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1. SUPPLEMENTARY METHODS

1.1 Finite size effects as assessed by the Flory characteristic ratio

We assessed finite-size effects for FRC simulations in several ways, comparing against excluded
volume (EV) simulations as a real-chain reference model. First, we compared internal scaling
profiles. For real chains, residues at or near the ends have a great volume of space they can
explore than residues internal to chain due to excluded volume of the chain. This manifests for
internal scaling profiles whereby super-imposing a series of homopolymers of different lengths
reveals the distance between residue 1 and n when 1 and n are the first and terminal residues is
shorter than residue 1 and n when n is an internal residue (Fig. 1E). In contrast, because FRC
simulations lack any excluded volume contribution, there is no difference between internal and
external residues, such that all inter-residue distances of the same residue spacing are
equivalent, regardless of where in the chain the two residues lie. This is even more clearly shown
by calculating the normalized distance for different inter-residue spacing as a function of starting
residue (Fig. S2C, D).

The Flory characteristic ratio as;

2
c, =& (1)

nl2

Where n is the number of residues, / is the monomer size, and (R?) is the ensemble-average squared
end-to-end distance (or inter-residue distance)®®.

Given both the FRC and AFRC models describe ideal chains, we can empirically define / as using
the standard ideal chain relationship;
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in the limit of » tending to ©¥.

By defining / empirically from our FRC simulations or AFRC model, finite size effects emerge upon
plotting n vs. C, (Fig. S2E,F). In FRC simulations, C, is less than 1 for shorter chains. This is
expected in that the rotational isomeric state means local chain geometry is not truly ideal but
instead limited to the inter-residue vector path defined by the Ramachandran isomeric states. In
contrast, the AFRC is a true ideal chain model, such that the Flory characteristic ratio is always 1
regardless of n. This difference between the AFRC and FRC models manifests as a very slight
(1-2 A\) difference in intramolecular distances visible in Fig. 2A.
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2. SUPPLEMENTARY FIGURES
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Fig. S1 Residue-specific Ramachandran maps used for FRC simulations. Ramachandran
maps for all twenty amino acids performed as excluded volume simulations define the allowed
isomeric states and are used by FRC simulations to construct the FRC ensembles.
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A. The correlation between the end-to-end distance (Rs) obtained from FRC simulations and
AFRC analysis is shown. The comparisons here are for ensemble-average values for
homopolymers derived from the twenty different amino acids for lengths of 51, 101, 151, 251, and
351 residues. B. The correlation between radius of gyration (Ry) values obtained from FRC
simulations and AFRC analysis. Again, the comparisons here are for ensemble-average values
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for homopolymers derived from the twenty different amino acids for lengths of 51, 101, 151, 251
and 351 residues. C. Schematic of the approach taken in panel D. D. For a 151-residue
homopolymer, we calculated the average distance between all pairs of residues that are a fixed spacing
apart for EV and FRC simulations and for the AFRC model. The inter-residue spacing used were 2, 6, 8,
10, 16, 20, 24, 32, 40, and 60 residues, and each spacing yields a different line. For example, for a spacing
of 6 residues, we calculated the average distance between the following pairs of residues (r1 7}, (r2), ...,
(r14s,151). Note the angle brackets here denote the ensemble-average distance. Each line represents the
profile revealed by the set of inter-residue distances. For every point along the line, the y-axis position
reports on the average distance normalized by the overall average distance for all residues of a given
spacing. In contrast, the x-axis position is the location of the first residue of the two in a pair, to which
half of the inter-residue spacing is added. For example, if we examined positions for (r17), {(r2s), ...,
(r145,151) then the corresponding x-axis positions would be (1 +0.5x6=4,2 +0.5%6 =5, ..., 145+ 0.5*x6 =
148). We take this approach such that the middle of the x-axis in the figure always corresponds to the
central position in the polymer. For EV simulations, when one of the two residues in a pair falls near
the end of the chain, we see a suppression of the inter-residue distances compared to the same
inter-residue distance when both positions are internal to the chain. This is the expected result
and reflects the fact that internal residues are ‘repelled’ by steric overlap with other residues,
whereas end residues are less constrained. For FRC simulations and AFRC models, no such end
effects are observed, reflecting the finite-size end effects do not influence ideal chains. E. We
also calculated the Flory characteristic ratio (C,) for chains of different lengths (black circles) and
for intramolecular distances (red lines) for FRC simulations. The characteristic ratio enables
correlations in chain dimensions to be assessed, and for FRC simulations, we see the expected
deviation from 1 at shorter chain lengths (see supplemental methods). While these deviations are
expected finite-size effects, their impact when comparing inter-residue distances is minimal (Fig.
2).
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Fig. S3 Comparison of end-to-end distance distributions and radii of gyration
distributions for select heteropolymers of variable composition and length. A.
Comparison of end-to-end distance distributions. Empirical distributions obtained from
simulations are shown in black, while predictions of the distribution from the AFRC are shown
as red lines. B. Comparison of radii of gyration distributions. Empirical distributions obtained
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from simulations shown in black, while predictions of the distribution from the AFRC are shown
as red lines.
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Fig. S4. Correlation between internal scaling profiles for random heteropolymers from
FRC simulations vs. AFRC-derived internal scaling profiles. For each length (10,20,30, ...,
500) 20 different heteropolymers, were generated where each heteropolymer is enriched (30%)
in one of the twenty amino acids while the remaining residues are randomly selected. This
yields 320 different internal scaling comparisons (16 lengths with 20 amino acids).
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Fig. S5. Difference in radii of gyration based on empirical min and max values reveals the
length-dependent variation in expected accessible radii of gyration values.
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Fig. S6. Comparison of the end-to-end distance distributions for the AFRC with existing polymer
models. A. Comparison of the AFRC model (grey shaded area) for 100-residue polyalanine chain
(A100) with Worm-Like chain (WLC)-derived distributions, where the WLC monomer size is fixed
at 3.8 A, and the persistence length varies from 1 A to 9 A. B. Comparison of AFRC, WLC, SAW-
v, and SAW models in which model input parameters were selected to reproduce the AFRC end-
to-end distance distribution for an A1 chain. The WLC model uses an amino acid size of 3.8 A
and a persistence length of 5.7 A. The SAW-v model uses a prefactor of 5.8 A and av of 0.5. The
SAW model uses a prefactor of 4.1 A.
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Fig. S7. Comparison of chain dimensions obtained from the AFRC model for poly-alanine vs.
poly-glycine, examining end-to-end distance (A) and radius of gyration (B).
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3. SUPPLEMENTARY TABLES

