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Abstract

Intrinsically disordered proteins (IDPs) adopt a wide array of different conformations that can be con-
strained by the presence of proline residues, which are frequently found in IDPs. To assess the effects
of proline, we designed a series of peptides that differ with respect to the number of prolines in the
sequence and their organization. Using high-resolution atomistic molecular dynamics simulations, we
found that accounting for whether the proline residues are clustered or isolated contributed significantly
to explaining deviations in the experimentally-determined gyration radii of IDPs from the values expected
based on the Flory scaling-law. By contrast, total proline content makes smaller contribution to explaining
the effect of prolines on IDP conformation. Proline residues exhibit opposing effects depending on their
organizational pattern in the IDP sequence. Clustered prolines (i.e., prolines with <2 intervening non-
proline residues) result in expanded peptide conformations whereas isolated prolines (i.e., prolines with
>2 intervening non-proline residues) impose compacted conformations. Clustered prolines were esti-
mated to induce an expansion of ~20% in IDP dimension (via formation of PPII structural elements)
whereas isolated prolines were estimated to induce a compaction of ~10% in IDP dimension (via the for-
mation of backbone turns). This dual role of prolines provides a mechanism for conformational switching
that does not rely on the kinetically much slower isomerization of cis proline to the trans form. Bioinfor-
matic analysis demonstrates high populations of both isolated and clustered prolines and implementing
them in coarse-grained molecular dynamics models illustrates that they improve the characterization of
the conformational ensembles of IDPs.

© 2023 Elsevier Ltd. All rights reserved.

classes of proteins differ with respect to the
organization of amino acids in their sequences.

Introduction

Intrinsically disordered proteins (IDPs) lack a
stable three-dimensional structure and therefore
are described by an ensemble of rapidly
convertible conformations. The conformational
ensembles of IDPs are therefore much more
expanded than those of folded proteins, but are
commonly more compact than the ensemble of
random-coil polymers. Similarly to folded proteins,
the conformational preferences of IDPs are
dictated by their sequence, however, these two
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IDPs often exhibit simple and redundant amino
acid patterns that correspond to a large
conformational space compared with the much
smaller sequence space associated with the
unique three-dimensional structure of folded
proteins. The sequences of IDPs also differ from
those of folded proteins by tending to use a
narrower variety of amino acids. Compared with
folded proteins, IDP sequences are often more
enriched in charged residues (i.e., Glu, Asp, Lys,
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and Arg), small residues (i.e., Gly, Ala, Ser, and
GIn), and particularly in proline.’?

The presence of proline residues is expected to
affect the conformational ensembles of IDPs not
only because of their high abundance but also
because of their unique characteristics compared
with other amino-acids. Proline is unique because
of its ability to impose a conformational bias owing
to the cyclic nature of the pyrrolidine ring that
connects the backbone nitrogen to its side-chain,
resulting in the absence of the usual backbone

nitrogen  proton and thereby preventing
participation in common secondary structural
elements.”® Consequently, prolines disrupt the

propagation of regular secondary structural ele-
ments and are often treated as “disorder promot-
ers”.* Although prolines tend to break secondary
structures, they can assist in nucleating alpha
helices and in promoting turn formation.>° Further-
more, they may participate in the formation of alter-
native local structural elements. In particular, the
intrinsic chain propensities of proline residues
enable them to form helical secondary structural
elements referred to as polyproline Il (PPII).”'°
The PPII conformation results in a locally expanded
backbone conformation.’" For proline-based PPlIs,
propagation of the helix depends on proline content
and organization, with PPII content decreasing as
the number of spacing residues between prolines
increases.'>'®> However, proline residues are not
an obligatory component of PPIls and PPlls com-
prised entirelX of non-proline sequences have also
been found.’

