-helices. Our results show
that while GdnHCl induces protein A to expand in a
gradual manner, consistent with the so-called continuous expansion model, the effect of GdnHCl on
the molecular dimension of F(ab′)2 is much more
complicated. In particular, at intermediate concentrations of denaturant, the F(ab′)2 molecules adopt a
highly expanded form with a molecular dimension
exceeding the value predicted by Flory's model.
On the other hand, at high concentrations of denaturant, the unfolded protein ensemble undergoes a
significant compaction. Further denaturation experiments carried out with urea in the presence of high
concentrations of salt appear to indicate that electrostatic repulsive interactions play an important role
in giving rise to the unusual expansion of the F(ab′)2
fragment of IgG upon unfolding. Thus, these results
together suggest that the nature and extent of specific interactions in a particular protein might lead to
significant deviation from the commonly encountered continuous and gradual expansion model of
protein unfolding.
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