Amino acid Rij RMS (A) Rij (A) Xo (A)
A 6.5463 6.0381 0.5405
C 6.2676 5.7826 0.5635
D 6.3994 5911 0.5567
E 6.2649 5.768 0.5613
F 6.2519 5.7612 0.5571
G 6.1045 5.6324 0.5911
H 6.2156 5.7262 0.5645
I 6.4353 5.9361 0.5483
K 6.306 5.8272 0.5533
L 6.2636 5.7801 0.5605
M 6.3813 5.8894 0.5501
N 6.2652 5.773 0.5598
P 6.4323 5.9388 0.5599
Q 6.2547 5.7719 0.5617
R 6.279 5.7921 0.5531
S 6.3161 5.8364 0.5553
T 6.1995 5.7242 0.5695
\% 6.3204 5.8409 0.5571
w 6.3 5.814 0.5539
Y 6.3188 5.8266 0.5543

Table S1 Model parameters obtained by fitting against FRC simulations.
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Name Sequence
Ash1 GASASSSPSP STPTKSGKMR SRSSSPVRPK AYTPSPRSPN YHRFALDSPP QSPRRSSNSS
ITKKGSRRSS GSSPTRHTTR V. V
p53 MEEPQSDPSV EPPLSQETFS DLWKLLPENN VLSPLPSQAM DDLMLSPDDI EQWETEDPGP
DEAPRMPEAA PPVAPAPAAP TPAAPAPAPS
p27 GSHMKGA KV PAQESQDVSG SRPAAPLIGA PANSEDTHLV DPKTDPSDSQ TGLAEQ AGI
RKRPATDDSS TQONKRANRTE ENVSDGSPNA GSVEQTPKKP GLRRRQT
Notch |MARKRRRQHG QLWFPEGFKV SEASKKKRRE PLGEDSVGLK PLKNASDGAL MDDNQNEWGD
EDLETKKFRF EEPVVLPDLD DQTDHRQWTQ QHLDAADLRM SAMAPTPPQG EVDAD MDVN
VRGPDGFTPL LE
ACTR | GTONRPLLRN SLDDLVGPPS NLEGQSDERA LLDQLHTLLS NTDATGLEEI DRALGIPELV
NQGQALEPKQ D
drkN MEAIAKHDFS ATADDELSFR KTQILKILNM EDDSNWYRAE LDGKEGLIPS NYIEMKNHD
Ntail MHHHHHHTTE DKISRAVGPR QAQVSFLHGD QSENELPRLG GKEDRRVKQS RGEARESYRE
TGPSRASDAR AAHLPTGTPL DIDTASESSQ DPODSRRSAD ALLRLOAMAG ISEEQGSDTD
TPIVYNDRNL LD
asyn MDVEMKGLSK AKEGVVAAAE KTKQGVAEAA GKTKEGVLYV GSKTKEGVVH GVATVAEKTK
EQVTNVGGAV VTGVTAVAQK TVEGAGSIAA ATGFVKKDQL GKNEEGAPQE GILEDMPVDP
DNEAYEMPSE EGYQDYEPEA
A1-LCD | GSMASASSSQ RGRSGSGNFG GGRGGGFGGN DNFGRGGNFS GRGGFGGSRG GGGYGGSGDG
NGFGNDGSN FGGGGSYNDF GNYNNQSSNF GPMKGGNFGG RSSGPYGGGG QYFAKPRNQG
GYGGSSSSSS YGSGRR

