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Many eukaryotic proteins are disordered under physiological con-
ditions, and fold into ordered structures only on binding to their
cellular targets. Such intrinsically disordered proteins (IDPs) often
contain a large fraction of charged amino acids. Here, we use
single-molecule Forster resonance energy transfer to investigate
the influence of charged residues on the dimensions of unfolded
and intrinsically disordered proteins. We find that, in contrast to
the compact unfolded conformations that have been observed
for many proteins at low denaturant concentration, IDPs can exhi-
bit a prominent expansion at low ionic strength that correlates
with their net charge. Charge-balanced polypeptides, however,
can exhibit an additional collapse at low ionic strength, as pre-
dicted by polyampholyte theory from the attraction between
opposite charges in the chain. The pronounced effect of charges
on the dimensions of unfolded proteins has important implications
for the cellular functions of IDPs.

polyampholyte | polyelectrolyte | protein folding | unfolded state |
single-molecule FRET

A surprisingly large number of proteins contain extended un-
structured segments or fold into a well-defined three-dimen-
sional structure only in the presence of their specific ligands or
binding partners (1-4). Especially in eukaryotes, such intrinsically
disordered or unstructured proteins (IDPs) appear to be involved
in a wide range of cellular functions, including transcription,
translation, signal transduction, and the regulation of protein
assembly (1). Correspondingly, many IDPs are associated with
diseases, such as cancer or neurodegenerative disorders (4). In
contrast to stably folded proteins, the polymer properties of IDPs
are crucial for many of their functions. Long-range interactions of
the unstructured chain with binding partners have been suggested
to increase their capture radius, leading to an enhancement of
binding rates via the “fly-casting” mechanism (5, 6). Conforma-
tional disorder has an important role in mediating binding
diversity, enabling interactions with multiple targets (2, 7, 8). Re-
pulsive entropic forces of “brush-like” structures can give rise to
very long-range interactions, for instance to provide a mechanism
for maintaining neurofilament and microtubule spacing (9, 10).
Finally, because part of the binding free energy has to be ex-
pended for folding of the IDP upon interaction with its target,
intrinsic disorder facilitates highly specific binding at moderate
affinities, a mechanism that may be essential for regulation
and signal transduction (2). All of these aspects depend crucially
on chain flexibility and dimensions, which in turn are dictated by
the composition of the polypeptide. Establishing a quantitative
relation between charge content, hydrophobicity, and chain di-
mensions is thus a prerequisite for understanding the molecular
mechanisms underlying IDP function.

Prevalent characteristics of IDPs are their low sequence com-
plexity, the low proportion of hydrophobic residues, which usually
form the core of a folded protein, and their high content of polar
and charged amino acids (11). This correlation between disorder
and charge content has strongly aided the identification of IDPs
from large scale genomic sequence data bases and now provides
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an ideal opportunity to investigate the role of sequence composi-
tion and especially charge interactions for the conformational
properties of unfolded proteins. It also allows us to test quanti-
tative descriptions and predictions of polymer theory for the
influence of charged amino acids on chain dimensions. Even
though the use of the corresponding simplified models would
seem ideally suited for developing a better understanding of
the properties of IDPs, there have been few, if any, measurements
available that would have allowed a quantitative comparison to
polymer theory (9).

Here, we use single-molecule Forster resonance energy trans-
fer (FRET), a method that has been applied successfully to ob-
tain long-range distance distributions and dynamics in unfolded
proteins (12-14). By means of the spectroscopic separation of
folded and unfolded subpopulations (15), single-molecule FRET
allows us to distinguish changes in the conformational properties
within one of the subpopulations from a change in their relative
abundances, which is often difficult in corresponding ensemble
experiments. To sample the range of sequence compositions
found in natural proteins, as represented by a plot of net charge
versus hydrophobicity calculated from the amino acid sequence
(11) (Fig. 1), we chose three representative proteins with very
different properties: the globular cold shock protein CspZm,
which is stably folded even in the absence of ligands (16-18);
the N-terminal domain of HIV-1 integrase (IN), which folds only
upon binding of Zn*" ions and is otherwise denatured (19, 20);
and human prothymosin o (ProTa), one of the IDPs with the lar-
gest fraction of charged amino acids identified so far (11). ProTa
does not assume a well-defined folded structure under any known
conditions and does not contain regular secondary structure (21),
but plays crucial roles in different biological processes including
cell proliferation, transcriptional regulation, and apoptosis (22).