Prolines are recognized as encoding a local
stiffening of the peptide backbone. This arises
from the steric constraint that the cyclic nature of
proline’s side-chain imposes on the Ca—CO angle
(psi, W) in the peptide backbone. The introduction
of a steric constraint reduces the energetic barrier
to converting the omega (Q2) angle around the C
(O)-N peptide bond from 180° (as per a trans
configuration) to 0° (as per a cis configuration)
and thereby increases the probability that the
backbone will adopt a cis configuration, while also
potentially affecting the phi (®) angle around the
Ca—N bond. Similarly to any other amino-acid (X),
proline strongly favors the trans configuration
compared with the cis configuration, however the
preference is weaker for X—P bonds compared
with others. Consequently, 5-10% of X—P bonds
in solved protein structures are found to be in the
cis configuration, which is about 10 times greater
than for X=X bonds.'>™'” The cis configuration of
prolines induces a more compact state and it was
therefore suggested that cis to trans isomerization
may act as a switch between compact and
expanded structural ensembles.'® " Indeed, pro-
line has been found to play various roles, including
as a switch in cell signaling®'** and folding kinet-
ics.>*#> Prolines are the second most abundant
residue in loops within globular domains.?® Particu-

larly, an isolated proline was found to mediate loop
formation in transmembrane proteins separating
two transmembrane segments through a fairly tight
turn by reducing the conformational freedom.*” The
presence of a high proline content of trans proline
configurations in an IDP increases its tendency to
form PPII that can expand conformations.

Proline has been extensively investigated
because of its unique and versatile chemical and
structural features and the central role it plays in
various biomolecular processes, such as protein
folding,”®> protein—protein interactions,”® post-
translational modifications,'?** secondary structure
formation'®?? ! and even in liquid—liquid phase
separation.®*** However, the anomalous features
of proline that are linked with different structural out-
comes mean that proline is not fully understood in
all its complexity, particularly with respect to its role
in IDPs.

Although the multifaceted roles of prolines in
modulating the structures of folded proteins for
various functions have been well explained,®'"**
the essence of prolines in IDPs remains the subject
of a long-running debate.??%>°53%37 The much
higher abundance of proline in IDPs compared with
folded proteins may indicate that it plays a crucial
role in the former. Indeed, prolines were shown to
affect the conformations of some IDPs®***? and to
contribute to their ability to form amyloids.*® In many
other cases, the contribution of prolines to the con-
formational preferences of proteins is disregarded.
For example, the molecular grammar that is often
considered to dictate the molecular properties of
IDPs and their interactions in liquid-liquid phase
separation includes frimarily charge—charge and
cation—r interactions®°° without an explicit repre-
sentation for the unique nature of proline residues.
Such effective residue—residue potentials that are
scaled based on the hydrophobicity of all pairwise
interactions that are supplemented by electrostatic
interactions were found to be powerful to estimate
the dimension (quantified by the radius of gyration,
Rg) of many IDPs.”"

In some instances, prolines were acknowledged
to affect the dimensions of IDPs. However, in
such cases, only total proline was used as a
measure to estimate the effect of proline residues
on protein dimension, assuming that greater
numbers of prolines produce more expanded
conformations.®> However, given the complexity of
proline residues, as found in folded proteins, it is
suspected that the number of prolines in a given
sequence may not be a reliable predictor of their
effect on conformational preferences. In other
cases, the effect of prolines on IDP conformation
was argued to be coupled to the effect of charged
residues'? or of adjacent aromatic residues.’®

In this study, we examined the effect of prolines
on the conformational ensemble of IDPs by
studying a series of 11-21 residue peptides that
varied with respect to the number of proline
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residues they contained and their organization.
Using atomistic molecular dynamics simulations,
we quantified how the spacing between the
prolines affects the conformational ensemble of
the peptides and particularly examined whether
prolines induce expansion or compaction
compared with peptides that lack any prolines.
The results of the atomistic simulations suggest
that prolines should be classified in two groups
depending on their organizational pattern in the
amino acid sequence. In light of the novel
biophysical insights obtained from the atomistic
simulations, we constructed and calibrated
coarse-grained models to isolate the contribution
proline residues make to the global dimensions,
as measured by the radius of gyration (Rg) of 33
selected IDPs, and compared the results with Rg
values modelled or estimated by other means.

