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Abstract

Attractive interactions between intrinsically disordered proteins can be crucial for the functionality or, on the
contrary, lead to the formation of harmful aggregates. For obtaining a molecular understanding of intrinsically
disordered proteins and their interactions, computer simulations have proven to be a valuable complement to
experiments. In this study, we present a coarse-grained model and its applications to a system dominated by
attractive interactions, namely, the self-association of the saliva protein Statherin. SAXS experiments show
that Statherin self-associates with increased protein concentration, and that both an increased temperature
and a lower ionic strength decrease the size of the formed complexes. The model captures the observed
trends and provides insight into the size distribution. Hydrophobic interaction is considered to be the major
driving force of the self-association, while electrostatic repulsion represses the growth. In addition, the model
suggests that the decrease of association number with increased temperature is of entropic origin.

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Intrinsically disordered proteins (IDPs) are char-
acterized by a lack of stable tertiary structure under
physiological conditions in vitro [1,2] and hence are
best described by conformational ensembles [3,4].
Bioinformatic studies have led to the conclusion that
10%–20% of the eukaryotic proteins are intrinsically
disordered, and even more proteins contain intrinsi-
cally disordered regions (IDRs) [5–8]. It has also
been established that IDPs and IDRs are involved in
many biological processes and diseases, and that
the lack of folded structure is related to their
functions [7,9].
Attractive interactions between IDPs can lead

to the formation of aggregates, which in the case
of diseases such as Parkinson's disease and
Alzheimer's disease is harmful [10]. IDP attractions
can also be fundamental for a desired outcome, such
as in the formation of proteinaceous membrane-
less organelles [11–14], which are condensed liquid
droplets often enriched in IDPs and IDRs and
commonly found in the cell cytoplasm and nucleus
uthor. Published by Elsevier Ltd. This
g/licenses/by-nc-nd/4.0/).
[15]. Various pieces of evidence suggest that liquid–
liquid phase separation is a driving force for the
formation of some proteinaceous membrane-less
organelles [11–14], and that the phase separation
itself is driven by weak multivalent interactions
between disordered proteins [16,17].
For understanding IDPs and their interactions,

computer simulations are a useful complement to
experiments [18,19]. There have been considerable
advances regarding atomistic simulations of IDPs,
where development and justification of force fields
and water models have been validated against
experimental results [20–24]. The full-atom ap-
proach and explicit water treatment in atomistic
simulations are great advantages for gaining a
molecular understanding, however, atomistic simu-
lations are computationally demanding, both regard-
ing execution time and data storage. Hence, this
poses limitations on the accessible timescale and
system size, and therefore, a coarse-grained ap-
proach is a more viable option for studying complex
systems, such as the examples above. Recently, a
coarse-grained model based on the primitive model,
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512 Self-Association of IDPs
in combination with Monte Carlo simulations, has
proven capable of capturing bulk properties at dilute
conditions for a range of IDPs [25]. We aim to
develop this model to also account for more complex
systems, and first is the investigation of a model
system dominated by intermolecular attractions,
namely, the self-association of the saliva protein
Statherin. Statherin has a distinct amphiphilic char-
acter in its primary sequence, shown in Fig. 1.
Almost all charges are located in the N-terminal part,
starting with a block of negative charges, followed
by a block of positive charges. From the hydropathy
values in the Kyte–Doolittle scale [26], it is shown
that overall the hydropathy is rather low, which is
typical for IDPs. However, residues 15–43 contain
seven tyrosines, whose aromatic side chains have
been established to be of importance for liquid–liquid
phase separation [27,28]. Statherin also consists of
16%proline residues, which are denoted as “disorder-
promoting” [29].
In this work, Statherin is characterized experimen-

tally at monomeric conditions through the use of
small-angle X-ray scattering (SAXS) and circular
dichroism (CD), and at self-associating conditions
through SAXS experiments and simulations. The
simulation model is validated against the experiments
and is demonstrated to be useful for describing
polydispersity and the interplay betweenelectrostatics,
hydrophobic interactions, and entropy in the self-
association process.
Fig. 1. (a) Amino acid sequence of Statherin with the
charge distribution at pH 8 and certain amino acids
highlighted. Positive residues are marked in blue, negative
in red, phosphorylated serines with the charge −2e in
dark red, and prolines in lilac and tyrosines in green. (b)
Charge distribution and (c) hydropathy values using the
Kyte–Doolittle scale, where −4.5 is the most hydrophilic
and +4.5 is the most hydrophobic [26].
Results and Discussion

