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Supplementary Note 1 | HS-AFM imaging under controlled tip-sample contact strength. All
imaging experiments in this study were performed with HS-AFM in the amplitude modulation mode (also
referred to as “tapping mode”); a cantilever is vertically oscillated at its resonant frequency in buffer
solution, so that the tip intermittently contacts with the sample. We used short cantilevers with spring
constant k. = 0.1-0.15 N/m, quality factor Q. = 2 in water and resonant frequency f. = 1 MHz in water.
The cantilever free oscillation amplitude 4y and the set point amplitude 4; = r x Ay (r < 1) were set at
appropriate values so that the loss of cantilever’s oscillation energy per tap was adjusted approximately at
1-3 ksT on average (kg, Boltzmann constant; 7, room temperature in kelvin), as described below. The

amount of energy loss per tap is expressed as
1
AE =~k AF(1 —12)/Qe, (S1)

when the shift of cantilever resonant frequency (4f:) is neglected. For example, in our typical
experimental conditions, Condition-1 (k. = 0.1 N/m, Q. = 2, Ao = 1.0 nm, and » = 0.85) and Condition-2
(ke =0.15N/m, Q. =2, Ap = 1.5 nm, and » = 0.9), we obtain 4E = 1.7 and 3.7 kgT, respectively. In reality
the amount of energy loss is smaller than these values because of Af.. The Af. is caused by the force

gradient k = dF / 0z acting between tip and sample, and can be approximately expressed as

f
2k,

Af. ~ xk. (52

This is because an elastic tip-sample interaction (i.e., energy-conservative interaction) acts as a spring,
changing the cantilever spring constant to an effective value of k. — k, where k& < 0 for repulsive
interactions. Since the small cantilevers we used for HS-AFM imaging has high £ and small k. values, we
can expect large Af; values. Although the value of Af; cannot be directly measured in our system, it can be
estimated from the phase shift 46, (> 0 for repulsive interactions) at the excitation frequency. Under the
conditions of 4o = 1.5 nm and » = 0.9, the measured 46, was ~11.5°, which corresponds to Af. =~ 57.4 kHz,
a value estimated from the second-order transfer function of the cantilever (i.e., frequency response). This
Af. lowers the excitation efficiency because the excitation frequency is fixed at the resonant frequency in
free oscillation. The amplitude reduction resulting from the lowered excitation efficiency is estimated to
be ~3% from the cantilever’s transfer function. Therefore, this amplitude reduction by the elastic
interaction contributes by ~30% to the measured amplitude reduction. Thus, the actual energy loss per tap
is 1.2 and 2.8 kg7 under Condition-1 and Condition-2, respectively, approximately 20—30% smaller than
the values estimated using Eq. (S1).

The oscillation energy that is lost at every tip-sample contact is considered to be transferred to the
sample. This transferred energy is partitioned into many degrees of freedom of the sample, as the tip end
(with a radius of ~5 nm) establishes contacts with many residues and atoms. Note that for a given number
of residues the degree of freedom in disordered proteins is larger than that in ordered proteins. Therefore,
IDPs can distribute the transferred energy over more degrees of freedom, and hence, are less susceptible
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to the tip-sample contact. The energy partitioned into many degrees of freedom dissipates quickly into
solution. If it did not dissipates quickly but were accumulated, the protein sample would be quickly
destroyed as the cantilever is oscillating at ~1 MHz. In fact, in the typical HS-AFM imaging of the o3ps
subcomplex of F;-ATPase (Ref. 1), its conformational changes driven by the ATPase reaction
continuously appeared on the HS-AFM images without deterioration of the conformational activity over
the imaging period of 40 s.

The setting of 4y at 1-2 nm and r at 0.85—0.9, which can give a small energy loss (1-3 kgT) per
tip-sample contact, is made possible by our specialized feedback controller called the “dynamic PID
controller” (Ref. 2). In this controller, the gain parameters can be automatically adjusted during imaging.
In the downhill region of the sample, the gain is increased to avoid complete detachment of the tip from
the sample surface. In conventional HS-AFM systems, the controller’s gain parameters are fixed during
imaging. Therefore, under the condition of AE = 1-3 kgT the tip is completely detached from the sample

surface in its downhill region, and thus, imaging becomes impossible.