Results

Proline residues are highly abundant in IDP
sequences, with their content in IDPs being ~80%
higher than in folded proteins.” However, the exact
nature of their contributions to the conformational
ensemble of IDPs remains poorly understood. To
better understand the effect of proline residues on
IDPs, two series of intrinsically disordered peptides
were designed, with variation with respect to proline
content and organization. These peptide series
comprised 0-3 prolines (total proline content ~0—
30%) separated by 0-5 Gly or Ser residues.
Because the trans configuration of proline is much
more populated than the cis configuration, particu-
larly in IDPs,'® we modeled all proline in the trans
configuration. The conformational ensemble of
each of these peptides was sampled using atomis-
tic molecular dynamics simulations and was quanti-
fied in terms of its mean Rg and S values.

Proline content is sometimes, but not always,
correlated with the dimensions of peptide
conformations

The effect of the presence of proline on the
dimensions of the peptide conformation was
examined by comparing sequences that contained
proline with the proline-free S1 sequence
consisting solely of Gly and Ser residues, which
served as a control. Variation of radius of gyration
(ARg) and entropy (AS) of sequences containinq
prolines was computed as ARg = [Rg®-Rg®'//Rg®
and AS [SS-SS'], where superscript ‘Si’
represents all the designed sequences with
prolines and ‘S1’ represents a pure G/S repeat
that follows an ideal Flory scaling. Figure 1(A)
shows ARg versus AS for each of the studied
disordered peptides compared with the control S1
sequence. A linear correlation is observed
between ARg and AS as proline content

increases, indicating that, in these sequences,
increasing the number of prolines has a gradual
effect. The presence of two or three prolines
increased Rg by approximately 7-12% for
sequences S3-S6 and by about 10-15% in
sequences S10-S13, with this expansion
accompanied by a decrease in AS of
approximately 75 J/mol K (about 25 J/mol K per
proline residue). We note that the sequences in
Figure 1(A) include several peptides containing
either two or three prolines, yet in all cases the
prolines are quite clustered and the spacing
between consecutive prolines does not exceed
two Gly or Ser residues. The expansion of the
peptide conformations (as indicated by ARg > 0)
in the presence of several clustered prolines
separated by < 2 residues may correspond to the
formation of PPIl structural elements that are
known to be extended and to increase Rg.'"'**

The effect of a single proline (sequence S2) on
the conformational space of the peptide is
surprising (Figure 1(A)), as it exhibits a negative
ARg, indicating compaction rather than the
expansion effect observed for peptides with two or
three prolines (sequences S3-S6 and S10-S13).
Accordingly, a single proline induces compaction
whereas two or three prolines induce expansion.
The size of the compaction effect (ARg) of a
single proline residue is about 4% and it is
accompanied by a decrease in AS of about
20 J/mol K.

A visual representation of the effect of the number
of prolines on peptide conformation is shown in
Figure 1(C). Whereas an isolated proline
introduces compaction at its position in the
sequence, clustered prolines introduce expansion.
Figure 1 shows the results obtained using the
CHARMMS36m force field, with similar results
obtained from simulations performed using the
Amber-99-SB-ILDN forcefield (Figure S3).

To improve our understanding of the compaction
induced by a single proline in the trans
configuration, we simulated some of the designed
peptides with all the prolines modeled in the rarer
cis configuration, which is acknowledged to yield
compact conformations.’® Figure 1(A) shows, as
expected, that introducing cis prolines compacted
the modelled IDPs. A single cis proline produced
compaction (ARg) of ~4%, similarly to the effect
of a single trans proline. Two cis prolines had a
greater compaction effect (ARg) of 5—20%, depend-
ing on the number of intervening residues. The lar-
gest effect, of about 20%, was obtained for two
consecutive cis prolines (sequence S4), with the
two prolines most likely having a synergistic effect.
For three consecutive cis prolines (sequence
S10), a smaller compaction effect of only about
4% was observed, possibly because the effects of
the prolines partially canceled each other out (the
effect of cis or tarns proline of the \y dihedral angles
are shown in Figures S11 and S12).
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In addition to the effect of proline content on the
conformational ensemble of disordered peptides,
their organizational pattern in the sequence, as
defined by the spacing between consecutive
prolines, may also play an important role. Figure 1
(B) shows the values of ARg and AS for peptides
containing two or three prolines separated by 0-5
Gly or Ser residues and showing both expansion
and compaction effects. An expansion in
conformation is observed for peptides with <2
non-proline residues between consecutive prolines
whereas compaction is observed when proline
residues are spaced by >2 residues.

