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Compaction Properties of an Intrinsically Disordered Protein: Sic1 and Its
Kinase-Inhibitor Domain
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ABSTRACT IDPs in their unbound state can transiently acquire secondary and tertiary structure. Describing such intrinsic
structure is important to understand the transition between free and bound state, leading to supramolecular complexes with
physiological interactors. IDP structure is highly dynamic and, therefore, difficult to study by conventional techniques. This
work focuses on conformational analysis of the KID fragment of the Sic1 protein, an IDP with a key regulatory role in the
cell-cycle of Saccharomyces cerevisiae. FT-IR spectroscopy, ESI-MS, and IM measurements are used to capture dynamic
and short-lived conformational states, probing both secondary and tertiary protein structure. The results indicate that the isolated
Sic1 KID retains dynamic helical structure and populates collapsed states of different compactness. A metastable, highly
compact species is detected. Comparison between the fragment and the full-length protein suggests that chain length is crucial
to the stabilization of compact states of this IDP. The two proteins are compared by a length-independent compaction index.
INTRODUCTION
CKIs are key regulatory proteins that modulate kinase activ-
ities through the eukaryotic cell cycle. CKIs carry out their
inhibitory function by the formation of ternary complexes
with the target kinase and a cognate cyclin. The dynamic
composition of kinase complexes throughout the cell cycle
determines at which time and in which intracellular
compartment regulatory phosphorylation events will take
place (1).

Most CKIs belong to the class of IDPs (2,3). These
proteins lack an ordered three-dimensional structure in their
free state and undergo folding upon binding to specific inter-
actors. Intrinsic structural disorder seems to favor multi-
plicity of interactions, independent regulation of affinity
and specificity, regulation by post-translational modifica-
tions, and fast association kinetics (4). Nevertheless, no
clear correlation emerges from large-scale surveys between
degree of disorder and number of interactors (5). Structural
characterization of IDPs in their free state is essential to the
interpretation of their biochemical properties but it is tech-
nically challenging, due to their dynamic and heterogeneous
conformation (6). The available evidence suggests that IDPs
in the absence of interactors transiently populate partially
ordered or compact states (7–13).
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The protein Sic1 is a yeast CKI that binds to the target
Cdk1 kinase in complex with the G1 cyclins Clb5,6 (14).
The formation of these inhibitory complexes prevents phos-
phorylation of Cdk1G1 substrates, which is required to enter
S phase. The G1-to-S transition is executed only upon Sic1
degradation, which is, in turn, triggered by multiple Sic1
phosphorylations in its N-terminal region (10,15). Sic1 intra-
cellular levels rise again in late M phase. Sic1 has also been
implicated in other regulatory processes, such as mitosis exit
(16), coordination between cell growth and cell cycle
(17,18), and defense against osmotic stress (19). The Sic1
KID has been identified as the minimal protein fragment
required for complementation of the DSic1 phenotype
in vivo (20). Such a fragment corresponds to the C-terminal
70, out of 284, amino acids forming the native protein.

Previous work has shown that Sic1 is disordered in its
whole length, with some intrinsic propensity to form ordered
helical structure (7). The Sic1molecule also displays remark-
able compactness that makes it more similar to a collapsed
chain than to a random coil (7,10). Such intrinsic tertiary
structure can be denatured by acids and organic solvents
(7). Fragments corresponding to the N- and C-terminal moie-
ties have been produced, showing that the little content in
secondary structure is distributed quite uniformly throughout
the chain length, although the C-terminus is slightly more
ordered than the N-terminus (21). More remarkable differ-
ences between the N- and C-terminal regions emerge from
limited proteolysis experiments, which hint to the C-terminal
~1/3 of the protein as the most resistant fragment (7). Consis-
tent with such evidence, conformational analysis by ESI-MS
suggests that the Sic1 C-terminal domain is more structured
than its complementary N-terminal domain (22). Thus, alto-
gether, functional and structural features point to a modular
organization of this protein, despite its disordered nature.
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In vitro and in vivo degradation patterns suggest that the
boundary of the more compact C-terminal region lies close
to residue 186 (7,21).