Supplementary Note 2 | Two-dimensional end-to-end distance measurement of IDRs. To measure
the two-dimensional (2D) end-to-end distance R;p of the IDRs in the five PQBP-1 constructs, first the
direct distance D between the centre of the N-terminal globule and the C-terminal end position was
measured. Second, the height of the N-terminal globule H; and the height of the C-terminal end H, were

measured. Then, R,p was estimated as
Rop=D—-H\/2 - H,/2 (83)

(see Fig. 1c in the main text). We employed this procedure because generally AFM has a high precision
in height measurement (+ ~0.15 nm in the case of high-speed imaging with our instrument), whereas it
has a low precision in the lateral size measurement due to a tip-size effect, i.e., an AFM image of a
particle appears larger than its actual size in the lateral direction by the extent of the diameter of the tip
apex region in lateral contact with the particle, as illustrated with the dashed red lines in Fig. 1c¢ in the
main text. Since no globule exists in the C-terminal end, it may not have been necessary to subtract H/2
from D. We however decided to determine R,p in this way, as we reasoned that an error caused by this
subtraction is negligible because the value of H,/2 for the PQBP-1 constructs (half of ~0.5 nm) is much
smaller than D. Similarly, we estimated R;p of the tail-like structures of Atgl, Atgl3, the three GFP-fused
IDPs, Trx-Ntapr and Nyap-Trx (see Fig. 3e in the main text), using Eq. ($3), in which H; is now the
heights of GFP in the GFP-fused IDPs, kinase domain in Atgl, HORMA domain in Atgl3 and Trx in

TI'X-NT AIL and NT AIL-TI‘X.

Supplementary Note 3 | Usage of standard error of the mean. The two-dimensional end-to-end
distance (R,p) of an IDR distributes widely because of the flexible nature of IDR. Therefore, its Gaussian

distribution fitting produces a large standard deviation (s.d). Since this s.d. does not represent an error for



the estimation of the mean value of Ryp (i.e., (R2p)), we use “standard error of the mean” (s.e.m.) as an
estimation error. The s.e.m. represents an accuracy range of the obtained median (i.e., (R,p)) of the
Gaussian distribution; the probability that the true mean value is in the range of mean £+ 2 x s.e.m. is 0.95.
The height of a fully disordered region also distributes widely because the height differs among a.a.
residues contained therein. The height of metastable small globules also distributes widely owing to their
disorder/order transitions. Even in the case of stable globules such as the WWD of PQBP-1, their height
thermally fluctuates. Therefore, the estimated values for these heights are also expressed as mean + s.e.m.,

unless otherwise stated.

Supplementary Note 4 | Order propensity of IDR and its affinity for partner proteins. An IDR
containing a binding site often folds into an ordered structure upon binding to its target. Without
performing kinetics and/or NMR relaxation studies, it cannot be anticipated however whether before
binding the partner the IDR is in its fully disordered state, as hypothesized in the ‘fly-casting model’, or
whether it adopts a partially ordered state (Ref. 3). It is plausible that the IDR adopts a loosely folded
conformation before binding to the target, thereby facilitating IDR recognition by the target via reduction
of the entropic penalty associated to the disorder-to-order transition. In Ntayr, PNT and Sicl studied here,
their IDRs undergoing structural transitions contain binding sites for partners, which may suggest the
conformational selection-then-fitting mechanism. This model posits that partial folding of an IDR is a
prerequisite for its recognition by the partner, implying that an IDR that adopts constantly and fully
disordered conformations would be a poor binder. However, even an IDR that looks constantly and fully
disordered, may transiently visit a loosely folded state. In addition, and in spite of the partial
preconfiguration of the a-MoRE, Nray binding to the X domain of the viral phosphoprotein (XD) was
shown to occur according to an induced fit mechanism (Refs. 4 and 5). The low extent of
pre-configuration of binding sites would lead to binding of the target with a low affinity. This view seems
consistent with the low affinity binding, for example, (i) between the disordered C-terminal region of
PQBP-1 and its target, a spliceosomal protein U5-15kD (dissociation constant, 56 uM) (Ref. 6) and (ii)
between the KIX domain of cAMP-response element-binding protein (CREB)-binding protein (CBP) and
the unphosphorylated form of the kinase-inducible transactivation domain (KID) from CREB
(dissociation constant, ~100 uM) (Refs. 7 and 8). On the other hand, Ntaj, which contains a
pre-structured a-MoRE, has a relatively high affinity for the X domain of the viral phosphoprotein
(dissociation constant, 3 uM) (Ref. 5). Although systematic studies are awaited, in particular to assess the
combined effects of preconfiguration of MoREs and of “fuzzy” appendages, the propensity of an IDR to
adopt a loosely folded state is very likely to provide a high affinity of the IDR for its target.

Supplementary Note 5 | Residual structures and sequences found by detailed structural analysis.
Previous studies of IDPs have identified the following sequence features responsible for residual
structures that even if transient lead to variations in compactness with respect to the random coil: high

contents of proline residues leading to polyproline structures (Ref. 9), a specific repeat sequence
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responsible for hydrogen bonds enabling self-association (Ref. 10), specific sequences allowing transient
end-to-end association (Ref. 11), extended repeat domains forming B-structure (Ref. 12), and sequences

with a propensity to form a coiled-coil (Ref. 13).