Overall, we found that the dimensions of peptides
with two clustered prolines (S3-S6) expanded by
ARg = 5-10% and the dimensions of peptides
containing three clustered prolines (S10-S13)
expanded by ARg = 15-20% (Figure 1(A)),
whereas most peptides with 1-3 isolated prolines
(S2, S7-S8, S15, and S16) underwent
compaction of 3-5%. These observations suggest
that proline content and the ARg of disordered
peptides are correlated only when the prolines are
clustered (Figure 1(A)). For isolated prolines, not
only is there no correlation, but the proline often
exerts an opposite compaction effect on the
conformations (Figure 1(B)).

The specific organizational pattern of proline
is linked to compaction or expansion of IDPs

To better understand the effect of organizational
pattern (in terms of the spacing between

consecutive prolines) on IDP conformation, we
measured free energy (AG) where Rg served as a
reaction coordinate. Figure 2(A) shows the
conformational free energy landscape for
sequences with two clustered prolines separated
by <2 Gly or Ser residues (S4-S6; upper panel)
and the corresponding landscapes for sequences
containing two isolated prolines separated by 3-5
Gly or Ser residues (S7-S9; lower panel). A
comparison between the free energy profiles for
sequences with trans or cis proline is shown in
Figures S14 and S15. It is evident that different
organizational patterns have differently populated
conformational free energy landscapes. Peptides
with two clustered prolines (S4-S6) are mostly
characterized by a single energy basin that
corresponds to extended conformations with a
high Rg value (Figures 2(A) and S4). Peptides
with isolated prolines (S7-S9) are characterized
by dual-basin energy landscapes and the basin
corresponding to the more compact state is
significantly more populated. These dual-basin
landscapes indicate that peptides with isolated
prolines may exist in equilibrium between two
major classes of conformations with distinct Rg
values and that the transition between them may
be affected by details of the sequence (e.g., the
number of intervening residues between the
prolines or the identity of the residues adjacent to
the prolines). A peptide with a single proline is
also characterized by a dual-basin energy
landscape, with the basin corresponding to the
more compact state being the more stable

<

Figure 1. Proline content and patterns affect peptide conformations. The effect of proline residues on the
conformation of intrinsically disordered peptides was assessed by plotting ARg = [RgS"-Rg®'/Rg®', where Rg®" is the
backbone’s radius of gyration of the proline-containing sequences Sn, with n = 2-16 and Rg®' is the radius of gyration
of the non-proline-containing sequence (S1) against change in entropy (AS), which was calculated in a similar
manner. The 16 studied peptides (right panel) contain 0-3 proline residues in the frans configuration (filled circles) or
cis configuration (empty circles) arranged in different organizational patterns, with 0-5 Gly or Ser residues placed
between consecutive proline residues. Peptide sequences containing two proline residues are represented in shades
of green-olive whereas those containing three proline residues are represented in shades of orange-red. A) Plot of
ARg versus AS for sequences with clustered prolines (defined as those with <2 Gly or Ser residues between
consecutive proline residues). ARg and AS are linearly correlated, reflecting conformational expansion of the protein
with increasing numbers of proline residues. For peptide S2, ARg is negative, reflecting a compaction effect from a
single proline. Some selected peptides that were modeled with prolines in cis configurations and show compaction by
the prolines were added to the plot. B). Plot of ARg versus AS for two series of sequences with two or three prolines
with gradual increase in the number of intervening Gly or Ser between consecutive proline residues. Each of the
series include sequences with isolated proline residues (defined as those with >2 Gly or Ser residues between
consecutive proline residues; i.e., S7-S9, S15, and S16) and clustered prolines (defined as those with <2 Gly or Ser
residues between consecutive proline residues; i.e., S4-S6, S10, S11 and S14). It is evident that isolated peptides
have the effect of compacting the protein conformation, regardless of the total number of prolines in the sequence. C).
Conformational snapshots of example peptides with 1, 2 or 3 proline residues that illustrate compaction (for S2) and
expansion (for S4 and S10). Sequences with isolated prolines are designated by an underline. The simulated
sequences were comprise 11 residues, except S10-S16 in (B) that comprise 21 residues to accommodate the many
intervening residues between the consecutive prolines. These results were obtained from atomistic molecular
dynamics simulations using CHARMM36m. Similar results using Amber are shown in Figure S3.