The experimental results for Statherin at mono-
meric conditions are presented first, followed by the
self-association studied both experimentally and by
Monte Carlo simulations.
Monomeric behavior

In Fig. 2a–c, data for monomeric Statherin
obtained by SAXS coupled with size-exclusion
chromatography (SEC’ taken from Ref. [25]) is
presented. From regular SAXS measurements at
low protein concentration (0.24 mg/mL), the molec-
ular weight was determined to be 5.29 kDa, based
on the forward scattering, I0, obtained from the
pair distance distribution function, P(r) [25]. This is in
good agreement with the theoretical molecular
weight of 5.38 kDa, confirming monomeric condi-
tions. As seen in Fig. 2a, Statherin shows the typical
featureless scattering profile of an IDP. The IDP
character is also verified by the dimensionless
Kratky plot in Fig. 2b, where the profile has an
uprise slope and reaches a plateau at higher q
values, typical for flexible chains. In addition, the
CD data presented in Fig. 2d confirm a random coil
behavior with some presence of secondary struc-
ture. The global minimum is located at 205 nm,
which is slightly higher than the usual 198 nm for
random coils; however, it is typical for poly-proline II
(PPII) structure. The shallow minimum close to
222 nm might suggest a small presence of α-helix.
Several studies of Statherin with CD or NMR have
suggested that the charged N-terminal has a
propensity for forming α-helix and that a part of
the middle adopt PPII structure. Nevertheless, the
overall structure is still disordered in aqueous
solution [30–34]. Fig. 2d also shows that there are
no large differences in structure due to salt
concentration.
The radius of gyration for monomeric Statherin in

150 mM NaCl has been reported as 19.3 ± 0.2 Å,
based on theP(r) presented in Fig. 2c [25]. With urea,
the radius of gyration is increased to 22.1 ± 0.2 Å for
4 M urea and to 23.7 ± 0.3 Å for 8 M urea. The
dimensionless Kratky plot, shown in Fig. 3a, also
indicates an increase in stiffnesswhen urea is added.
From CD measurements it is seen that the mean
residue ellipticity ([θ]MRW) at 228 nm, presented
in Fig. 3b and c, increases linearly with increased
urea concentration and also becomes positive at high
urea concentrations. This corresponds to an in-
crease of PPII content, in agreement with the study
by Whittington et al. [35], reporting that urea
promotes PPII formation. PPII conformation is more
extended than both random coil and α-helix; hence,
this explains the changes observed in the SAXS
measurements.



Fig. 2. SAXS data for Statherin obtained by SEC-SAXS, at 150 mM NaCl and 20 mM Tris buffer with pH 8, from
Ref. [25]. (a) Form factor, (b) dimensionless Kratky plot, and (c) pair distance distribution function. (d) CD spectra for
Statherin in 10 and 150 mMNaF and 20 mM phosphate buffer (pH 8) with a protein concentration of 0.11 and 0.13 mg/mL,
respectively, measured at 20 °C.
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Temperature also induces changes in secondary
structure. With increased temperature, the [θ]MRW
increases at 205 nm and decreases at 228 nm, as
shown in Fig. 4, suggesting a loss of PPII as described
by Kjaergaard et al. [36] for other IDPs. The loss of
PPII appears rather proportional to temperature.