Results

Single-Molecule FRET Experiments. We labeled all protein variants
with a donor (Alexa Fluor 488) and an acceptor (Alexa Fluor
594) fluorophore (Methods and SI Text), and investigated them
with confocal single-molecule fluorescence spectroscopy. For
IN and CspTm, the labels were positioned close to the termini
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Fig. 1. Mean net charge versus mean hydrophobicity per residue of the
globular and intrinsically disordered proteins used in this study. The dotted
line indicates the separation between intrinsically disordered and globular
proteins observed by Uversky et al. (11). Small circles are based on calcula-
tions taking into account the amino acid sequence only. Vertical bars indicate
the influence of the dye charges; horizontal bars are an estimate of the
uncertainty in the hydrophobicity of the dyes. To estimate this uncertainty,
the hydrophobicity of the residues at the position of fluorophore attachment
was varied between the value for the most hydrophilic and the most hydro-
phobic amino acid, and the resulting average hydrophobicities were
computed. The large circles illustrate this range of values. For CspTm and
IN, where the dyes were positioned close to the termini, the entire sequence
was used for calculating charge and hydrophobicity, for the ProTa variants
only the interdye segment. Hydrophobicity values were calculated according
to Kyte and Doolittle (67). The positions used for FRET labeling are indicated
as small spheres in the structural representations of the proteins.

of the polypeptides (Fig. 1), such that the properties of the entire
chain were probed. For ProTa, the N- and C-terminal segments
of the polypeptide exhibit very different charge densities and were
investigated separately by positioning one chromophore at posi-
tion 56 and the other either at position 2 (ProTaN) or at position
110 (ProTaC; see Table S1). In this way, the length of all segments
probed was similar and resulted in average interdye-distances
sufficiently close to the Forster radius of the dye pair to optimize
sensitivity and simplify a quantitative comparison. The efficiency
of energy transfer between the dyes upon donor excitation was
determined from photon bursts originating from individual mo-
lecules freely diffusing through the focal spot of the laser beam as
E=n,/(ng +np), where n, and np are the number of detected
acceptor and donor photons, respectively [including corrections
(SI Text)]. A transfer efficiency histogram generated from a large
number of such events shows distinct maxima corresponding to
the subpopulations present in the sample (Fig. 2).

Fig. 2 shows examples of FRET efficiency histograms obtained
under different solution conditions. For CspZ7m (Fig. 24), we
used a variant destabilized via a C-terminal truncation of two
residues. As a result, the unfolded state is populated in the
absence of denaturant, which allows us to determine the unfolded
state dimensions of Csp7m even under these conditions. The
peak at high E corresponds to folded molecules, the peak at in-
termediate E corresponds to unfolded molecules, and the peak at
E =~ 0 (shaded) originates from molecules with an inactive accep-
tor. With increasing guanidinium chloride (GdmCl) concentra-
tion, the population of folded molecules decreases, and the
population of unfolded molecules increases, as expected for a
two-state system (15, 23). At the same time, the mean transfer
efficiency (E) of the unfolded state decreases continuously
(Fig. 24), corresponding to the well-studied denaturant-induced
expansion of unfolded CspTm (17, 23, 24), a behavior that has
now been observed for the unfolded states of many proteins
(12). With the ability to separate subpopulations, single-molecule
experiments allow such continuous changes in the dimensions of
the unfolded state to be clearly distinguished from the contribu-
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Fig. 2. Single-molecule FRET efficiency (E) histograms of (A) CspTm (C-term-
inally truncated variant), (B) IN, and (C) ProTaC show the GdmCl dependence
of the unfolded proteins. The molar GdmCI concentration is indicated in
each panel. (A) The peak at E ~ 0.95 corresponds to folded CspTm, the peak
between E ~0.3 and 0.85 to unfolded protein. (B) First panel: Folded IN
(E~0.9) is only populated in the presence of ZnCl, (100 pM; 0 M GdmCl).
Other panels: varying concentrations of GdmCl with 1 mM EDTA. (E) of
the unfolded population ranges between 0.4 and 0.6. (C) ProTaC is unfolded
under all conditions. For all proteins, the peaks at E ~ 0 (shaded) correspond
to molecules lacking an active acceptor chromophore (68). The solid lines
show fits used to extract the mean transfer efficiencies of the subpopulations
(17, 23). The dashed lines indicate the mean transfer efficiencies of the
unfolded states at the highest GdmCl concentrations.