Supplementary Note 6 | Compaction or swelling effect of charged residues on the dimension of
IDRs. The power laws and the constant values of L, for IDRs in solution and on mica obtained in this
study cannot be applied to IDRs with a high charge density, a large fraction of charged residues (FCR) or
largely segregated oppositely charged residues characterized by large values of x (Ref. 14—-17) (Extended
Data Fig. 9). A software program called CIDER (opened to public use) is available to calculate the values
of charge density (p), FCR and x (Ref. 18). All IDPs randomly chosen in this study do not possess high
charge densities or large values of FCR and x (Supplementary Table 10), as seen in numerous naturally

occurring IDRs (Extended Data Fig. 9; Refs. 19 and 20).
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Supplementary Fig. 1 | Amino-acid sequences of Trx-N_,  and N, -Trx. Color codes: Gray, Trx; black, Met and Ser;

orange, linkers; white, His; red, a-More; cyan, IDR.
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Supplementary Fig. 2 | Effect of small globule intervening between two IDR segments on the estimation of
(Rzp). a, Schematic of two IDRs connected via a small globule with height H. b, Estimation errors of (Ryp) of
total IDR consisting of two IDRs (IDR-1 and IDR-2) as a function of the position of the small globule. The error
was calculated using Eq. (S4) shown below. The mean square end-to-end distance (R,p”) of the total IDR is
expressed as (Rop) = (R\®) + (R,%), where R, and R, are the end-to-end distances of IDR-1 and IDR-2,
respectively. When there is a small globule with height H that intervenes between the two IDR segments, R, and
R; are expressed as R; = IN€1 —H2 and R, = INQZ — H/2 respectively, where IE and INQZ represent the respective end-
to-end distances of IDR-1 and IDR-2 when the existence of the small globule is neglected. Therefore, when it is
neglected, the mean value of the measured end-to-end distance (EZD) is given by (§2D2> = (1~?1Z) + (ﬁzz). The
estimation error (&) of (Ryp) caused by this disregard is well approximated as & = H((ﬁl) + (INQZ)) /(2(R>p2)) under
the condition of H « (R,p). This error size depends on the position of the small globule; when R is expressed as

(R)) = r x (Ryp) (0 <r<1),¢is well approximated by
e=Hlr+ N1 - V(2(Rop) (59

Using Eq. (S4), height (H) = 1.1 nm and (R,p°) = 11.6 nm measured for Ny -GFP and #* ~ 0.76 (see Fig. 4a in
the main text), the estimation error of (Rop’) is ~6% when estimated without considering the presence of the C-

terminal small globule (i.e., Box2).
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Supplementary Fig. 3 | Scattered plots showing correlation between R, and height of small globules within Box 1
and Box 2in N .

and H, (Box 1) in N

a, Correlation between R, and H, (Box 2) in Trx-N_ ~measured at pH 6.0. b, Correlation between R,

TAIL

-Trx measured at pH 6.0. ¢, Correlation between between R, and H, (Box 1) in N, -Trx measured

TAIL TAIL

at pH 7.0. The small correlation observed for N, -Trx at pH 7.0 reflects that Box 1 is mostly in the lower height state

(Extended Data Fig. 7j).
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Supplementary Fig. 4 | Order/disorder maps of three GFP-fusions along their length. Five publicly
available prediction programs were used: MetaDisorder, DISPRED2, DISPROT (VSL2), IUPred long, and
Poodle-long (Ref. 21). a—¢, Prediction results for Nypa -GFP (a), PNT-GFP (b) and Sic1-GFP (¢).
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Supplementary Fig. 5 | Order/disorder maps of Trx-Npayr, and Nya-Trx along their length. Five publicly

available prediction programs were used: MetaDisorder, DISPRED2, DISPROT (VSL2), IUPred long, and

Poodle-long (Ref. 21). a,b, Prediction results for Trx-Nyagr (a) and Nyap -Trx (b).
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Supplementary Fig. 6 | Relationship between N, and (Rg) estimated by SAXS measurements for ten tau protein
constructs and four PQBP-1" s IDR segments. The data plotted with the red circles are those from the study by Mylonas et
al. for tau protein constructs (Ref. 12), with phosphor-mimic constructs and those significantly affected by the extended
repeat domain (Refs. 22 and 23) having been removed here. The constructs herein analyzed are tau ht40, tau K32, tau K16,
tau ht23, tau K27, tau K17, tau K44, tau K10, tau K25, and tau K23. The data plotted with the blue circles are from the
present SAXS study for four segments of PQBP-1 IDR (82—-265, 82—214, 82—164, and 82—134). The black line indicates
the best fitting result obtained by fitting the combined data to a power law, (R,) = B, X N,,": B, = 0.25 + 0.038 nm, and
v=0.53 +0.028.
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Supplementary Table 1 | Summary of the AFM image analysis for five PQBP-1 constructs. The standard deviation
(s.d.) of Ryp indicates the width of the Gaussian distribution that mostly originates from the flexible nature of IDRs.