Self-association

Experimental results

With increased protein concentration, Statherin
self-associates into complexes, which is evident
from an increase in forward scattering. The average
number of proteins per complex was determined
from the forward scattering and is presented against
the protein concentration in Fig. 5a for the reference
system with 150 mM NaCl. Panels b and d in the
same figure present corresponding data from simula-
tions and will be discussed in the next section. The
growth is linear with respect to concentration up to
10 mg/mL, and afterward, the slope decreases, which
might suggest a maximum size of the Statherin
complex. Likewise, the radius of gyration follows the
same trend, although a plateau is reached earlier.
However, a depression of the forward scattering at
higher concentrations due to a structure factor cannot
be ruled out, and therefore, the high concentration
data should be interpreted with care. Especially since,
at 24 mg/mL and higher concentrations, inter-particle
interference is visible in the P(r) as a decrease below
zero at long distances. The scattering curves, Guinier
plots, and I0 and radius of gyration determined by
both Guinier and P(r) are provided in Supplemental
information.
The Kratky plot in Fig. 5c shows a transition from

flexible chain behavior to more globular when the
complexes are formed. The complexes are also
more spherical in shape than the free proteins, which
is evident from the pair distance distribution function
presented in Fig. 6, plotted to enhance the differ-
ences compared to a sphere.
Since urea weakens hydrophobic interactions

[37], the effect of urea on the Statherin complexes
was studied. With 8 M urea, no increase in forward
scattering was observed even when reaching
32 mg/mL in protein concentration. The only effect
observed was a lowering of the forward scattering
due to a structure factor emerging. This indeed
suggests hydrophobic interactions as a driving force
for the self-association in Statherin. With 4 M urea,
it was a downshift at intermediate q when going from
2 to 4 mg/mL and that continued for even higher
protein concentrations (data not shown). This in



Fig. 4. Temperature dependenceofmonomeric Statherin
(0.13 mg/mL) with 150 mMNaF in 20 mM phosphate buffer
at pH 8. (a) CD spectra and (b) mean residue ellipticity at
205 nm (black circles) and 228 nm (gray squares).

Fig. 3. Effect of urea. (a) Dimensionless Kratky plot for
Statherin at 150 mM NaCl measured by SEC-SAXS and
with 8 M urea measured by SAXS at a protein concentra-
tion of 4 mg/mL, (b) CD spectra and (c) mean residue
ellipticity at 228 nm for Statherin (0.12–0.14 mg/mL)
versus urea concentration, obtained from CD measure-
ments at 20 °C and pH 8.
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combinationwith a decrease in slope in the Kratky plot
with increasing concentration suggests that there are
still complexes forming in 4 M urea. For surfactants,
both the critical micelle concentration and the micelle
size have been reported to change with the concen-
tration of urea [38–40].
Self-association has been observed no matter

the salt concentration, which supports hydrophobic
interactions being the major driving force. However,
the average association number appears to increase
with increased ionic strength, as presented in Fig. 7a.
Due to the possibility of structure factor influence on
the scattering data at lower ionic strength, the effect
of electrostatic interactions is further discussedwithin
the framework of the simulations (data presented in
Fig. 7b).
Changing the temperature also affects the self-

association, as shown by a decrease in association
number with increased temperature in Fig. 8. The
average radius of gyration follows the same trend
(data not shown). The decrease of the association
number with temperature has also been observed
for surfactants with ionic or zwitterionic headgroups
[41], while non-ionic surfactants have shown the
opposite temperature dependence [41,42]. For the
intrinsically disordered milk-protein β-casein, the
association number increases with increased tem-
perature at neutral pH [43], as for non-ionic surfac-
tants. Although β-casein and Statherin have similar
block structures, the overall hydrophobicity is higher
in β-casein. Hence, it is not unreasonable that the
temperature dependence is different.



Fig. 5. (a) Average number of proteins per complex (black circles) and radius of gyration (gray squares) versus protein
concentration determined from SAXS. (b) Average number of proteins per complex versus protein concentration from
simulations. (c) Dimensionless Kratky plot from experiments. (d) Dimensionless Kratky plot from simulations. The data is
reported for the reference system (experimental conditions: 20 mM Tris, 150 mM NaCl, pH 8, 20 °C; simulation
conditions: 150 mM implicit salt, 20 °C). In panel a, the error bars on the association number represent a 10% uncertainty.
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Simulation results