M.K. Hazra, Y. Gilron and Y. Levy

Journal of Molecular Biology 435 (2023) 168196

A B
4.5 ' ' E

Y
T
L

AG(k,T)
W
=+

2.5

4.5 ' ' &

o~
1
1

AG(k,T)
(O8]
S

2.5

0.6 0.8
Rg (nm)

Figure 2. Free energy profiles for peptides containing two proline residues in different organizational
patterns. The free energy (AG) profiles of intrinsically disordered proteins S3-S8, in which the proline residues
(green) are separated by 0-5 Gly or Ser residues (see Figure 1 for exact sequences) are plotted as a function of their
radius of gyration (Rg), as an order parameter. A) The free energy profiles for peptides with <2 residue between the
two prolines (S4—-S6) are characterized by a single dominant basin that corresponds to expanded conformations due
to the formation of PPII structural elements (upper panel). Peptides with prolines separated by >2 residues (S7-S9)
are characterized by dual-basin landscapes similar to that of the peptide with a single isolated proline (S2) (bottom
panel, blue line). In these peptides with isolated prolines, the basin with the lower energy has the smaller Rg and
more-compact conformation. B) Representative snapshots depicting the conformational ensembles of peptides with
clustered prolines and thus more expanded conformations (upper panel) and peptides with isolated prolines and thus

more compact conformations (bottom panel).

(Figure 2(A)), similarly to the free-energy landscape
of peptides with two isolated prolines. For isolated
prolines, the deeper free energy basin of the
compact state results in such systems having a
compact conformation (Figure 1).

The local effect of proline residues on IDP
conformation is pattern dependent

At this point, the effect of local changes potentially
introduced by consecutive prolines arranged in
different organizational patterns (isolated versus
clustered) on global IDP conformational variety
remained unclear. To understand how prolines
tune global peptide conformations, we calculated
the \ dihedral angles for sequences with different
patterns of prolines in cis or trans configurations
(Figures S11  and S12). The structural
consequence of proline content and patterns can
be better probed by the individual backbone Ca
dihedral quartets (8 angles) involving proline
residues. To correlate between structural changes
and the backbone Co dihedral angles of residue
quartets, we plotted joint probability distributions of
individual dihedral segments affected by prolines
and their end-to-end distance for several
sequences with 0—2 prolines as contour plots.

6

Figure 3 shows such contour plots for the angles
XPXX and XXPX as a function of their
corresponding end-to-end distances (see also
Figure S5). Similar plots for angles PXXX and
XXXP (which were found to be less affected by
whether the proline residues were isolated or
clustered) are shown in Figure S2.

The dihedral angles XPXX and XXPX behave
differently for isolated and clustered prolines
(namely, as spacing between consecutives
prolines increases). The identity of the residues
that define each Co dihedral angles are
highlighted by frames in the sequences analyzed
in Figure 3 (right panel). For the angle XPXX
(Figure 3(A)), a flattened distribution is observed
for the sequence that lacks proline residues (S1;
left panel), illustrating that it almost equally
populates all values of the angle. However, the
sequence with a single proline (S2) spans two
distinct basins with similar probability: Sxpxx

ranges from -2 to 2 rad. The basin at
Oxpxx = +2rad corresponds to  expanded
conformations (R*™* ~ 1.0 nm), whereas the

basin at O6xpxx =0rad corresponds to more
compact conformations (R*"** ~ 0.5 nm). For the
peptide with two adjacent prolines (S4), only a
single distinct basin is observed at dxpxx = 2rad,
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(higher probabilities have bluer shades) on a log scale.