WT PQBP-1 PQBP-1 PQBP-1 PQBP-1 PQBP-1
Parameter
(1-265) (1-214) (1-164) (1-134) (1-114)
Number of a.a. contained in the
) 184 133 83 53 33
unstructured chain
Frame rate (fps) 23.8 15.2 13.2 13.9 13.2

(R,p), Single Gaussian fit (mean + s.d.) 172 +£4.4 nm 144 +£4.1 nm 11.0 £ 3.0 nm 9.34+2.6 nm 7.1 £2.0 nm

Estimation error of (R,p) (s.e.m.) 0.09 nm 0.14 nm 0.04 nm 0.07 nm 0.02 nm

(H,), height of N-terminal globule

Single Gaussian fit (mean + s.d.)

Estimation error of (H;) (s.e.m.) 0.002 nm 0.004 nm 0.002 nm 0.003 nm 0.006 nm

(H,), height of tail end
0.5+0.2nm 0.5+0.2nm 0.5+ 0.3 nm 0.5+ 0.2 nm 0.5+0.1 nm
Single Gaussian fit (mean + s.d.)

Estimation error of (H,) (s.e.m.) 0.005 nm 0.006 nm 0.002 nm 0.001 nm 0.002 nm
Number of molecules analyzed 4 4 3 3 4
Number of frames analyzed 1,360 1,753 1,190 1,178 925
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Supplementary Table 2 | Summary of the image analysis for PQBP-1 (1-214) captured at various frame rates. The

standard deviation (s.d.) of Ryp indicates the width of the Gaussian distribution that mostly originates from the flexible

nature of IDRs.

Parameter 50 fps 30 fps 20 fps 15.2 fps

(R,p), Single Gaussian fit (mean + s.d.) 14.5+43 nm 14.6 £3.8 nm 143 +£4.2nm 144+4.1 nm
Estimation error of (R,p) (s.e.m.) 0.19 nm 0.19 nm 0.15 nm 0.14 nm
(H}), height of N-terminal globule

1.9+0.011 nm 1.9 £ 0.008 nm 1.9 +£0.005 nm 1.9 £ 0.009 nm
Single Gaussian fit (mean + s.e.m.)
(H,), height of tail end

0.5+ 0.006 nm 0.5+ 0.005 nm 0.5+0.011 nm 0.5+£0.011 nm
Single Gaussian fit (mean + s.e.m.)
Area of fitted Gaussian distribution (arbitrary 3,150 3.820 4,540 3.530
unit)
Number of molecules analyzed 3 3 3 4
Number of frames analyzed 1,566 1,937 2,265 1,753

A th
Parameter 10 fps 6.67 fps veraged over the
six conditions

(Ryp), Single Gaussian fit (mean =+ s.d.) 143 +£3.7 nm 14.6 £3.7 nm 14.4 +4.0 nm
Estimation error of (R,p) (s.e.m.) 0.13 nm 0.12 nm 0.17 nm
(H,), height of N-terminal globule

1.9+ 0.005 nm 1.9+ 0.003 nm 1.9+ 0.01 nm
Single Gaussian fit (mean + s.e.m.)
(H,), height of tail end

0.5+ 0.005 nm 0.5+ 0.006 nm 0.5+ 0.02 nm
Single Gaussian fit (mean + s.e.m.)
Area of fitted Gaussian distribution (arbitrary 3.110 3.150 i
unit)
Number of molecules analyzed 3 3 -
Number of frames analyzed 1,559 1,395 -

The areas of respective Gaussian distributions are used as weights for the calculation of weighted mean values of (R;p),

(H,) and (H,) averaged over the six imaging-rate conditions.
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Supplementary Table 3 | Summary of structural parameters of IDR segments of PQBP-1 as determined from
SAXS measurements

Segment Protein Exposure R, (A) 1(0) (a.u.) Molar mass * Molar mass ° Theoretical
concentration Time (h) mean +s.d. mean +s.d. (kDa) (kDa) molar mass ©
(mg/ml) (kDa)
82-134 10 4 21.6+0.2 0.184+0.00 4.0 6.0 6.4
4 20.9+0.2 0.147+0.00 4.0 5.2
6 4 21.8+0.2 0.128+0.00 4.7 5.1
82-164 10 4 26.9+0.3 0.261+0.00 5.7 10.1 10.3
8 4 26.4+0.3 0.199+0.00 5.5 11.4
6 4 274+04 0.186+0.00 6.8 8.7
82-214 5 2 334+04 0.437+0.00 334 18.3 16.2
3 2 30.6 0.5 0.232+0.00 29.5 17.2
0.3 12 29.0+0.2 0.018+0.00 23.3 16.8
82265 14 4 36.8+0.2 0.791+0.00 17.4 23.8 21.6
10 4 36.1+£0.3 0.526+0.00 16.3 25.0
8 4 357+0.3 0.432+0.00 16.7 23.1

* Estimated by comparison of /(0)/c with that from the reference solutions of ovalbumin.
® Estimated from Ok

¢ Calculated from amino acid sequence.
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Supplementary Table 4 | Summary of the AFM image analysis for Atgl (D211A) at various buffer conditions. The
standard deviation (s.d.) of Ryp indicates the width of the Gaussian distribution that mostly originates from the flexible
nature of IDRs.