We have simulated the Statherin system using
a modified version of the coarse-grained model
presented in Ref. [25]. Therein it was shown that the
coarse-grained model works well for Statherin at
monomeric conditions. However, to capture the
Fig. 6. Pair distance distribution function normalized to
enhance deviations in shape from a homogeneous hard
sphere, where rmax corresponds to the value of r where
P(r) has its maximum, for the reference system (20 mM
Tris, 150 mM NaCl, pH 8, 20 °C).
self-association, an additional attractive interaction
is needed. We have implemented a short-ranged
potential corresponding to 1.32 kT at closest contact
between neutral amino acids, mimicking a smeared
hydrophobic interaction, which causes the proteins
to associate upon increased concentration. For the
reference system, 150 mM salt, the simulation data
follow the linear trend described in experimental data
up to approximately 7 mg/mL, according to Fig. 5b.
Then it deviates, by forming large complexes, which
shall be interpreted as that the model is reliable only
at lower protein concentrations. The model is able to
capture the experimentally established transition to a
more globular state with increased protein concen-
tration in the Kratky plot, c.f. Fig. 5d and c, although
the single chain is too compact due to the extra
attraction. To capture the behavior at both mono-
meric conditions and higher protein concentrations,
an angular potential can be included as well.
However, since the goal with this model is to capture
general trends, an exact matching with the experi-
mental Statherin data is not important, and hence,
the results of the model without further modifications
are presented.
The simulations show that the complexes are

polydisperse; see the complex size probability distri-
bution in Fig. 9a. At 7 mg/mLand lower concentrations,



Fig. 7. Average association number determined (a) by
SAXS and (b) from simulations, as a function of Statherin
concentration for different concentrations of NaCl, at 20 °C.
The error bars in panel a represent a 10% uncertainty.
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the monomer is the dominating specie and the amount
of the different species decreases with increasing size.
The polydispersity and monomeric dominance is also
evident from the snapshot in Fig. 9b, which furthermore
suggests that it is the middle and C-terminal part that
forms the core of the complex and that the charged N-
terminal part is located on the surface of the complex.
Fig. 8. Average number of proteins per complex deter-
mined by SAXS versus protein concentration at 150 mM
NaCl for 10–50 °C. The error bars represent a 10%
uncertainty. The data at 20 °C correspond to the data at
150 mM NaCl in Fig. 7a.
The contact probability between residues of different
chains is presented in Fig. 9c and confirms indeed that
it is the neutral amino acids that are mostly in contact
with other chains. In Fig. 9d, the radial number density
distribution from the complex center of mass is
presented. It again confirms that the core consists of
neutral residues. The negatively charged residue 26
is also part of the core of the complex. The other
charged residues are located closer to the surface of
the complex.
The experimental P(r) in Fig. 5d shows that the

complexes are more spherical than the monomers,
due to the change with increasing concentration.
However, the experiments only provide the average
over all different complex sizes. In the simulations,
we have calculated the principal moments of the
gyration tensor and from that the asphericity for
the complexes of different sizes. It indeed confirms
that the monomers are not spherical, having an
asphericity value of 0.41. The asphericity decreases
with increasing association number until six, where
it stabilizes around 0.13 also for larger complexes.
If the asphericity is less than 0.1, the object is
normally considered spherical [44]. The decrease in
asphericity agrees with the experimental results and
furthermore shows that the complexes are close to
the spherical limit. However, for complexes consist-
ing of seven protein chains, 〈R1

2〉, 〈R2
2〉 and 〈R3

2〉were
323.5 ± 7.1 Å2, 158.2 ± 1.2 Å2, and 91.1 ± 0.5 Å2,
respectively, showing that the instantaneous shapes
of the complexes are still not spherical.
The increaseof size of the complexeswith increased

ionic strength observed in SAXS experiments is also
captured by the simulations, as seen in Fig. 7b, even
if the effect is slightly overestimated compared to
experiments (Fig. 7a). This confirms that although
the hydrophobic interaction is the major driving force
for self-association, electrostatic repulsion stabilizes
the system and depresses the growth. To further
investigate the electrostatic effect, we performed
simulations without phosphorylated serines, which
increases the net charge from −4 to 0. This shifts
the complex size probability distribution toward
larger sizes, depicted in Fig. 10. The overall contact
probability also increases from 0.36 ± 0.03 with
phosphorylated serines to 0.41 ± 0.01 without phos-
phorylations at a protein concentration of 2 mg/mL,
while the contact profile remains similar in shape. This
demonstrates that phosphorylations indeed affect
the electrostatic interactions and that it is of impor-
tance for the self-association.
Another mutation that illustrates the importance