Table S2. Sequences from simulations. Full sequences used from all-atom simulations.

Amino acids are colored by chemical type as per localCIDER'™.
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Name N Rq (A) Ry/Rs’ R. (A) Re/R:? | vPP@ | Quality of
VPP fit )
Ash1 83 28.9 1.27 68.95 1.30 0.61 GOOD
p53 91 29.4 1.23 77.73 1.39 0.66 GOOD
p27 107 28.3 1.09 59.15 0.98 0.49 POOR
Notch 132 29.3 1.02 52.16 0.78 0.34 POOR
ACTR 71 21.1 1.01 41.45 0.85 0.50 GOOD
drkN 59 19.3 1.00 45.26 1.01 0.43 GOOD
Ntail 132 26.3 0.92 58.11 0.87 0.39 POOR
asyn 140 25.6 0.87 46.47 0.67 0.23 POOR
A1-LCD 137 24.1 0.84 54.37 0.81 0.47 GOOD

a Estimated v?*P based on linear fitting of the internal scaling regime using SOURSOP.

b Quality of fit based on the reduced chi-squared from the fit.

Table S3: Simulation and AFRC-derived parameters for all-atom simulations.

S12




Table S4: SAXS sequences and values (note table caption comes before table as table is 36
pages long). Note that when error is reported as 0, this means an accurate error could not be
determined, not that the measurement is perfect.

Protein name

Nucleoporin
Nup49 (N49)

Heh2 (NLS)

VSV Protein
Phosphoprotein P

LS

Nup153_NUS

Ry (A) Rgqerror (A)

15.9

24

24

27.9

24.9

1.3

1.3

Amino acid sequence

GCQTSRGLFGNNNTNNINNSSSGMNNASAGLF
GSKPCA

ACETNKRKREQISTDNEAKMQIQEEKSPKKKRK
KRSSKANKPPECA

HHHHHELMDNLTKVREYLKSYSRLDQAVGEIDEI
EAQRAEKSNYELFQEDGVEEHTKPSYFQAADDS

Reference

Fuertes, et al. PNAS (2017)
114, E6342-E6351.

Fuertes, et al. PNAS (2017)
114, E6342-E6351.

Leyrat, C., Jensen, M.R.,
Ribeiro, E.A., Gérard, F.C.A.,
Ruigrok, R.W.H., Blackledge,
M., and Jamin, M. (2011). The
NO-binding region of the
vesicular stomatitis virus
phosphoprotein is globally
disordered but contains
transient a-helices. Protein Sci.
20, 542-556.

SPPGKPQGPPQQEGNKPQGPPPPGKPQGPPPA Boze, H., Marlin, T., Durand,

GGNPQQPQAPPAGKPQGPPPPPQGGRPPRPA
QGQQPPQ

GCPSASPAFGANQTPTFGQSQGASQPNPPGFG

D., Pérez, J., Vernhet, A.,
Canon, F., Sarni-Manchado, P.,
Cheynier, V., and Cabane, B.
(2010). Proline-rich salivary
proteins have extended
conformations. Biophys. J. 99,
656—665.