tion of the native state or other populations to the overall signal.
In contrast to CspZm, IN (Fig. 2B) is completely unfolded even in
the absence of denaturant; i.e., it is in its intrinsically disordered
state. Only in the presence of ZnCl,, a folded subpopulation of
molecules coexists with unfolded IN. On addition of EDTA,
which complexes Zn?* with high affinity, all molecules unfold.
Interestingly, the denaturant dependence of unfolded IN shows
a nonmonotonic behavior: starting from 0 M GdmCl, (E) for
unfolded IN first increases slightly up to GdmCI concentrations
of about 0.2 M, indicating a collapse of the unfolded state. Only
at higher GdmCI concentrations, (E) starts to decrease due to
the denaturant-induced expansion. This effect is even more
pronounced for ProTa (Fig. 2C, variant ProTaC), with a drastic
increase in (E) from 0.21 in the absence of GdmCl to 0.43 at
0.8 M Gdm(l, followed by the denaturant-induced expansion
similar to Csp7m and IN at higher GdmCl concentrations. At
0 M denaturant, ProTaC is thus more expanded than at the high-
est accessible GdmCI concentrations.

The denaturant dependences of the three proteins are
summarized in Fig. 3. It shows the monotonic change in (E)
for unfolded CspTm, corresponding to its continuous expansion
with increasing GdmCl concentration, and for the IDPs the re-
markable “rollover” of (E) below approximately 0.5 M GdmClL.
The correlation between the amplitude of the rollover and the
charge density of the protein strongly suggests that electrostatic
repulsion within the polypeptides cause the expansion of the
IDPs. In the presence of the ionic denaturant GdmCl, the charges
of the amino acid side chains are screened, allowing the poly-
peptides to compact (25)*. Only at higher concentrations of
Gdm(Cl], the denaturant-induced expansion of the chain takes
over, and ultimately the transfer efficiencies of the different un-
folded proteins converge (Fig. 3), as expected for polypeptides of
similar length (26)". The rollover is absent if the uncharged

*A similar compaction can be achieved by adding other salts (see below).

"The slightly lower transfer efficiency of ProTa at high GdmCl concentrations compared to
the other proteins is presumably an excluded volume effect of the large unlabeled
segment present in the ProTa chain.

Muller-Spath et al.
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Fig. 3. Denaturant-dependent collapse and charge-mediated expansion of
unfolded proteins. Dependence of the mean transfer efficiencies, (E), for
CspTm (yellow), IN (red), and ProTaC (blue) on the concentration of GdmCl
(filled circles) and urea (open circles). The typical uncertainty in transfer
efficiency of individual data points is in the range of 0.02. Error bars are
shown for conditions where multiple measurements are available.

denaturant urea is used. Moreover, the differences in transfer
efficiencies between the proteins in the absence of denaturant are
present over the entire range of urea concentrations, indicating
that charge-mediated repulsion dominates chain dimensions even
at the highest concentrations of urea.

To facilitate a quantitative analysis of our observations in terms
of unfolded state dimensions, we converted the mean transfer
efficiencies to a measure of intramolecular distance according
to (23)

(E) = /0 “EOPdr with E¢) = 1/(1+ (r/Ry)®),  [1]

where r is the distance between donor and acceptor, P(r) is the
normalized equilibrium distance distribution, and R, is the
Forster radius (5.4 nm at 0 M denaturant) calculated for the res-
pective solution conditions. Given a measured value of (E) of the
unfolded subpopulation and a suitable model for the distance
distribution, the parameters determining P(r) can be calculated
numerically. To test the robustness of our results with respect to
the functional form of the distance distribution used, we analyzed
the data with two different models: the Gaussian chain (12, 17,
23,27, 28) and a variation of Sanchez theory (28-30), which uses
a Flory-Fisk distribution (31) with a solvent-dependent effective
interaction within the chain (see SI 7ext for details). The results
from the two types of analysis are very similar (Fig. S1, Fig. S2,
Table S2, Table S3, Table S4, and Table S5), suggesting that the
chain dimensions derived from the FRET data under our condi-
tions do not strongly depend on the assumptions underlying the
individual models. We thus proceed with the dimensions
calculated using the simpler model, the Gaussian chain®.