of electrostatics is the point mutation of residue 26,
glutamic acid, changing the negatively charged
residue located in the middle of the neutral block to
a neutral residue. Already in a simulation at 2 mg/mL,
the majority of the chains join in one large complex,
while for comparison, the reference system rarely
exhibits complexes larger than tetramers at the same



Fig. 9. Simulation data at 5 mg/mL with 150 mM implicit salt. (a) Complex size probability distribution. (b) Snapshot with
excluded counterions, where gray beads represent neutral residues, red beads represent negatively charged residues,
and blue beads represent positively charged residues. (c) Chain contact probability profile. (d) Radial number density for
different bead types, normalized by the number of beads of each type in the protein, as a function of distance from the core
center of mass, for complexes consisting of seven proteins. Z represents the charge of each bead type.
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concentration. This shows that specific residues
can make a great difference for the self-association
(results not shown).
With increased temperature, the average associa-

tion number, displayed in Fig. 11, decreases, again in
accordancewith experimental results. Since Statherin
Fig. 10. Complex size probability distribution for 2 mg/mL
Statherin with and without phosphorylated serines at
150 mM ionic strength.
has a net charge of −4e, the overall electrostatic
interaction is repulsive. Increased temperature en-
hances electrostatic interactions, and hence, it would
counteract self-association by enhancing the net
electrostatic repulsion between Statherin monomers.
In addition, the effect of entropy, also opposing
self-association, increases with temperature as well.
Note that the hydrophobic interaction is regarded
temperature-independent in this model. Simulations
of the Statherin system without charges at a con-
centration of 4 mg/mL show a decrease in average
association number between 20 and 50 °C, from
3.06 ± 0.63 to 1.39 ± 0.01, compared to 2.24 ± 0.15
to 1.40 ± 0.01 for the same systemwith charges. This
suggests entropy as the main contribution to the
temperature effect.
Temperature also affects the structure of the

complexes. Overall, the asphericity increases as a
function of temperature for complexes of the same
size, as seen in Fig. 11b. In addition, the radius of
gyration also shows the same trend, for example,
for complexes of seven proteins, the Rg goes
from 22.8 ± 0.1 to 29.8 ± 0.2 Å when temperature
changes from 15 to 50 °C. These changes reflect an



Fig. 11. (a) Average association number as a function
of temperature at 5 mg/mL. (b) Asphericity versus asso-
ciation number at 15, 37 and 50 °C.
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increased flexibility in the complexes, which is
expected due to the entropy increase. Although
it was shown in the monomeric section that the
structure of the individual protein chain changes
upon temperature increase, it is expected to be of
minor importance for the self-association process, due
to the model capturing the trends without including
such detail.
Fig. 12. Summary of what was shown to affect the Stather
chain characteristics in blue, and energetic and entropic factor
residues; blue, positively charged residues; and red, negatively
in dark red. Counterions are omitted for clarity.
Model limitations and improvements

From the simulations, it is apparent that the model
breaks down at higher concentrations. The exact
concentration depends on the conditions, especially
temperature and ionic strength. At the lower-salt
concentrations (10 and 60 mM), no breakdown is
observed even at 20 mg/mL. The breakdown can
be connected with the implicit treatment of salt, since
simulations with 150 mM explicit salt and 20 mg/mL
protein or more still give an average size less than
10 chains/complex. Hence, an explicit treatment of
electrostatics is suggested to provide better results,
although at a high computational cost. In the model,
the hydrophobic interaction, mimicking the effect
of both the enthalpic contribution and the entropic
effect on the water molecules, is regarded temper-
ature independent. Including temperature depen-
dence would change the exact values to a certain
extent, although the trend would remain. Hence, it
would not affect the conclusion that entropy in the
system is the largest contributor to the temperature
effect for this protein.
Conclusions