The Sic1 C-terminal region is structurally and functionally
related to the mammalian p21 and p27 KID that is located,
instead, at the protein N-terminus (23). Detailed structural
characterization of the p27 KID has been achieved by NMR
and could be compared to the crystallographic structure of
the ternary complex with cyclin A and Cdk2 (24,25). The
residue-level description of secondary structure indicates
that, in the absence of interactors, short chain segments
transiently assume ordered backbone conformation. These
secondary-structure elements resemble those observed in the
bound state and correspond to docking elements of the interac-
tion surfaces.Therefore, these IFSUs (4) represent on-pathway
nuclei for complex formation. The mechanism of p27 binding
and induced folding has been investigated by an array of
different biophysical techniques (4). The ternary complex
formsvia a stepwiseprocesswhereone endof thep27KIDfirst
binds to cyclinA and the opposite end binds to Cdk2, covering
the ATP-binding site. Thus, the inhibitor wraps on the surface
of the cyclin A/Cdk2 complex in a highly extended conforma-
tion engaging its two ends in specific interactions with quite
distant binding sites. As a result, it acts as a structural and ther-
modynamic staple in the ternary complex (26).

Despite the detailed characterization of p21 and p27
secondary structure, very little is known about KID tertiary
structure for CKIs in the absence of interactors. The goal of
this work is to describe the conformational properties of
Sic1 KID in its free state, both in terms of secondary and
tertiary structure. The highly dynamic nature of IDPs makes
it difficult to capture structural features that might arise only
transiently in the unbound state. Here, conformational transi-
tions of Sic1KID are analyzed by complementary biophysical
methods. Secondary structure ismonitored byFT-IR spectros-
copy. Highly dynamic helical elements are detected. Protein
tertiary structure is probed by nondenaturing gel filtration,
ESI-MS, and ESI-IM-MS. The extent of ionization by electro-
spray reflects protein compactness in the original solution, at
the moment of transfer to the gas phase. The most compact
states result in the lowest charge states (27–29). ESI-IM-MS
resolves distinct conformers in the gas phase, based on their
different shape, and allows for direct detection of compact
species (30–32). The molecular ensemble of the isolated
KID fragment is found to interconvert between collapsed
states of different compactness. A small fraction of the popu-
lation is found in a highly compact state. Comparison to the
full-length protein hints to a critical role of chain length in
determining the overall compaction of this IDP.
MATERIALS AND METHODS

Sequence analysis

The values of net charge per residues were derived according to Pappu and

co-workers (33). Predictions of the Rh were performed according to
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Forman-Kay and co-workers (34). Sequence hydrophobicity was calculated

by the Kyte and Doolittle approximation (35), using a window size of

5 amino acids by the ProtScale Expasy tool (http://expasy.org/tools/).

The hydrophobicity of each residue was normalized to a scale between

0 and 1.
Protein expression and purification

The Escherichia coli strain BL21-Rosetta 2(DE3) (Novagen, EMD Chem-

icals, Darmstadt, DE) was used for heterologous expression of Sic1D214

fused to a His6 tag at its C-terminus (21). A glycine residue is inserted

between the His6 tag and the natural C-terminus of the protein (21).

Cultures in low-salt Luria-Bertani medium were grown at 37�C and

220 rpm to an optical density at 600 nm (OD600) between 0.5 and 0.7.

Cultures were then transferred to 30�C and induced with 200 mM

isopropyl-b-D-thiogalactopyranoside. Cells were harvested after 2 h by

centrifugation at 9400� g at room temperature for 15 min and either imme-

diately used for protein extraction or frozen at �20�C. Protein extraction

and purification were performed as previously described (21). Protein

concentration was assessed by the Bradford protein assay (Bio-Rad Labo-

ratories, Hercules, CA).
FT-IR spectroscopy

The FT-IR absorption spectra of Sic1D214 at a concentration of 800 mM in

D2O, 280 mM NaCl were collected in transmission using a Varian 670-IR

spectrometer (Varian Australia Pty Ltd., Mulgrave VIC, AU), equipped

with a nitrogen-cooled Mercury Cadmium Telluride detector, under

accurate dry-air purging. A sample volume of 20 mL was placed in a

temperature-controlled transmission cell with BaF2 windows separated by

a 150 mm teflon spacer. Spectra were collected under the following condi-

tions: 2 cm�1 resolution, 25 kHz scan speed, 1000 scans coaddition, and

triangular apodization. For temperature-variable experiments, the sample

was heated from 10 to 100�C at a rate of 0.4�C/min.

The Sic1D214 FT-IR spectra were obtained after subtraction of the solvent

absorption, collected under the same conditions. Measured spectra were

smoothed by a binomial function (11 points) and the second derivatives

were obtained by the Savitsky–Golay method (third grade polynomial, 5

smoothing points). The FT-IR spectra in transmission of Candida rugosa

Lipase 1 (CRL1) and a-synuclein in D2O solutions were also measured

at 2 cm�1 spectral resolutions and under conditions similar to the

Sic1D214 samples (13,36). Curve fitting of the Amide-I band as a linear

combination of Gaussian components was performed as previously

described (36,37). Briefly, the number of components and the initial values

of their peak positions were taken from the second derivative and FSD

spectra. The curve fitting was performed in two steps. First, peak wavenum-

bers were kept fixed and the other parameters were adjusted iteratively. In

the second step, peak positions were allowed to change as well, to optimize

the set of fitting functions. The final peak positions were found to be iden-

tical to those observed in the second derivative spectrum. The fractional

area of each Gaussian function over the total area reflects the percentage

of the corresponding secondary structure.