Fig. 4 shows the resulting values of the radius of gyration, R,
(Eq. S1), as a function of denaturant concentration for all protein
variants investigated. Whereas their behavior is similar at GdmCl
concentrations above approximately 1 M, the extent of their
charge-driven unfolded state expansion at low GdmCl concentra-
tion is very different, increasing in amplitude from 8% of the R, in
IN (Fig. 4B) and 14% in ProToN (Fig. 4C) to 46% in ProTaC
(Fig. 4D). The degree of expansion clearly correlates with the
net charge of the proteins: CspTm is almost charge-balanced
(net charge —2)% IN shows a slight excess of negative charges

*Note also that unfolded CspTm was previously shown to be described well with a Gaussian
chain model over a broad range of denaturant concentrations (17).

SThe numbers given here indicate the net charge at pH 7.4 of the polypeptide segment
between the FRET chromophores (Table S1).

Muller-Spath et al.
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Fig. 4. Dependence of the apparent radii of gyration (Ry) of the labeled
protein segments on the concentration of GdmCI (filled circles) and urea
(open circles), with (A) CspTm (yellow), (B) IN (red), (C) ProTaN (cyan), and
(D) ProTaC (blue). Fits to a binding model for the urea dependence (Eq. 2,
colored dashed lines), and to polyampholyte theory for the GdmCl depen-
dence (Eq. 5, black solid lines) are shown. The two components of Eq. 5,
corresponding to the contributions of GdmCl binding and electrostatic
repulsion, are indicated as continuous and dashed gray lines, respectively.
Note that the fits to Eq. 5 are performed based on thermodynamic activities,
but plotted on a concentration scale. The colored squares in (A) and (D) in-
dicate the values of R, on addition of 1 M KCI (compare to Fig. 5). The gray
squares indicate the expected values estimated with Egs. 4 and 5, assuming
the values for K, a, and p obtained from the fits of the urea dependencies
(Table S4), the value of v obtained from the fits of the GdmCl dependencies
(Table S2), and calculating « for an ionic strength of 1 M. The remaining
difference between experimental and calculated values may be due to the
preferential interaction of GdmCl with the polypeptide, leading to a higher
local charge density than in the bulk solution and a correspondingly stronger
charge shielding than for KCl.

(net charge —4), and the two ProTa segments ProTaN (net
charge —14) and ProTaC (net charge —27) exhibit a large net
charge. This correlation suggests an important role of charge den-
sity in the polypeptides for their unfolded state dimensions. To
test this hypothesis and to identify a suitable quantitative descrip-
tion of IDPs (32), we applied a polymer physical analysis.

Quantifying Charge Effects on Unfolded State Dimensions. At least
three contributions need to be taken into account to describe
our results: (i) the expansion of the polypeptide with increasing
denaturant concentration, (if) the electrostatic interactions be-
tween the charges in the chain, and (jii) the screening of these
charges by the ionic denaturant GdmCl. To describe chain expan-
sion with increasing denaturant concentration, we use a simple
binding model (17, 18, 33) that assumes identical independent
binding sites with an effective association constant K

K
R, (a) :Rgo(l +pl+%), 2]

where R, is the radius of gyration at zero denaturant, a is the
thermodynamic activity of denaturant (18, 33), and p accounts for
the relative change in radius of gyration approached asymptoti-
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cally at very high denaturant activities. In spite of its simplicity,
this model captures the functional form of chain expansion and
yields binding constants in agreement with calorimetric measure-
ments (18, 33)". Charge screening is treated in terms of Debye—
Hiickel theory, with the Debye length x~! = (8zll)~'/?, where I
is the ionic strength of the solution and /5 is the Bjerrum length,
the distance at which the electrostatic energy of the interaction
between two elementary charges equals thermal energy, kgT. We
obtain Iy = €% /(4neye,kgT), where e is the elementary charge, &,
is the permittivity of vacuum, ¢, is the dielectric constant, kg is
Boltzmann’s constant, and 7 is temperature. To treat the inter-
actions of charges within the chain, we use polyampholyte theory
(34), a description that includes both repulsive interactions
between charges of the same sign and attractive interactions be-
tween charges of opposite sign. Here, we adopt the approach of
Higgs and Joanny (35), which can be used to extract Flory-like
scaling factors for polyampholytes. This model considers a chain
in which monomer » has charge ec,, where c,, assumes the value
+1 with probability f for the occurrence of a positive charge, —1
with the probability g for the occurrence of a negative charge, and
0 with probability I — f — g for the remaining neutral monomers. f
and g at our pH of 7.4 were computed using the pK, values of all
contributing ionizable groups, including those of the fluoro-
phores (Table S1). The monomers have an excluded volume
vb? (with a segment length b = 0.38 nm, the C,-C, distance in
a polypeptide, and v > 0), and they interact via screened Cou-
lomb interactions between each pair of monomers m and 7, with
distances assumed to follow Gaussian chain statistics. Introducing
the expansion factor « as the ratio of an effective segment length
b, and the real segment length b, Higgs and Joanny showed that
under the condition N'/?kxb, > 1l (where N is the number of seg-
ments in the chain), electrostatic interactions can be regarded as
a contribution to the effective excluded volume v*b*. The chain
dimensions can then be described using the expression