SISSSTALFPTGSQPAPPTFGTVSSSSQPPVFGQ Fuertes, et al. PNAS (2017)

QPSQSAFGSGTTPNCA
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Sic1 30 4

chloroplastic
calvin cycle
protein 23

Antitermination
protein N (from
lambda phage) 38 3.5

Nup153 NUL 30 3

DARPP-32 (aka
Protein
phosphatase 1
regulatory subunit
1B) 28.28

GSMTPSTPPRSRGTRYLAQPSGNTSSSALMQG Gomes G-NW, Krzeminski M,

QKTPQKPSQNLVPVTPSTTKSFKNAPLLAPPNSN Namini A, Martin EW, Mittag T,

MGMTSPFNGLTSPQRSPFPKSSVKRT Head-Gordon T, et al.
Conformational Ensembles of
an Intrinsically Disordered
Protein Consistent with NMR,
SAXS, and Single-Molecule
FRET. J Am Chem Soc.
2020;142: 15697-15710.

HHHHHHHHHHSSGHIEGRHMSGQPAVDLNKKY Launay H, Barré P, Puppo C,
QDAVKEAEDACAKGTSADCAVAWDTVEELSAAV Zhang Y, Maneville S, Gontero
SHKKDAVKADVTLTDPLEAFCKDAPDADECRVY B, Receveur-Bréchot V, J Mol
ED Biol 430(8):1218-1234 (2018)

MDAQTRRRERRAEKQAQWKAANPLLVGVSAKP Johansen, D., Trewhella, J.,
VNRPILSLNRKPKSRVESALNPIDLTVLAEYHKQI and Goldenberg, D.P. (2011).
ESNLQRIERKNQRTWYSKPGERGITCSGRQKIK  Fractal dimension of an
GKSIPLI intrinsically disordered protein:
small-angle X-ray scattering
and computational study of the
bacteriophage A N protein.

Protein Sci. 20, 1955-1970.

GCGFKGFDTSSSSSNSAASSSFKFGVSSSSSGP
SQTLTSTGNFKFGDQGGFKIGVSSDSGSINPMS
EGFKFSKPIGDFKFGVSSESKPEEVKKDSKNDNF Fuertes, et al. PNAS (2017)
KFGLSSGLSNPVCA 114, E6342-E6351.

MDPKDRKKIQFSVPAPPSQLDPRQVEMIRRRRP Marsh, J.A., Dancheck, B.,
TPALLFRVSEHSSPEEESSPHQRTSGEGHHPKS Ragusa, M.J., Allaire, M.,
KRPNPCAYTPPSLKAVQRIAESHLQTISNLSENQ Forman-Kay, J.D., and Peti, W.
ASEEEDELGELRELGYPQ (2010). Structural diversity in
free and bound states of
intrinsically disordered protein
phosphatase 1 regulators.
Structure 18, 1094—1103.
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-1

Fhua

N98

Protein
Phosphatase
Inhibitor 2

Nsp1

41

33.4

28.6

34.6

41

1.3

GKPVGRRPQGGNQPQRPPPPPGKPQGPPPQG Boze, H., Marlin, T., Durand,

GNQSQGPPPPPGKPEGRPPQGRNQSQGPPPH D., Pérez, J., Vernhet, A,,

PGKPERPPPQGGNQSQGTPPPPGKPERPPPQG Canon, F., Sarni-Manchado, P.,
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VTAEEMALHQPKSVKEALSYTPGVSVGTRGASN Zmyslowski, A.M., Knoverek,
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IBB

Ash1

pAsh1

PIR domain
(GRB14)
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28.5

27.5

3.4

1.2
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SNNLFGATANANCA
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GASASSSPSPSTPTKSGKMRSRSSSPVRPKAYT
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PSPRSPNYHRFALDSPPQSPRRSSNSSITKKGS
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Rpll215_gibbs

Rpll215_portz

ACTR

Msh6

28

51.8

25

56

0.7
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LEPKQDSGGPR Schiiler, A., Hofmann, H.,
Soranno, A., Nettels, D., Gast,
K., Grishaev, A, et al. (2016).
Consistent View of Polypeptide
Chain Expansion in Chemical
Denaturants from Multiple
Experimental Methods. J. Am.
Chem. Soc. 138, 11714—11726.

MAPATPKTSKTAHFENGSTSSQKKMKQSSLLSF
FSKQVPSGTPSKKVQKPTPATLENTATDKITKNP
QGGKTGKLFVDVDEDNDLTIAEETVSTVRSDIMH
SQEPQSDTMLNSNTTEPKSTTTDEDLSSSQSRR
NHKRRVNYAESDDDDSDTTFTAKRKKGKVVDSE
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