indicating a significant expansion of the quartet to
an end-to-end distance (R*"**) of nearly 1.0 nm.
For the peptides with two consecutive prolines
that are separated by one and two amino-acids
(sequences S5 and S6, respectively), an
additional basin (at  Oxpxx = Orad and
RXPXX = 0.5 nm) starts to be populated, but the
dominant basin is the one corresponding to the
expanded conformation, consistently with the
domination of the energy landscape by a single
basin when it is projected along peptide Rg
(Figure 2). Upon increasing the spacing between
the two prolines to 3-5 residues (sequences S7—
S9), the basin that corresponds to the more
compact conformation becomes more populated
and the contour plots resembles that of a single
proline (sequence S2). The contour plots illustrate
that the transition from peptides with clustered
prolines to peptides with isolated prolines is
accompanied by the appearance of another state
that corresponds to compact conformations.

The contour plots for the dihedral angles between
the quartet XXPX versus their corresponding end-
to-end distance (Figure 3(B)) exhibit somewhat
different behaviors compared with the quartet

XPXX, yet they support a similar conclusion. For
the peptides with clustered prolines (sequences
S4-S6), the population is centered on a restricted
re)gion of the space (defined by dxxpx = 2rad and
R™PX = 0.9 nm) that corresponds to expanded
conformations. The population starts to shift to
lower angle oxxpx Vvalues and an end-to-end
distance of ~0.5 nm as the separation between
the two proline increases (i.e., through the
transition from clustered to isolated prolines). A
separation of three residues or more (sequences
S7-S9) between the two prolines enhances the
population of Oxxpx =0rad and therefore
increases the population of more-compact overall
peptide conformations.

The effect of isolated prolines on IDP
conformations may depend on neighboring
residues

Although the effect of proline residues on the
conformational preferences of disordered peptides
is related to the intrinsic molecular properties of
proline, the identify of neighboring residues may
modulate proline’s effects. The effect of
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Figure 4. The influence of neighboring aromatic residues on proline’s effect on peptide conformational
preferences. An aromatic residue (Trp (W) or Phe (F)) was positioned next to a single isolated proline residue (i.e., in
position i = 1 relative to proline), which was modeled in either the cis or frans configuration. A) The effects of the
specific aromatic residue and its position assessed in terms of ARg, being the deviation of the radius of gyration (Rg)
of peptides containing Phe (S17 and S18) or Trp (S19 and S20) from that of S1. Each of the four peptides was
simulated where the proline is either in cis or in trans configuration. B—C). Energetic and distance analysis comparing
peptides S17 (F in the i-1 position; dashed blue line) and S18 (F in the i + 1 position; solid blue line) containing a
proline residue in the trans configuration (B) or the cis configuration (C) with S2, which lacks aromatic residues and
whose single isolated proline can be viewed as within a G-P-S-G (solid black line) or G-G-P-S (dashed black line)
quartet. The energetic analysis is for the interaction between the side chains of the adjacent aromatic and proline
residues. The distance (R) refers to the end-to-end distance of the four residues centered on the proline and aromatic
residues. Snapshots illustrate the conformational preferences of the IDPs. When the aromatic residue is positioned i
+ 1 relative to frans proline residue j, it induces parallelization of sidechain rings, which results into a more-compact
overall conformation (S17 in panel B), whereas when the aromatic residue is positioned /-1 from the trans proline the

side-chains interact weakly, resulting in an extended conformation (S18 in panel B).

neighboring residues is expected to be more
applicable to isolated prolines because of their
dual-basin energy landscape whose population
can be shifted by the local environment. Following
a recent report on the effect of aromatic residues
on the conformational preferences of prolines in
their vicinity,’® we focused on the effect of Phe
and Trp in positions i + 1 (S18 and S20) and i1
(S17 and S19) relative to a proline residue i mod-
eled in the trans or cis configuration.

We found that Phe and Trp interact with proline
residue i to a different extent depending on
whether the aromatic residues are located closer
to the C-terminus (i.e., at the i + 1 position) or the
N-terminus (i.e., at the /-1 position) relative to the
proline and on whether the proline is in a cis or

trans configuration (Figures 4 and S6-S8). For
trans configured prolines, the interaction proceeds
more readily when the aromatic residues are
located closer to the C-terminus (sequences S18
and S20) because this position enables
preferential side-chain interactions to occur,
leading to compaction.