4 (3\3/2 b
S_ 3 — 1/2, h _ 71
@ —a 3 (2”) N'#v*, where a b [31]

and

4alp(f —g)*  alp(f +g)°
K2 K '

v*b? = 1ub® + [4]
Here, vb? is the excluded volume in the uncharged chain. The
second term in Eq. 4 accounts for repulsive interactions due
to the net charge of the polypeptide, which result in an increase
of v*b? as in related formulations of polyelectrolyte theory (36)
(see SI Text). The third term leads to a reduction of v*b? through
attractive interactions between charges of opposite sign. The
polyampholyte model can be combined with the binding model
[Eq. 2] to yield

Ka
R, =N%ab|( 1 —, 5
o a ( +p1+Ka) (5]

which can be used to describe the dependence of R, on GdmCl
activity a (Fig. 4). a is determined by Egs. 3 and 4, such that the
only fit parameters are K|, p, and v (see SI Text, Table S2, Table S3,
Table S4, and Table S5). All other parameters are calculated from
the polypeptide sequence and the composition of the solution.
Fits to the GdmCI dependencies of R, illustrate the strength of
this approach (Fig. 4). Polyampholyte theory predicts the rollover
in R, for IN (Fig. 4B) and the ProTa variants (Fig. 4 C and D),
both in terms of the functional form and the amplitude of the
expansion with good accuracy. Notably, the amplitude does

TOther models can be applied to treat the protein-denaturant interactions, but this has no
bearing on our conclusions regarding the electrostatically driven expansion and collapse
of the chain we are concerned with in this work.

IThe values forN'/2xb, at the lowest ionic strength of 50 mM used here are 6.8 for ProTaC,
5.5 for ProTaN, 4.1 for IN, and 2.6 for CspTm.
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Fig. 5. Effect of charge shielding on denatured state dimensions. Transfer
efficiency histograms of CspTm (A) and ProTaC (B) in 1.0 M urea in the
absence (Upper) and in the presence of 1.0 M KCl (Lower). CspTm expands
on addition of KCl, whereas ProTaC collapses, as predicted by polyampholyte
theory. For ProTaC, the change in (E) corresponds to a reduction in Ry from
(4.2 £0.2) nm without KCl to (2.98 + 0.09) nm with KCl, close to the value of
(2.87 £0.09) nm calculated with Eq. 5 from the corresponding reduction in
Debye length. For unfolded CspTm, addition of 1.0 M KCl causes an increase
in Ry from (1.73 £ 0.05) nm to (1.97 + 0.05) nm, with a calculated R, of the
charge-shielded unfolded state of (2.15 £ 0.05) nm.

not involve any adjustable fit parameters, but results from the va-
lues of f and g, which are computed from the charge composition
of the polypeptide sequence. Eq. 5 also captures the monotonic
collapse of CspTm (Fig. 4A4). Surprisingly, it predicts an addi-
tional collapse of unfolded CspTm at low ionic strength caused
by the attractive electrostatic interactions between opposite
charges in this charge-balanced polyampholyte (34, 35). To illus-
trate this point, Fig. 4 shows the contributions of the effective
binding of GdmCI and of the charge interactions to the changes
in R, as continuous and dashed gray lines, respectively. A charge-
induced collapse is consistent with the experimental data, which
show a pronounced drop in R, at the lowest GdmCI concentra-
tions (Fig. 44), but we tested this hypothesis further. If charge
attractions indeed contribute to the collapse of unfolded Csp7m,
we expect that screening of the charges by adding salt will lead to
an expansion of the chain, whereas a collapse is expected for the
IDPs. Exactly this behavior is observed experimentally, as Fig. 5
illustrates for ProTaC and CspTm: if 1.0 M potassium chloride is
added to screen the charges, (E) of ProTaC increases, corre-
sponding to a collapse (Fig. 4D), whereas (E) of unfolded CspTm
decreases, indicating an expansion (Fig. 44)**. We can thus
conclude that charge interactions can indeed lead both to an
expansion or a collapse of unfolded proteins, depending on
the charge balance in the polypeptide.