The above analysis was performed using the GRAMS/32 software

(Galactic Industries Corporation, Salem, NH), with the exception of the

FSD analysis, for which the Resolution-Pro software (Varian Australia

Pty Ltd, Mulgrave VIC, AU) was employed.
Analytical gel filtration

Gel filtration was performed on an ÄKTA purifier liquid-chromatography

system, using a prepacked, 30 cm � 1 cm SuperdexTM 75 HR column

(GE Healthcare, Little Chalfont, UK). Chromatography was carried out

at room temperature in 50 mM sodium phosphate, pH 8.0, 200 mM NaCl

at a flow rate of 0.5 mL/min, and monitored by absorbance at 280 nm.

http://expasy.org/tools/


TABLE 1 Disorder parameters for Sic1D214 and Sic1FL

Sic1D214 Sic1FL

No tag Histidine tag No tag Histidine tag

N 70 77 284 291

f� 0.214 0.195 0.148 0.144

fþ 0.243 0.221 0.151 0.148

Compact Conformations of Sic1 KID 2245
A calibration curve was constructed using the following standards

(0.75 mg/mL): bovine aprotinin (6,500 Da), horse cytochrome c

(12,400 Da), horse myoglobin (17,600 Da), chicken ovalbumin

(45,000 Da), equine apoferritin (80,000 Da) (Sigma Aldrich, St. Louis,

MO), and recombinant green fluorescent protein (29,800 Da). A second

calibration curve was constructed to calculate the Rh values of Sic1
FL and

Sic1D214, by plotting the Rh values of the standards (ovalbumin, myoglobin,

cytochrome c, and aprotinin) against their relatve elution volume (38–40).

fþ - f� 0.029 0.026 0.004 0.004

<H> 0.33 0.32 0.38 0.37

Q 2 2 1 1

Ppro 0.043 0.039 0.095 0.093

Calculated

Rh (Å)

21.64 (20.27) 22.72 (19.07) 44.15 (43.79) 44.70 (39.84)

Rh by gel

filtration (Å)

20.57 5 0.22 31.25 5 3.53

CI by gel

filtration

0.57 5 0.03 0.77 5 0.13

N, sequence length. fþ - f�, net charge per residue as defined by Pappu and

co-workers (33), where fþ and f� are the fractions of negatively and

positively charged residues, respectively. <H>, mean Kyte-Doolittle

hydropathy score (35).Q, difference between the total number of negatively

charged and positively charged residues. Ppro, fractional proline content.

Rh was calculated by the simple power-law model Rh ¼ R0N
n (Eq. 2 of

reference 34), with parameters for IDPs, R0 ¼ 2.49 Å and n ¼ 0.509,

or (values in parentheses) by the sequence-based model.

Rh ¼ ðAPpro þ BÞðCjQj þ DÞShis � R0N
n (Eq. 6 of reference 34), where

A ¼ 1.24, B ¼ 0.904, C ¼ 0.00759, D ¼ 0.963, Shis ¼ 0.901 (correction

factor for histidine tag), R0 ¼ 2.49 and n ¼ 0.509. The Rh values of folded

and unfolded proteins used to calculate CI were derived from Eq. 2 of

reference 34.
Mass spectrometry

ESI-MS experiments were performed on a hybrid quadrupole-time-of-flight

mass spectrometer (QSTAR ELITE, Applied Biosystems, Foster City, CA)

equipped with a nano-ESI sample source. The samples contained 10 mM

Sic1D214 in 50 mM ammonium acetate at the proper pH, which was adjusted

by ammonium hydroxide or formic acid before protein addition. Metal-

coated borosilicate capillaries (Proxeon, Odense, DK), with medium-length

emitter tip of 1 mm internal diameter, were used for nanospray. The instru-

ment was calibrated using renine inhibitor (1757.9 Da) (Applied Biosys-

tems) and its fragment (109.07 Da) as standards. Spectra were acquired in

the 500–2000 m/z range, with accumulation time 1 s, ion-spray voltage

1200–1400 V, declustering potential 60–80 V, and instrument interface at

room temperature. Spectra were averaged over a time period of 2 min.