The stabilization obtained from such interactions
between the aromatic side chain and the trans
proline can lock the conformation of the IDPs in a
compact state leading to 10% reduction in Rg
compared with an IDP lacking prolines (sequence
S1) (Figure 4(A)), which corresponds to a
stabilization energy that can reach —20 kJ/mol
(Figure 4(B), left panel). Interactions driven by
Phe or Trp at position (1) relative to the trans
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CFTR (ARg=-18%; Tot Pro=4.32%; Clus Pro=0%)
SAERRNSILTETLHRFSLEGDAPVSWTETKKQSFKQTGEFGEKRKNSILNPINSIRKFSIVOKTPLOMNGIE
EDSDEPLERRLSLVPDSEQGEAILPRISVISTGPTLOARRRQSVLNLMTHSVNQGQNIHRKTTASTRKVSL
APQANLTELDIYSRRLSQETGLEISEEINEEDLKECFFDDME

MeCP2 (ARg=-13%;Tot Pro=10%;Clus Pro=39%)
EGSGSAPAVPEASASPKQRRSIIRDRGPMYDDPTLPEGWTRKLKQRKSGRSAGKYDVYLINPQGKAFR
SKVELIAYFEKVGDTSLDPNDFDFTVTGRGSPSRREQKPPKKPKSPKAPGTGRGRGRPKGSGTTRPKA
ATSEGVQVKRVLEKSPGKLLVKMPFQTSPGGKAEGGGATTSTQVMVIKRPGRKRKAEADPQAIPKKRG

RKPGSVVAAAAAEAKKKAVKESS
Human NCBD (ARg=15%; Tot Pro=15%;Clus Pro=75%)

ISPLKPGTVSQQALQNLLRTLRSPSSPLQQQQVLSILHANPQLLAAFIKQRAAKYANSNPQPIPGQPG

MPQGQPGLQPPTMPGQQGVHSNPAMQNMNPMQAGVQR
111(ARg=31%; Tot Pro=37%; Clus P=94%)

ISGKPVGRRPQGGNQPQRPPPPPPGKPQGPPPQGGNQSQGPPPPPGKPEGRPQGRNQSQGPP
PHPGKPERPPPQGGNQSQGTPPPPGKPERPPPQGGNQSHRPPPPPGKPERPPPQGGNQSRG

PPPHRGKPEGPPPQEGNKSR
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Figure 5. Abundance of isolated and clustered prolines across the human proteome. A) The organizational
patterns of proline residues in four human intrinsically disordered proteins (IDPs) are shown for proteins whose
proline content ranges from 4.3% to 37%. Isolated prolines (i.e., where consecutive proline residues are separated by
>2 other residues) are colored blue and clustered prolines (i.e., where consecutive proline residues are separated by
<2 other residues) are colored red. Aromatic residues are shown in green. The percentage of clustered prolines in
these proteins is 0-100%. Parentheses next to each IDP name present data for the deviation of the experimental
radius of gyration (Rg) of these IDPs from that estimated by the Flory scaling law for IDPs [ARg=(Rg®*-Rg'®F)/
Rg'®P)]; proline residues as a percentage of the total number of residues in the sequence (Tot Pro); and clustered
prolines as a percentage of all prolines in the sequence (Clus Pro). B) A bioinformatic analysis of the abundance of
isolated (dashed line) and clustered (solid line) prolines in intrinsically disordered regions of the human proteome

plotted against sequence length (L).

proline residue (sequences S17 and S19) are
weaker and more transient than those occurring
when the aromatic residue is at position (i + 1)
and they favor an extended state due to flanking
sidechain—sidechain cross interactions (Figure 4
(B)).