20 mM KCl1 20 mM KCl 20 mM KCl 50 mM NaCl | 300 mM NaCl
Parameter
pH 6.0 pH 7.0 pH 8.0 pH 8.0 pH 8.0
(Ryp), 1% peak of double Gaussian fit (mean =+
121+41nm | 119+41nm | 11.1+54nm | 13.0£40nm | 122+4.9nm
s.d.)

Estimation error of the 1% peak of (R,p) (s.e.m.) 0.82 nm 1.47 nm 0.56 nm 1.04 nm 1.06 nm
“““““ 0 PNt e ) s
UZZ’;)’ 27 peak of double Gaussian fit (mean+ | ) ¢, 31 0 | 204+400m | 202427nm | 205£39nm | 203+ 3.1 nm

s.d.
Estimation error of the 2™ peak of (Ryp) (s.e.m.) 0.53 nm 2.25 nm 0.52 nm 1.42 nm 0.94 nm
F-test (Double Gaussian vs. Single Gaussian) P<0.1 P<0.1 P<0.1 P <0.05 P <0.05
Area ratio of two Gaussian components of (Ryp)
. o mnde . 913 :788 1357 : 883 1,451 : 309 2,337:1,539 | 4,173:1,354
distribution (1% : 2"), giving order propensity
X K.=1.16 K. =154 K.=4.70 K.=1.52 K.=3.08
(Rup) of the 2% peak averaged over the five |
i) ¢ peakaveragec ov ¥ 20.5+0.9 nm
_conditions (mean £sem) |
Number of a.a. contained in the unstructured 255
chain (332 — 586 a.a.)
_{Hh), height of kinase domain (mean £s.d.) | _ 37£04nmm | 3.5+04nm | 35+04nm | 33+04nm | 34+£05nm
_Estimation error of () (sem.) | 0.007nm | 0.006nm | | 0.005nm | 0.005nm | | 0.010nm
iti +
(H,) averaged over the five conditions (mean 35402 nm
s.e.m.)
(H,), height of MIT domain (mean + s.d.) 32+03nm 33+04nm 3.3+0.4 nm 32403 nm 32403 nm
Estimation error of (H,) (s.e.m.) 0.012 nm 0.011 nm 0.005 nm 0.003 nm 0.006 nm
iti +
(H,) averaged over the five conditions (mean 32402 nm
s.d.)
Number of molecules analyzed 3 3 3 3 4
Number of frames analyzed 873 1,082 868 1,926 2,720

The areas of respective Gaussian distributions are used as weights for the calculation of weighted means, (R,p), (H;) and

(H,), averaged over the five ionic conditions.
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Supplementary Table 5 | Summary of the AFM image analysis for Atgl3 at various buffer conditions. The standard
deviation (s.d.) of R,p indicates the width of the Gaussian distribution that mostly originates from the flexible nature of

IDRs.

100 mM NaCl | 100 mM NaCl 100 mM NaCl
Parameter
pH 6.0 pH 7.0 pH 8.0
(Ryp), 1% peak of double Gaussian fit (mean + s.d.) 192£5.6nm | 20.7+53nm 20.3+£5.4nm
Estimation error of the 1% peak of (R,p) (s.e.m.) 0.32 nm 0.51 nm 0.53 nm
(Ryp), 2™ peak of double Gaussian fit (mean £s.d.) | 27.9+6.7nm | 28.1+7.5nm 27.8+7.1 nm
Estimation error of the 2™ peak of (R,p) (s.e.m.) 1.62 nm 4.62 nm 4.06 nm
(Rop) of the 2 peak averaged over the three |
¢ ZD),. peak averaged over 28.0 2.0 nm
_conditions (meantsem) |
Number of a.a. contained in the unstructured chain 477
(268-744aa)
F-test (Double Gaussian vs. Single Gaussian) P<10? P<10? P<10?