Data analysis was performed by the program Analyst QS 2.0 (Applied Bio-

systems). Gaussian fitting of ESI-MS spectra was carried out on row data re-

porting ion relative intensity versus charge (22). These datawere fitted by the

minimal number of Gaussian functions leading to a stable fit. The relative

peak areas were used to build the profile of the pH-dependent transition.

Data from three independent acquisitions at each pH values were fitted by

a Boltzmann sigmoidal function (final R2> 0.98). Fitting analyses were per-

formed by the software OriginPro 7.5 (Originlab, Northampton, MA).
IM

IM-mass spectrometry was performed under nondenaturing conditions, by

reconstituting samples into aqueous ammonium acetate buffer (pH 7.0) and

removal of nonvolatile salts and buffers using micro bio-spin buffer

exchange columns (Bio-Rad Laboratories). The protein sample (10 mM)

was introduced into the mass spectrometer using nano-ESI with an Advion

Triversa inlet system (Advion, Ithaca, NY). Mass-to-charge values and drift

time of positive ions were determined using a Waters Synapt 1 T-wave IMS

quadrupole-time-of-flight MS/MS system (Waters Corporation, Milford

MA). Experimental parameters were chosen to optimize desolvation of

sample ions, maintaining conditions that promote the transmission of intact

protein ions, while possible disruption of native conformations is mini-

mized (Sampling Cone 60 V, Extraction Cone 0 V, Trap Collision Energy

6.0 V, Transfer Collision Energy 4.0 V, Trap DC Bias 20.0 V, Backing pres-

sure 1.47e0 mbar and Source Pressure 4.66e-4 mbar, IMS Wave Velocity

350 m/s, IMS Wave Height 8.0 V).
RESULTS AND DISCUSSION

Sequence analysis

Recent analyses of IDPs phase diagrams point to mean
hydrophobicity and mean net charge as discriminating order
parameters (33,34,41–43). The mean hydrophobicity value
<H> for Sic1D214 is quite low, 0.33, and close to the value
calculated for the full-length Sic1 (Sic1FL) protein (0.38,
Table 1). Such a low hydrophobicity places Sic1 and its
fragment in the region of the natively unfolded proteins in
the bidimensional diagram developed by Uversky and co-
workers (42). This result is consistent with the already re-
ported conclusion that Sic1 is disordered in its whole length
(7). To evaluate sequence polarity, the net charge per residue
was calculated as the difference between the fraction of
positively charged residues (fþ) and the fraction of nega-
tively charged residues (f�), according to Pappu and co-
workers (33). The fþ - f� values for Sic1D214 and Sic1FL

are well below the recognized threshold of 0.2, discrimi-
nating globular and coil-like IDPs. These results suggest
that both Sic1D214 and Sic1FL would preferentially populate
collapsed states. In particular, according to Pappu and co-
workers (33), these proteins would belong to the category
of the weak polyelectrolytes/polyampholytes, characterized
by relatively small values of both parameters fþ and f�.
Altogether, these sequence features would identify
Sic1D214 and Sic1FL as disordered globules in the three-
dimensional phase diagram proposed by Pappu and co-
workers (33), where they would lie quite close to the axis
origin.
Secondary structure by FT-IR spectroscopy

The fragment produced in this work encompasses the
sequence from residue 215 to the C-terminus and corre-
sponds to the minimal Sic1 fragment retaining inhibitory
activity (20,23). Protein expression and purification was
carried out from a recombinant E. coli strain carrying
Biophysical Journal 100(9) 2243–2252



FIGURE 1 Sic1D214 secondary structure by FT-IR spectroscopy. (A)

Amide-I absorption spectrum (continuous line) and curve-fitted spectrum

(dashed line) of Sic1D214 in D2O solution. The curve fitting of the spectrum

as a linear combination of Gaussian components (dot-dashed lines) is

superimposed to the measured spectrum. The Fourier self-deconvoluted

(dotted line) and the second derivative (continuous bold line) spectra are

also reported. (B) Amide-I second derivative spectra of Sic1D214 in D2O

solution at different temperatures from 10�C (bold continuous line) to
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plasmid pET21a[SIC1D214] as previously described (21).
The purified fragment was employed for secondary structure
analysis by FT-IR spectroscopy in the Amide-I region (1600
to 1700 cm�1). Data were acquired in D2O, because random
coil and a-helix contributions largely overlap in H2O (44).
The Sic1D214 absorption spectrum measured at 10�C is re-
ported in Fig. 1 A. To resolve the Amide-I band constituents,
FSD and second derivative were calculated from the raw
spectrum. The results are reported in Fig. 1 A, together
with the Amide-I curve fitting into Gaussian components.
The second derivative spectrum is dominated by the
~1640 cm�1 band, which can be assigned to random-coil
structure (44). In addition, other components were identified
and their relative intensities quantified by Gaussian fitting
from the ratio of their band area over the total Amide I
area (36,44). They were found to be ~15% turns (1676
and 1670 cm�1), ~30% a- and 310-helix (1656 cm�1),
~40% random coil (1640 cm�1), and ~15% b-strands
(1627 cm�1).