A modified version of the coarse-grained model
in Ref. [25] have been shown capable to describe
the Statherin complexes at lower concentration and
provide extra insight regarding the structure of the
complexes, as well as aiding in explaining the effect
of external conditions on the self-association, in
terms of a balance between different interactions
and entropy. The findings are summarized in Fig. 12.
Hydrophobic interaction is shown to be the major
driving force for the self-association, due to urea
inhibiting complex formation. The size decrease as a
result of increased temperature is regarded as an
entropic effect, while electrostatic interactions were
in association state. External factors are printed in green,
s in purple. In the snapshots, gray beads represent neutral
charged residues. The phosphorylated serines are marked
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still shown to be of importance by balancing the
hydrophobic attraction. In addition, it was demon-
strated that mutations affecting the charge distribu-
tion can have a major effect on the self-association.
The self-association of Statherin is only one

example of an IDP system dominated by intermolec-
ular attractions; however, the similarities to micelle
formation suggest that the established interactions
are common formany systems, althoughwith varying
balance. It is therefore of interest to apply this model
to other interacting IDPs in the future, as well as
to continue the development for studies of systems
with a higher complexity. Computational studies of
IDP systems are advantageous in that it allows for
separation of different contributions and a faster
screening of mutations. In combination with experi-
ments, it opens up for a deeper understanding of the
function and behavior of IDPs.
Methods and Model

SAXS

Sample preparation

Thebuffers, all containing20 mMTris [N99.9%,CAS
(77-86-1); Saveen Werner AB], and varying concen-
trations of NaCl [reagent grade, CAS (7647-14-5);
Sharlau] and urea [ReagentPlus ≥99.5%, CAS (57-
13-6); Sigma-Aldrich] were prepared with Milli-Q
water, and by dropwise addition of 1 M HCl, the pH
was set at room temperature to correspond to 8.1 at
the measuring temperature. Thereafter, the buffers
were filtered through a hydrophilic polypropylene
0.2 μm membrane (Pall Corporation).The Statherin
powder (purchased from Genemed Synthesis, Inc.)
was dissolved in buffer with a small addition of NaOH
to increase thepH, since theprotein powder contained
trifluoroacetate. Concentrating cells (Vivaspin 2, 2000
MWCO, Prod. No. VS02H92; Sartorius, Cambridge,
United Kingdom)were used to remove low-molecular-
weight impurities. The sampleswere rinsedwith buffer
corresponding to 30 times the sample volume, by
centrifugation at 358g at 8 °C. To ensure an exact
background in the SAXSmeasurements, the samples
were dialyzed (Slide-A-Lyzer Dialysis Cassette, 2000
MWCO, Prod. No. 66203 or Slide-A-Lyzer MINI
Dialysis Unit, 2000 MWCO, Prod. No. 69580; Thermo
Scientific, USA) overnight at 6 °C. Before the SAXS
measurements, the samples were centrifuged at
18,400g at 6 °C for at least 2 h to remove impurities.
Thereafter, they were diluted to a concentration
series, and the protein concentration was determined
with a nanodrop spectrometer using λ = 280 nm and
ε = 8740 M−1 cm−1. The samples were centrifuged in
small PCR tubes imminent to the SAXS measure-
ments to remove any bubbles.
Measurements and analysis

SAXS experiments were performed at BM29,
ESRF-Grenoble, France. The incident beam wave-
length was 0.99 Å, and the distance between sample
and detector (PILATUS 1M) was set to 2867 mm,
giving the scattering vector 0.0039 – 0.49 Å−1. The
scattering vector, q, is defined as q = 4π sin(θ)/λ,
where 2θ is the scattering angle and λ is the
wavelength of the incident beam. Several successive
frames of the scattering from the samples were
recorded with an exposure time of 0.5 or 1 s,
depending on concentration and system. The scat-
tering from the pure solvent, which was measured
before and after each sample for the same exposure
times, was subtracted from the sample scattering.
Measurements were performed at 10, 20, 37 and
50 °C at 150 mM NaCl, and the forward scattering, I0,
was converted to absolute scale by water calibration.
At 20 °C measurements were also performed for 10,
60 and 300 mM NaCl and 4 and 8 M urea. The data
were processed and analyzed using the ATSAS
package [45]. Special attention was paid to radiation
damage by comparing the successive frames prior to
background subtraction, and any affected data were
rejected from further analysis. Both I0 and Rg were
determined from P(r), although the Guinier approach
was also used for comparison. The molecular weight
used for calculating the association number was
determined from I0 (see Supplemental information).
Considering standard uncertainties of the used
values, the uncertainty of the association number
can be estimated as approximately 10% [43,46].
For a description of the SEC inline with SAXS,