Discussion
The balance of interactions in the unfolded state and their effect
on the compactness of the chain is under intense debate, with
possible contributions from hydrophobic interactions (37, 38),
hydrogen bonding (39, 40), and charge—charge interactions (21,
41-43). Advances in the application of theoretical models and
simulations have addressed important aspects; e.g. the influence
of solvation and denaturants (27-29, 44-46), temperature (18),
and specific interactions (47-49). With the increasing availability
of biophysical methods that can provide structural information
even on conformationally heterogeneous systems such as
unfolded proteins (1, 12, 43, 50-52), we are starting to be able
to correlate experimental findings with theoretical models.
Here we used single-molecule FRET to systematically investi-
gate unfolded proteins with different charge composition, and
find that charge interactions play a decisive role for unfolded
state dimensions. In proteins with high net charge, as prevalent
in many IDPs, charge repulsion can lead to a pronounced expan-
sion (43), similar to previous observations in acid-unfolded pro-
teins (25). Even more strikingly, in proteins with a similar number

**The experiment is performed at 1.0 M urea to increase the separation of folded and
unfolded CspTm in the transfer efficiency histograms.
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of positive and negative charges, charge attraction can amplify
the collapse of the chain, a concept that has been well established
in polyampholyte theory, but has eluded experimental investiga-
tion in the context of proteins (9). We find that polyampholyte
theory offers a remarkably good description of the influence
of charged amino acids on chain dimensions and thus provides
a means of predicting the dimensions of IDPs and unfolded pro-
teins. As expected for polypeptides with a large net charge, the
expansion of ProTa and IN at low ionic strength can also be de-
scribed by polyelectrolyte theory (36, 53-55) (Table S6); i.e. with-
out taking into account attractive charge interactions (Fig. S3).
Even though the net charge of CspTm is close to zero
(Table S1), and attractive charge interactions may thus be ex-
pected to become dominant, a charge-screened polyelectrolyte
in poor solvent could give rise to a collapse behavior similar
to what we observe for CspTm (Fig. 4) (36). However, because
the addition of a nonchaotropic salt at low denaturant concentra-
tion leads to an expansion of unfolded Csp7m (Figs. 44 and 54),
attractive charge interactions clearly contribute to its collapse
under these conditions. Polyampholyte theory thus appears to
be an appropriate generalization of polyelectrolyte theory for
describing our results with one simple consistent model. We note,
however, that the polyampholyte theory of Higgs and Joanny (35)
was developed for polymers in good solvent; i.e., above the theta
point. For comparison with the experimentally observed range of
values, we estimate the radius of gyration at the theta point from
(R2%)** = R3\\/2TN/19, as suggested by Sanchez (30, 56),
where R,y is the radius of gyration of the most compact or folded
state. Rpy for protein segments of the size investigated here is
approximately 1.2 nm, resulting in a radius of gyration of approxi-
mately 2.4 nm at the theta point. Only unfolded Csp7m in low
concentrations of denaturant compacts much below this value
of Ry, but it still remains more expanded than the native state.
The expansion of collapsed unfolded Csp7m on addition of
KClI indicates the importance of attractive charge interactions
even under these conditions, but it will be interesting to assess
the limitations of our analysis, such as the additional role of
three-body interactions, effects from the finite size of the poly-
peptides, and possible correlations between charges within the
chain, with more advanced theoretical approaches and molecular
simulations (9, 43, 57).