Comparison of Sic1D214 second derivative spectrum with
those of CRL1 (a natively folded a/b protein) and a-synu-
clein (a well-known IDP) highlights the disordered nature
of Sic1D214 (Supporting Material, Fig. S1). Indeed, its
second derivative FT-IR spectrum is very similar to that of
a-synuclein. Moreover, we should note that a protein con-
taining ~30% of helical structure, such as CRL1, usually
displays a strong and well-resolved peak in the second
derivative spectrum (36). In the case of Sic1D214, however,
the contribution at 1656 cm�1 appears only as a shoulder
of the main 1640 cm�1 peak, as expected for a component
having a large band width (45). Indeed, in this case, the
a-helical component is quite broad, with a band width
comparable to that of the random-coil component. This
result can be due to the presence of dynamic a-helical struc-
tures and possibly also to 310 helices. It can be concluded
that this protein fragment has a disordered nature, with
a predominance of random coil and a certain intrinsic
propensity to form ordered secondary structure elements.

FT-IR measurements were also performed at variable
temperatures (Fig. 1, B and C). By heating the sample up
to 100�C, the random-coil band around 1640 cm�1 in the
second derivative spectra shifts to 1645 cm�1, whereas the
intensity of the 1656 cm�1 a-helical component seems to
increase. As indicated by the profiles reported in Fig. 1 C,
these effects are small but reproducible. Furthermore, the
thermal transition is reversible. The results suggest that
a minor structural rearrangement is induced by heat, in
agreement with previous data on the full-length protein (7).
100�C (dashed line). Arrows indicate the trend of spectral changes at

increasing temperature. (C) Peak position of the ~1640 cm�1 component

and intensity change of the 1656 cm�1 component as a function of temper-

ature, both taken from the second derivative spectra.
Hydrodynamic behavior by gel filtration

The hydrodynamic behavior of the Sic1D214 was character-
ized by gel filtration (Fig. 2). When standard globular
proteins are used for column calibration, the elution time
of Sic1D214 yields an apparent molecular mass of 18,381
Biophysical Journal 100(9) 2243–2252



FIGURE 2 Hydrodynamic behavior of Sic1D214 and Sic1FL compared to

standard globular proteins. Analytical gel filtration of ~100 mM protein in

50 mM sodium phosphate, pH 8.0, 200 mM NaCl. Ve, elution volume;

Vo, void volume; Apo, apoferritin; Ov, ovalbumin; GFP, green fluorescent

protein; Mb, myoglobin; Cyt c, cytochrome c; Apr, aprotinin. The reported

values are the average from three independent experiments. Standard devi-

ation was within 6.5%.
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Da, well above the real value (9,293 Da, see below) (21).
This result is consistent with a disordered nature of this
protein. Based on the known Rh of the standards, the gel
filtration data also allow estimating of the Rh value of
Sic1D214 (40). The results indicate a value of 20.57
(5 0.22) Å. The same procedure has been applied, for
comparison, to Sic1FL yielding a value of 31.25 (5 3.53)
Å (Fig. 2, Table 1). That these values actually refer to the
intact products and that no proteolytic degradation had
occurred during the analysis has been checked by SDS-
electrophoresis of the eluted material.

It would be interesting to compare the degree of compac-
tion of Sic1D214 and Sic1FL with reference to globular and
denatured proteins. Relevant to this point, the Rh values of
folded, globular proteins and those of chemically denatured
proteins display a well-characterized dependence on the
number of residues, N, and can be fit by simple power-law
equations (34). Thus, we define the compaction index (CI):

CI ¼ RD
h � Rh

RD
h � RF

h

;

where Rh is the experimental value for a given protein and
RD
h and RF

h are the reference values calculated for a chemi-
cally denatured or a globular, folded protein of the same
size. Different from the frequently used parameter Rh=R