Area ratio of two Gaussian components in Ryp

2,810:1,513

3,498 : 3,173

3,055:2,087

distribution (1% : 2™), giving order propensity K. K.=1.86 K.=1.10 K.=1.46
(H,), height of HORMA domain (mean + s.d.) 2.7+0.3nm 25+02nm 2.7+ 04 nm
Estimation error of (/) (s.e.m.) 0.003 nm 0.005 nm 0.007 nm
(H,) averaged over the three conditions (mean +

2.6+ 0.3 nm
s.d.)
(H,), height of tail end (mean + s.d.) 0.5+0.2nm 0.5+0.2nm 0.5+ 0.2 nm
Estimation error of (H,) (s.e.m.) 0.006 nm 0.004 nm 0.004 nm
(H,) averaged over the three conditions (mean +

0.5+ 0.2 nm
s.d.)
Number of molecules analyzed 4 3 3
Number of frames analyzed 2,156 3,345 2,569

The areas of respective Gaussian distributions are used as weights for the calculation of weighted mean values of (R;p),

(H,) and (H,) averaged over the three pH conditions.
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Supplementary Table 6 | Summary of AFM image analysis of three GFP-fused IDPs. The standard deviation (s.d.)
of Ryp indicates the width of the Gaussian distribution that mostly originates from the flexible nature of IDRs. The
standard error of the mean (s.e.m.) for R,p, A, and H, indicate estimation errors for these parameters.

Parameter Nrar-GFP PNT-GFP Sic1-GFP
_(Ryp), Single Gaussian fit (mean+sd) | 16+44mm | - R DR, -
_ Estimation error of (Rpp) 8¢) |~ O0llom 4} — | —
_{Rop), 1" peak of double Gaussian fit (mean+sd) | - | 89+£32nm | 122£3.6nm
_ Estimation error of the 1" peak of (Rpp) (sem) |~ — | 033nm | 066nm
_(Rp), 2" peak of double Gaussian fit (mean+sd.) | - | 143+£48n0m | 20.5+£48nm
_ Estimation error of the 2" peak of (Ryp) (s.em) | — | 926nm___ | 2l4mm
__F-test (Double Gaussian vs. Single Gaussian) | - | p<10” | P<0.02

Area ratio of two Gaussian components in R, distribution (1* : 9,260 : 2,480 3,310:2,210
_2"), giving order propensity K, | Ke=373 | K.=150

A, decay rate of autocorrelation function of time series R,p data r 9

— 2.50+0.14 s 1.87+0.08 s
_(best fit value+s.em) |\
kop, order-to-disorder transition rate estimated from R,p r 0
] - 0.53+0.23 s 0.75+0.15s
_dynamics (best fit valve+sem) |\
kpo, disorder-to-order transition rate estimated from R,p r B
. - 1.97+0.25s 1.12+0.16 s
dynamics (best fit value £ s.e.m.)
(H,), height of GFP moiety
. . 32+03nm 3.1+£03nm 32+£0.4nm
_ Single Gaussian fit (mean+sd) |\ .
Estimation error of (H;) (s.e.m.) 0.004 nm 0.008 nm 0.013 nm
H,), height of N-terminal globule
(), height o & - 1.1403 nm -
_Single Gaussian fit (mean+sd) |
_ Estimation error of (H) (sem) | = 0003nm | T
(H,), height of N-terminal globule
o . 0.8+0.2 nm - 0.9+ 0.3 nm
_ 1" peak of double Gaussian fit (mean+sd) | | |
_ Estimation error of the 1" peak of () (sem.) |~ 003am |~ — | 005nm
(H,), height of N-terminal globule
d ) 1.1£0.3 nm - 1.3+ 0.4 nm
_ 27 peak of double Gaussian fit (mean+sd.) | | |
_ Estimation error of the 2" peak of (/) (sem) | 08nm | = | 028mm
__F-test (Double Gaussian vs. Single Gaussian) | P<10® | - S B P<002

Area ratio of Gaussian components in H, distribution (1 : 2"%), 561 :156 160 : 260
_giving order propensity K, | K.=028(Box1) | | K.=163

A, decay rate of autocorrelation function of time series H, data 0 0

731+0.84s — 1.71+£0.06 s

(best fit value + s.e.m.)

kop, order-to-disorder transition rate estimated from H,

dynamics (best fit value + s.e.m.)

kpo, disorder-to-order transition rate estimated from H,

dynamics(best fit value + s.e.m.)

Average height of IDR (mean + s.e.m.) 0.5+0.02 nm 0.5+0.02 nm 0.5+0.03 nm

(not including small globules) (N=2,138) (N=1,972) (N =5,758)
e L 125 P20 A

N, %8 ~53 (sorter state) ~95 (shorter state)
| 128 (longer state) | ~257 (longer state)

AN,, between order and disorder states - ~75 ~160
_Number of molecules analyzed | 1 | A S .
_Number of frames analyzed | 474 L 3831 2801

Number of frames used 5,193 6,316 2,888

N,a' indicates the number of a.a. contained in each IDP (the first Met and the following His-tag are not included).
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Supplementary Table 7 | Summary of the AFM image analysis of two Trx-fusion Ny, constructs. The standard

deviation (s.d.) of Ryp shown is the width of the Gaussian distribution that mostly originates from the flexible nature of

IDRs.