The range of ionic strengths where we observe the expansion of
IDPs corresponds to physiologically relevant values, indicating
the importance of the effect in a cellular environment. The result-
ing changes in chain dimensions will affect many of the properties
that characterize IDP function, including the capture radii for
fly-casting (5, 6), repulsive entropic forces from brush-like struc-
tures (9, 10), and the free energy change of folding upon binding
(2). From our results, we can estimate the repulsive electrostatic
energy that needs to be overcome to compact the chain compared
to a neutral polypeptide. At a physiologically relevant ionic
strength of 100 mM, polyampholyte theory yields repulsive elec-
trostatic energies’ of (1.4 &+ 0.5) kgT and (4.2 £ 0.5) kgT for the
two variants of ProTa, a negligible value of (—0.2 & 0.5) k3T for
IN, and an attractive energy of (-2.5 +0.5) kT for CspTm, un-
derlining the critical balance of positive and negative charges that
leads to a transition from a pronounced expansion to a charge-
mediated compaction of the polypeptides (Fig. S4). Considering
the magnitude of the values, the additional energy required to
compact and fold IDPs with a large net charge can be a major
component that has to be overcompensated by the free energy
of binding to their target molecules. The electrostatic energies
are in a range sufficient for significantly modulating affinities
and dynamics of intracellular interaction partners, thus allowing
for high specificity, while at the same time enabling dissociation

NOS 3
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"Electrostatic energies were calculated according to kAR—); = % (58).
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at a rate that ensures a response of the regulatory system on time
scales relevant for cellular processes (2).

Our results also have important implications for the properties
of unfolded proteins in general. A large number of experiments
have demonstrated a collapse of unfolded proteins at low dena-
turant concentration (12, 59, 60). However, the interactions
responsible for this collapse have been difficult to elucidate.
Correspondingly, it has been unclear how collapse is affected by
sequence composition, and especially whether IDPs exhibit a
similar collapse behavior as the previously investigated globular
proteins. Some experiments, theoretical considerations, and si-
mulations have suggested a role of secondary structure formation
and hydrogen bonding for collapse (18, 39, 40), even though this
is improbable to be the only contribution (45). Recent findings
that IDPs and unstructured peptides can form collapsed struc-
tures (39, 61, 62) and show a compaction with increasing temper-
ature similar to globular unfolded proteins (18) may be surprising
given the lack of hydrophobic side chains and have been taken to
indicate that hydrophobic interactions are not predominant in
determining unfolded state dimensions. Our results show that
charge interactions can play a decisive role. The observation
of a charge-driven expansion even for a nearly charge-balanced
protein like IN indicates that this behavior will be relevant for a
large number of proteins, as recently suggested from results on
barstar (42). Investigations of charged IDPs and unfolded states
of globular proteins will thus depend critically on the solution
conditions, such as pH and salt concentration (21, 25, 63-65).

In summary, whereas our results indicate a denaturant-depen-
dent collapse of IDPs qualitatively similar to that of unfolded
globular proteins at high ionic strength, charge interactions
can dominate the dimensions of IDPs at low ionic strength. Our
findings provide a new opportunity for testing the suitability of
polymer physical concepts for describing unfolded state behavior.
Interestingly, already a simple polyampholyte theory captures the
overall effect of charge interactions on unfolded proteins remark-
ably well. Together with previous results on the stiffness of un-
charged chains (12, 66), this presents a new possibility to predict
the effect of the content of charged amino acid on the dimensions
of unfolded proteins and IDPs, and to explore the resulting
impact on protein stability and interactions. Whereas unfolded
proteins have been shown to follow simple scaling laws at high
concentrations of GdmCl (26), similar to the behavior expected
for homopolymers, sequence composition can obviously have a
large effect on chain dimensions under physiological conditions,
with important implications for protein dynamics and interactions.

Methods

Preparation and Labeling of Proteins. Cys residues were introduced by site-
directed mutagenesis to provide functional groups for the specific attach-
ment of the dyes Alexa Fluor 488 and 594 essentially as described previously
(17, 18, 23). All proteins were purified using a hexahistidine tag. For details,
see ref. 18 and S/ Text.

Single-Molecule Fluorescence Spectroscopy. Observations of single-molecule
fluorescence were made using a MicroTime 200 confocal microscope
(PicoQuant) essentially as described previously (17). Samples were measured
with a 20 to 50 pM protein concentration in 50 mM Tris buffer, pH 7.4. 0.001%
Tween 20 (Pierce) was included to prevent surface adhesion of the proteins.
IN devoid of bound Zn?* was prepared by adding 1 mM EDTA. To minimize
photochemical damage to the chromophores, 200 mM B-mercaptoethanol
were included in the samples (18). The Forster radius Ry was corrected for
the changes in solution conditions, which were dominated by the change
in refractive index with GdmCl, urea, and KCl concentration. All
errors given are our estimates of the experimental uncertainty; wherever
possible, they represent standard deviations from multiple independent
meaurements. For details, see S/ Text.
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