D
h ,

CI does not depend on N and, therefore, it allows for
comparison among proteins of different lengths. The CI
value can vary between 0 and 1, with 0 indicating minimal
compaction and 1 maximal compaction. This index could be
applied to any structural feature linked to compactness (also
the gyration radius, for instance), given that the reference
curves for folded and unfolded proteins used in the calcula-
tion are built to fit the same parameter. By using the
reference equations for Rh published by Forman-Kay and
co-workers (34), we obtain CI values of 0.57 (5 0.03) for
Sic1D214 and 0.77 (5 0.13) for Sic1FL. Slightly different
values are obtained using the equations published by
Uversky (40), namely, 0.63 (5 0.02) for Sic1D214 and
0.80 (5 0.13) for Sic1FL. These results indicate that the
full-length protein displays higher overall compaction than
the fragment. Because the isolated N-terminal moiety is
even more disordered than the here considered C-terminal
fragment (22), it can be conceived that either long-range
coupling between the N- and C- termini or indirect effects
of chain length play a role in the compaction of the full-
length protein. Nevertheless, gel filtration offers relatively
low resolution and low sensitivity, and captures only
average features of the molecular ensemble.
Tertiary structure by ESI-MS and ESI-IM-MS

Finer characterization of tertiary structural features of
Sic1D214 was achieved by ESI-MS. Protein CSDs obtained
by ESI-MS are strongly affected by the global compactness
of the protein structure at the moment of transfer from the
liquid to gas phase (28,46). It has been shown that the ioni-
zation behavior can effectively distinguish not only folded
and unfolded protein, but also partially folded forms from
both the above (27–29). Furthermore, this kind of analysis
offers the typical advantage of MS methods, namely to
describe heterogeneous samples by direct detection of the
distinct components (29). Thanks to these features, ESI-
MS is particularly well suited to the identification of labile
compact forms that might arise transiently within a molec-
ular population. The spectra of Sic1D214 under nondenatur-
ing conditions are characterized by sharply bimodal
distributions, with a predominant form centered on the
10þ ion and a minor component centered on the 7þ ion
(Fig. 3 A). Such a distribution is typical for coexistence of
two distinct conformers of different compactness that do
not interconvert on the time scale of the proton-transfer
reactions that label protein molecules during the ESI
process. The peak envelope at lower charge states (7þ)
would reflect the more compact form. Bimodal distributions
have been observed on other Sic1-derived fragments (22).
The relative contributions of the two components to the
CSDs can be quantified by Gaussian fitting, upon transfor-
mation of the spectra to x ¼ z abscissa axis (22). The results
of such a procedure are reported in the insets of Fig. 3.
Although quantitation of different conformers by ESI-MS
can only be taken indicatively (47), the apparent relative
amount of the compact form in 50 mM ammonium acetate,
pH 6.5 is quite small (~20%). Mass deconvolution yields
a value of 9293.5 Da (þ/� 0.1 Da), consistent with the
sequence of the fragment with the His6 tag and without
initial methionine (calculated mass 9293.4 Da).

To confirm that the two peak envelopes correspond to
distinct conformational states, the effects of acids and
organic solvents have been investigated (Fig. 3 B and C).
By the addition of 1% formic acid, the more compact
Biophysical Journal 100(9) 2243–2252



FIGURE 3 Sic1D214 tertiary structure and unfolding. Nano-ESI-MS

spectra of 10 mM protein in (A) 50 mM ammonium acetate, pH 6.5; (B)

50 mM ammonium acetate, 1% formic acid (pH ~3); and (C) 50 mM

ammonium acetate, 1% formic acid, 50% acetonitrile. The main peak of

each component is labeled by the corresponding charge state. The results

of Gaussian fitting of the CSDs are shown in the insets. (D) Profile of the

pH transition, showing the relative amount of the collapsed species C2

Biophysical Journal 100(9) 2243–2252
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form decreases and the highly charged component accumu-
lates. By the further addition of 50% acetonitrile, the
compact form disappears completely. These results suggest
that the component centered on the 7þ ion has considerable
tertiary structure that is destabilized by acids and organic
solvents. The pH dependence reveals a quite cooperative
transition (Fig. 3 D). This response to pH might reflect the
transition from disordered globule to swollen coil at
increasing fþ - f� in the phase diagram proposed by Pappu
and co-workers (33). The pH response of this protein frag-
ment is consistent with its amino acid sequence, counting
15 acidic residues (Fig. 3 E). Although the His6 tag does
not change significantly the pI (9.13 with tag and 9.11
without tag) its presence might affect the shape of the tran-
sition. These effects of denaturing agents on the CSD
provide important control evidence that the low-charge
component in Sic1D214 spectra is not artifactual. The high-
charge component, instead, responds to denaturing agents
only by a minor shift in the main charge state from 10þ
to 11þ. Therefore, the 11þ form can be identified as the
most unfolded species, whereas the 10þ component is char-
acterized by modest intrinsic compactness. We name the
10þ and 7þ components, respectively, C1 and C2, referring
to collapsed species of different compactness.