Nram-Trx Nraw-Trx Trx-Nrar
Parameter
(at pH 6.0) (at pH 7.0) (at pH 6.0)
(Ryp), Single Gaussian fit (mean =+ s.d.) 11.2£3.8 nm 11.1 £3.6 nm 10.1 £2.5 nm
Estimation error of of (R,p) (s.e.m.) 0.10 nm 0.14 nm 0.10 nm
(H,), height of Trx moieties
. . 23+£02nm 23+02nm 23+02nm
Single Gaussian fit (mean+sd)
Estimation error of (/) (s.e.m.) 0.003 nm 0.003 nm 0.003 nm
(H>), height of N-terminal globule
. . 0.8+£0.2 nm 0.8+0.2nm 0.8+0.2 nm
" peak of double Gaussian fit (mean+s.d) | L
_Estimation error of the 1" peak of (Fo) (se.m) | 0003nm | 0003nm ___ | _002nm
(H,), height of N-terminal globule
g ) 1.1+£0.2 nm 1.1£0.2 nm 1.1+£0.2 nm
2" peak of double Gaussian fit (mean+s.d) | 1
__Estimation error of the 2" peak of (#D) (sem) | 0.02nm | 0.02mm_ | 0.05nm_
F-test (Double Gaussian vs. Single Gaussian) | P10 pP<001 | P=005
Area ratio of two Gaussian components in H, distribution (1 : 572 : 131 233:45 58 : 111

2", giving order propensity K

K. =0.23 (Box1)

K.=0.19 (Box1)

K.=1.91 (Box2)

A, decay rate of autocorrelation function of time series H, data

(best fit value + s.e.m.)

kop, order-to-disorder transition rate estimated from H,

dynamics (best fit value £ s.e.m.)

kpo, disorder-to-order transition rate estimated from H,

7.49 +0.64 s

7.16+0.64 s

3.13+0.18 s

dymamics (best fit value & s.c.m) 140+ 044 s 1.16 £0.58 5! 2.06+0205s"
Na' s ] 125 ] 125 .
N (fromaa. sequence) | 88 88 . 88 .
__Number of molecules analyzed | 3 | S b 3
. Number of frames analyzed | 4078 186l 1698 ..

Number of frames used 4,858 2,377 2,888

NaaT indicates the number of a.a. contained in Ntay (the N-terminal Met and Ser in Npap -Trx are not included).
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Supplementary Table 8 | Estimation from AFM images of persistence length (L;) of IDRs contained in IDPs whose
local structures have been characterized at the residue level.

L,onmica | L,in solution®
IDR R * (R b P P
Proteins . Naa (Rzp) (nm) (Rg) (nm) (nm) (nm)
region mean £ s.e.m. | mean =+ s.e.m.
mean + s.e.m. | mean =+ s.e.m.
PQBP-1 (1-265) 82—265 | 184 17.2 £0.09 4.01 £0.021 1.16 £0.01 0.76 = 0.0082
PQBP-1 (1-214) 82-214 | 133 14.4+0.14 3.35+0.033 1.15+0.02 0.74 +£0.015
PQBP-1 (1-164) 82—164 83 11.0+0.04 2.56 +0.009 1.11 +£0.01 0.72 £ 0.006
PQBP-1 (1-134) 82—-134 53 9.3+0.07 2.17+0.016 1.35+0.02 0.86 +0.015
PQBP-1 (1-114) 82—-114 33 7.1 £0.02 1.65 +0.005 1.45+£0.01 0.89 £ 0.006
Atgl (20 mM KCI, pH 6.0) 332586 | 255 20.6 £ 0.53 4.80+0.11 1.19 £ 0.06 0.77 £0.037
Atgl (20 mM KCI, pH 7.0) 332-586 | 255 | 20.4+225 4.75+0.52 1.17+£026 | 0.76+0.172
Atgl (20 mM KCI, pH 8.0) 332—-586 | 255 20.2 £0.52 471 +0.12 1.14 £ 0.06 0.74 £ 0.039
Atgl (50 mM NaCl, pH 8.0) 332-586 | 255 | 20.5+1.42 4.78 +0.33 1.18£0.16 | 0.77+0.110
Atgl (300 mM NaCl, pH 8.0) 332—-586 | 255 20.3+0.94 473 +£0.22 1.16 £ 0.11 0.75 £0.071
Atgl: averaged over the five 205409 | 478021 | 1.17+002 | 0.77=0.070
conditions (mean =+ s.d.)
Atg13 (100 mM NaCl, pH 6.0) | 268—744 | 477 279 +1.62 6.50 £0.38 1.15+0.14 0.75 +£0.088
Atgl3 (100 mM NaCl, pH 7.0) | 268—744 | 477 28.1 £4.62 6.55+1.08 1.17 £0.39 0.76 £0.253
Atg13 (100 mM NaCl, pH 8.0) | 268—744 | 477 27.8+4.06 6.48 +£0.95 1.14 £0.34 0.74 £0.220
Atgl3: averaged over the three 28.042.0 652047 | 1.15+£0.02 | 0.75+0.109
conditions (mean * s.d.)
FACT-10SA (dSSRP1 subunit) | 433-554 | 121 143 +£0.18 3.33+£0.042 1.26 +£0.03 0.81 £0.022
421-4
Nra-GFP 85, 88 11.6 £0.11 2.70 £0.026 1.16 £ 0.02 0.75+0.015
503-525
421-485,
Nra-Trx (pH 6.0) 503-525 88 11.2+0.10 2.61 £0.023 1.08 = 0.02 0.70 £0.013
421-485,
Nra-Trx (pH 7.0) 503-525 88 11.1+0.14 2.59 +£0.033 1.05 +0.03 0.68 +0.018
: h
Nraw: averaged over the above 1134026 | 2.63+0.061 | 1.10£0.06 | 0.71%0.035
three cases (mean £ s.d.)
421-485,
Trx-Nrar 88 10.1 £0.10 2.35+0.023 0.86+0.02 0.56+0.012
503-525
Average* Average*
1.18 £0.08 0.78 £ 0.06
mean + s.d. mean + s.d.