used for obtaining the form factor of monomeric
Statherin, we refer to Ref. [25].
CD

Protein was dissolved in and purified with 20 mM
phosphate buffer (sodiumphosphate dibasic dihydrate
[Reag. Ph. Eur., CAS (10028-24-7); Sigma-Aldrich]
and sodiumphosphatemonobasicmonohydrate [ACS
reagent, CAS (10049-21-5); Sigma-Aldrich]) at pH 8,
using a concentrating cell, as described for the SAXS
samples. The protein was diluted to approximately
0.13 mg/mL using 20 mM phosphate buffer with 10
or 150 mM NaF [≥99%, CAS (7681-49-4); Sigma-
Aldrich] and for the 150 mM NaF with 0–8 M urea
[ReagentPlus ≥99.5%, CAS (57–13-6); Sigma-
Aldrich]. The samples were filtered using a 0.22-μm
Millex–GV filter (Merk Millipore Ltd). CD spectra
between 190 and 260 nm at temperatures 4 – 60 °C
were recorded on a JASCO J-715 instrument with a
PTC-348WI Peltier type cell holder for temperature
control, averaging over three spectra for each sample,
using a quartz cuvette with a 1-mm path length
(HellmaAnalytics) and 20-nm/min scanning speed,
2-s response time, 1-nm band width, and 100-mdeg
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sensitivity. At 20 °C, further measurements were
performed for samples with 150 mM NaF and
2–8 M urea. The ellipticity reported is the mean
residue ellipticity, defined as

θ½ �MRW ¼ θ �MRW= 10 � d � cð Þ; ð1Þ
where θ is the observed ellipticity (mdeg), d the path
length of the cell (cm), and c the protein concentration
(mg/mL). The mean residue weight, MRW, is the
molecular weight (Da) divided by the number of peptide
bonds. The spectra were smoothed using a Savitzky–
Golay filter. The effect of the Savitzky–Golay filter is
presented in Fig. S4 in Supplemental information.
Coarse-grained model

We have employed a coarse-grained model in
which each amino acid is modeled as a hard sphere,
further described in Ref. [25]. For the inclusion of
hydrophobic interaction, a short-ranged potential is
added to the model:

Uhphob ¼ −
X
neutral

εhphob
r 6ij

ð2Þ

where the summation extends over all neutral amino
acids, rij = ∣ Ri − Rj∣ is the center-to-center distance
between two beads and R refers to the coordinate
vector. εhphob is 1.32 · 104 kJ Å/mol, which corre-
sponds to an attraction of 1.32 kT at closest contact,
determined by comparing the average complex size
with experimental results on the reference system.
Simulation aspects

The equilibrium properties of the model systems
were obtained by Metropolis Monte Carlo simulations
in the canonical (NVT) ensemble, utilizing the simula-
tion package Molsim [47], version 4.8.8. Forty-five
protein chains were enclosed in a cubic box of varying
volume, dependent on the protein concentration.
Periodic boundary conditions were applied in all
directions. The long-ranged Coulomb interactions
were truncated using the minimum image convention.
To accelerate the examination of the configura-