Altogether, this evidence strongly suggests that the
component centered on the 7þ ion reflects a metastable
compact state of this molecule in solution. No significant
changes were observed by varying the buffer concentration
between 10 and 50 mM. It should be underscored that a net
charge 7þ reflects a surprisingly high compactness for this
protein fragment. Indeed, it closely matches the average
charge (7.5) calculated for a globular, folded protein of
this size, according to the empiric charge-to-mass relation
in protein ESI-MS (48). The effect of pH has been investi-
gated also by FT-IR spectroscopy. The second derivative
spectrum at pH 1.5 displays a small reduction of the
shoulder around 1627 cm�1, which characterizes the spec-
trum at pH 6.5 (Fig. S2). This difference suggests that
also minor rearrangements in protein secondary structure
take place at acidic pH. The region influenced by these
changes is that of b-strands.

The existence of compact conformations of the here
considered proteins was further tested by ESI-IM-MS
measurements (Figs. 4 and 5). This method adds a second
dimension to conventional ion sorting by ESI-MS, based
on their mobility through a buffer gas under the influence
of an electric field (30–32). Under these conditions, IM is
directly related to the shape and overall topology of the
ion, leading to separation of the ions on the basis of their
structural compactness. Although protein charging during
electrospray is affected by the structural properties of the
over the total population as a function of pH. The line represents data fitting

by a sigmoidal curve. Error bars indicate the standard deviation from three

independent acquisitions. (E) Amino acid sequence of Sic1D214.



FIGURE 4 Analysis of Sic1D214 distinct conformers in the gas phase with nondenaturing nano-ESI-IMS-MS. (A) IM-plot reporting the drift time measure-

ments for each charge state. The dotted lines connect corresponding conformations that differ in IM due to their different charges. (B) Arrival time distri-

bution for the 6þ charge state. (C) Corresponding nano-ESI-MS spectrum. The infused sample was 5 mM protein in 50 mM ammonium acetate pH 6.5.
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protein in solution, IM is, obviously, affected by the actual
conformation held by the protein in the gas phase. Folded
or partially folded conformations can survive upon desolva-
tion for low charge states. Highly charged ions, instead, tend
to open into more extended conformations due to electro-
static repulsions, especially when they become activated
due to collisions with background gas during transit of the
mass spectrometer. The drift time plots obtained with
Sic1D214 (Fig. 4), under conditions that minimize thermal
(collisional) activation of the ions, reveal two well-resolved
populations. Because IM depends on the charge of the ions
as well, particles with the same collisional cross sections
come to lie on oblique lines (indicated in the figure). The
species with the lowest mobility is enriched at high charge
states and represents the least compact conformer. A second
species with higher mobility is detectable and is, therefore,
characterized by higher compactness. This species is maxi-
mally enriched at the charge states 5þ and 6þ. The arrival
time distribution for charge state 6þ is reported in Fig. 4 B.
These results provide direct evidence of the existence of
compact conformations of Sic1D214, clearly distinguishable
from the extended form of the protein. Therefore, IM anal-
ysis supports the hypothesis that the observed bimodal CSD
is due to coexistence of at least two distinct conformers.

The spectrum reported in Fig. 4 C also reveals a small
fraction of dimer-specific peaks at high m/z values, suggest-
ing that Sic1D214 might have an intrinsic propensity to
dimerize. Dimers can be identified in the high-m/z range
Biophysical Journal 100(9) 2243–2252



FIGURE 5 Analysis of Sic1FL distinct conformers in the gas phase with nondenaturing nano-ESI-IMS-MS. (A) IM-plot reporting the drift time measure-

ments for each charge state. The dotted lines connect corresponding conformations that differ in IM due to their different charges. (B) Arrival time distri-

bution for the 10þ charge state. (C) Corresponding nano-ESI-MS spectrum. The infused sample was 5 mM protein in 50 mM ammonium acetate pH 6.5. The

signals of proteolytic fragments are labeled with * and # in panels A and C.
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of the IM-plot (Fig. 4 A). However, no dimers are detected
for the same sample under the other instrumental setup em-
ployed for this work (Fig. 3). Therefore, Sic1 dimers must
be highly unstable and prone to dissociate under electro-
spray conditions. More detailed studies will be needed to
evaluate the structural and functional relevance of this
dimeric species. It cannot be ruled out that they simply
derive from low-level nonspecific association. The dimeric
assemblies also reflect the existence of two conformational
states of the protein subunits.