The nine (R,p) data highlighted with orange color were applied to the analysis for determining the expansion factor u

(see Extended Data Fig. 8).

For IDPs whose IDRs undergo transitions, (R,p) values shown here are those in the longer state.
"The (Rg) values in solution were estimated from corresponding measured (R,p) values on mica using an expansion

factor u = 1.24 by which mica-IDR interactions expand R;p.

*Data of Trx-Npa. were omitted.

“The persistence length L, in solution was calculated from (R,) using Eq. (S5) shown below:

3
213

- —ZLLE’X [1 = Exp(-L/Ly)].  (55)

bl _ 2
(Rg)_%—Lp+

YWeighted mean obtained using the areas of respective Gaussian distributions as weights.
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Supplementary Table 9 | IDPs with L, values in a range of 0.78 £ 0.08 nm.

Protein Naa (Rg) (nm) L, (nm) References
Osteopontin® 150 3.79 0.84 Ref. 25
Pig Calpastatin domain® 148 3.54 0.74 Ref. 26
HrpO* 147 3.50 0.73 Ref. 27
Human NHE ctd (45°C)" 131 3.53 0.84 Ref. 28
Neuroligin 3 (731-848)" 118 3.15 0.74 Ref. 29
Jaxtanodin (172-282)* 111 3.15 0.80 Ref. 30
P53 (1-93)" 93 2.87 0.80 Ref. 31
it | | | o s
Histatin 5° 24 1.33 0.86 Ref. 32
Nuclearporin Nup49 (121-154) 34 1.59 0.77 Ref. 33
Nuclearporin 153 kDa (884—993) 110 3.0 0.73 Ref. 33
Nuclearporin 153 kDa (1313—1390) 78 2.49 0.72 Ref. 33
ACTR (25°C) 79 2.51 0.73 Ref. 34
Phosphorylated insulin receptor 75 6 0.84 Ref. 35

(PID) interaction region in Grb 14°

*These IDPs were searched from the list compiled by Cordeiro et al (Ref. 24).
PEssentially unstructured but with a potentially structured short stretch encompassing residues 399-407.

By combining these 14 data of (N, (Rg)) with those of 10 tau-protein constructs and four IDR segments of PQBP-1
described in Extended Data 8a (red and blue circles, respectively) and 9 data shown in Supplementary Table 8, we
obtained a power law of (R,) = (0.260 = 0.021) x N, 03240019 (See Extended Data Fig. 8b).
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Supplementary Table 10 | Parameters of charged residues contained in the IDRs (or segments thereof) used in this

study.
Number Number Number
Number
. Start End of of of Net
Proteins ) ) of . .. FCR p K
residue  residue ) negative positive  charged charge
residues )
charges charges residues
PQBP-1 82 265 184 41 48 89 0.483 7 0.038 0.093
82 214 133 37 39 76 0.571 2 0.015 0.089
82 164 83 24 26 50 0.602 2 0.024 0.050
82 134 53 12 14 26 0.491 2 0.038 0.102
NraL 401 525 125 23 17 40 0.32 -6 -0.048  0.146
PNT 1 229 229 38 21 59 0.258 -17 -0.074  0.230
1 102 102 17 11 28 0.275 =5 -0.059  0.240
103 229 127 21 10 31 0.244 -11 -0.087  0.250
177 229 53 6 8 14 0.264 2 0.038 0.257
Sicl 1 284 284 42 43 85 0.299 1 0.004 0.272
30 284 255 42 40 82 0.322 -2 -0.008  0.269
30 190 161 20 20 40 0.248 0 0 0.306
191 284 94 22 20 42 0.447 -2 —-0.021 0.256
1 190 190 20 23 43 0.226 3 0.016 0.310
Atgl 332 586 255 28 24 52 0.204 -4 -0.016  0.175
Atgl3 268 744 477 47 49 96 0.201 2 0.004 0.274
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