tional space, five different types of displacements
were allowed: (i) translational displacement of a
single bead, (ii) pivot rotation [48,49], (iii) translation
of the entire chain, (iv) slithering move [50], and
(v) cluster displacements. Counterions were only
moved individually by translation. The cluster dis-
placement was performed as a translational dis-
placement of the chain of a selected particle as
well as all chains whose center of mass were less
than 40 Å away from the selected particle. The
cluster displacement was automatically rejected if
the number of particles within the cluster changed,
that is, if the displacement caused two clusters
to merge. The probability of the different trial moves
was weighted so that 80% of the trial moves were
single bead displacements, 5% were pivot rotations,
5% were chain displacements, 3% were slithering
moves, and 7% were cluster moves. Initially, the
proteins were randomly placed in the box and an
equilibrium simulation of typically 3 · 105 trial
moves/bead was performed. The proceeding pro-
duction run comprised at least 106 passes divided
into subdivisions of 105 passes. To ensure accu-
rately sampled simulations, the contact probability of
each chain individually and the variations of contact
number along the propagation of the simulation
were analyzed (data not shown).
For all simulated quantities except the average

association number, the reported uncertainty is one
standard deviation of the mean. It is estimated from
the deviation among the means of the subdivisions
of the total number of MC passes, according to

σ2 xh ið Þ ¼ 1
ns ns−1ð Þ

Xns

s¼1

xh is− xh i� �2
; ð3Þ

where 〈x 〉s is the average of quantity x from one
subdivision, 〈x 〉 the average of x from the total
simulation, and ns the number of subdivisions.
For the average association number, the reported
uncertainty is the standard deviation of the means of
all subdivisions.
Analyses

The calculation of the scattering profile from
simulation is described in Ref. [25]. In the analyses
of complexes, two chains were assigned to the same
complex if the center-to-center distance between
two beads in the two different chains was less than
5 Å. The same geometric condition was used for
defining if a bead was in contact with another chain,
which was the basis for monitoring the variations of
contact number along the propagation, and calcu-
lating the contact probability for beads along the
chain. Contact probability for the beads is defined as
the number of passes in which the bead is in contact
with at least one bead from another chain, divided
by the total number of passes in the simulation.
Similarly, contact probability for a chain is calculated
as the number of passes in which the chain is in a
complex divided by the total number of passes in the
simulation and the overall contact probability is the
average over all chains. The complex size probability
distribution was calculated according to

Pn ¼ n Ncomplex
n

� �
X
n

n Ncomplex
n

� � ; ð4Þ
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where hNcomplex
n i is the average number of complexes

consisting of n chains, and
X
n

nhNcomplex
n i is equal to

the number of chains in the system, due to chain
conservation. Note thatPn is weighted by the number
of chains in a complex. The average association
number was calculated from the complex size
probability distribution, as

Nassoc ¼
X
n

nPn: ð5Þ

The radial number density profile was calculated
for each complex size and bead type individually.
The radial number density at each distance is
defined as the number of beads within a shell at
that distance from the center-of-mass of the complex
core, divided by the shell volume. The complex core
was defined to consist of the beads 15–44 in each
chain.
The shape of the complexes was quantified by the

principal moments of the gyration tensor and the
asphericity. The gyration tensor was defined as

S ¼ 1
N

XN
i

X 2
i

XN
i

X iY i

XN
i

X iZ i

XN
i

X iY i

XN
i

Y 2
i

XN
i

Y iZ i

XN
i

X iZ i

XN
i

Y iZ i

XN
i

Z 2
i

0
BBBBBBBBB@

1
CCCCCCCCCA

; ð6Þ

where Ai = (ai − acom) for a = x, y, z, and N is the
number of beads in the complex. Transformation to a
principal axis system such that

S ¼ diag R2
1;R

2
2;R

2
3

� � ð7Þ
diagonalizes S and R1

2 ≥ R2
2 ≥ R3

2 are the eigen-
values of S, also called the principal moments of
the gyration tensor. In the simulations, the ensemble
averages of the eigenvalues were calculated for
each complex size separately. The asphericity,
defined as

αs ¼
R2

1

� �
− R2

2

� �� �
R2

2

� �
− R2

3

� �� �
R2

3

� �
− R2

1

� �� �

2 R2
1

� �þ R2
2

� �þ R2
3

� �� �2 ; ð8Þ

ranges between 0 for a perfect sphere and 1 for
a rod.
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