The same analysis has been carried out on the intact
protein, Sic1FL (Fig. 5). In this case, the ESI-IM-MS 2D
plots reveal three distinct populations (Fig. 5 A). The
predominant one displays the lowest mobility and corre-
sponds, therefore, to the most extended conformation. As
expected, this species is enriched at the highest charge states
(34þ to 20þ). A second population with intermediate
mobility is detectable for the charge states between 20þ
and 12þ. Finally, a well-resolved series of peaks corre-
Biophysical Journal 100(9) 2243–2252
sponding to the highest mobility is resolved in the low-
charge region of the plot. This species is detectable for the
charge states between 13þ and 9þ and is highly enriched
for the 10þ ions. The arrival time distribution for this charge
state is reported in Fig. 5 B. These data indicate that, under
nondenaturing conditions, collapsed states can be identified
also for the intact protein. The analysis of Sic1FL CSD
(Fig. 5 C) indicates that the molecular ensemble is more
homogeneous than observed for Sic1D214. Indeed the CSD
is unimodal, rather than bimodal, with only some tailing
to the right side. Thus, the large majority of Sic1FL mole-
cules are found in a compact state. That the component
centered around the 30þ ion corresponds to a partially
folded species in solution is also supported by previous
denaturation studies (7). Although the presence of histidine
tags has been shown to slightly affect compactness of IDPs
(34), the differences emerging from this comparison should
be ascribed to the different primary structure of the two
proteins, because both products contain a His6 tag.
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Fig. S3 summarizes the results reported here, comparing
calculated and experimental Rh values for both Sic1

D214 and
Sic1FL. The curve describing the dependence of Rh on chain
length for IDPs in general (34) predicts the highest values.
Slightly smaller values are calculated by the more accurate
model that uses sequence-specific information (34). The
average Rh measured by gel filtration for Sic1D214 is very
close to the calculated value. We attribute this Rh value to
the highly predominant C1 component. Therefore, the C1
conformer of Sic1D214 approximates the average compact-
ness of IDPs for this chain length. The C2 conformer is
not included in this plot because it could not be resolved
by gel filtration, but would lie well below C1. The average
experimental value for Sic1FL is much below both theoret-
ical values calculated for the intact protein. This result is
consistent with MS data, indicating that most of the Sic1FL

protein is found in a highly collapsed state. Altogether, these
results indicate that both Sic1FL and Sic1D214 have a propen-
sity to populate conformational states with higher compact-
ness than predicted by the average behavior of IDPs.
CONCLUSION

Rapidly growing evidence indicates that IDPs in their
unbound state (7–12,33,34) not only are far from resembling
a true random coil, but are also quite different from chemi-
cally denatured proteins. However, the degree of compac-
tion for IDPs is more variable than observed for folded,
globular proteins (34). Sic1 is an example of IDP populating
collapsed states of particularly high compactness. Neverthe-
less, compact states are destabilized in the isolated
C-terminal fragment, relative to the native protein. Indeed,
only a minor fraction of the molecular population is found
in a compact state for Sic1D214, consistently with the quite
low CI value measured by gel filtration. The results reported
here suggest that chain length could play an important role
in stabilizing compact states of poorly foldable sequences.

The picture that emerges for the isolated Sic1 KID frag-
ment is that of a highly dynamic structure, in which transient
secondary and tertiary structure can develop. The detailed
NMR studies performed on the related proteins p21 and
p27 have shown that IFSUs are on-pathway for complex
formation with the binding partners cyclin and kinase (4).
However, highly compact tertiary structure might not be
productive for complex formation, because the inhibitor
seems to bind to its interactors in an extended conformation
(23,24). More studies will be needed to understand whether
the compact states detected here are on-pathway intermedi-
ates in the formation of Sic1 physiological complexes.
Furthermore, it still remains to be clarified which interac-
tions are responsible for chain compaction and which resi-
dues they involve.

The highly dynamic and heterogeneous molecular
ensemble representing unfolded proteins poses a major
challenge to structural characterization by biophysical
methods. Short-lived structured states can, indeed, easily
escape detection. Nevertheless, compact states of IDPs
have been detected by several different biophysical tech-
niques, such as small-angle x-ray scattering (10,49),
atomic-force microscopy (50), Förster resonance energy
transfer (51), ESI-MS (13), ESI-IM-MS (52), NMR studies
on translational diffusion coefficients (10), and paramag-
netic relaxation enhancement (10,12). The ion-sorting
process inherent to MS measurements offers the possibility
to directly assess species distributions in complex mixtures,
allowing detection of metastable conformational states.
Combining this information with structural data derived
from IM measurements can offer an in-depth description
of highly dynamic molecular systems.
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