Prolines in cis configurations interact strongly with
Phe and Trp residues in the /-1 position (S§19 and
S19), in contrast to their trans counterparts,
through sidechain—sidechain interactions that lead
to ARg of about (-12%) compared with sequence
S1 (Figure 4(A)). When the aromatic residue is
positioned at (i + 1) (S18 and S20), cis prolines
can even mediate strong cross-interactions
between the backbone and sidechains (even
when  sidechain—sidechain interactions are
negligible; shown in Figure 4 inset), with such
interactions leading to an elongated state
characterized by ARg of about 5%.

A bioinformatic analysis indicates that both
isolated and clustered prolines are common in
natural IDPs

IDPs sequences may comprise prolines
organized in different patterns, such that they may
be enriched with a single type of proline
organization (isolated or clustered) or with a
mixture of both. Figure 5(A) shows the sequences
of four natural IDPs with proline contents of 4—
37% and including 0-94% clustered prolines. The
IDPs CFTR and MeCP2, which contain

exclusively or mostly isolated proline residues,
have lower experimentally measured Rg values
than are predicted by the typical scaling law for
IDPs. On the contrary, the IDPs NCBD and II1,
which contain a high percentage of clustered
prolines, have higher experimentally measured Rg
values than are predicted by the typical-used IDP
scaling law. This suggests a correlation between
the pattern of prolines in the sequences and the
DRg between the experimental and predicted Rg
values of typical IDPs. To isolate the effects of
proline, these four IDPs were selected for their low
net charge content. It is expected that, for IDPs
with a high net charge content, the interplay
between proline and charged residues will affect
overall protein conformation and Rg."®

To characterize the abundance of isolated and
clustered prolines in a larger protein dataset, we
performed a bioinformatic analysis of all
intrinsically disordered regions (IDRs) in the
human proteome. We found that both isolated and
clustered prolines are common but show some
differences, particularly for long IDRs. While the
mean abundance of isolated proline content
remains stable at nearly 4% for any IDR length,
the abundance of clustered prolines is typically
greater and it rises from about 6% up to about
10% for long IDPs of about 600 amino acids
(Figure 5(B)). This suggests that the Rg of longer
IDRs is more expanded than could be expected
based on the IDP scaling law.
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Figure 6. Radius of gyration is best predicted by
proline organizational pattern. The correlation
between the ARg values of 33 IDPs (see Table S1)
and three sequence-related Rg-influencing factors. ARg
was calculated as [Rg5**-Rg'°F/Rg'®", where Rg is the
radius of gyration of the IDP backbone, RgE*® refers to
experimentally-observed IDP radius of gyration values
and Rg'PF refers to the Rg estimated from the scaling
law (filled circles) or as [Rg®*-RgFooV/RgPro-ony,
where Rg™™°" refers to the Rg obtained from the
Pro-only coarse-grained model, in which non-local
residue—residue interactions were modelled as excluded
interactions (empty circle). A) ARg versus the percent-
age of clustered proline residues. Prolines were consid-
ered clustered when they were separated from each
other by <2 non-proline residues, with the percentage of
clustered prolines calculated versus the total number of
proline residues in the sequence. Improved correlation
of the ARg was obtained also when the content of
clustered prolines was normalized against the total
number of residues in the sequence (Figure S9). B)
Comparison between the simulated and experimental
Rg of 33 IDPs simulated using the IDP and IDP-Pro
models. The red line is the linear fit for the Rg from the
IDP-Pro.

The experimental Rg values of IDPs are better
explained by proline organizational pattern
than by proline content

Often the total proline content in IDPs is used to
predict the ARg between experimental and
estimated values. For example, the ARg between
experimental values and estimates based on the
scaling law was shown to be correlated with both
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charged-residue and proline content.®> We sought
to examine whether the classification of prolines in
a protein sequence as isolated or clustered could
better explain the compaction and expansion
behavior of IDPs than the approaches used to date.
To that end, we compared the goodness of correla-
tion between ARg (experimental Rg compared with
the value expected from the scaling law estimate)
and proline clustering (Figure 6(A) filled circles
and Figure S9(A)), proline content (Figure S9(B)),
and charge per residue (Figure S9(C)). We found
that ARg correlated only weakly with percent proline
content (Figure S9(B)) and net charge per residue
(Figure S9(C)), with Pearson correlation coeffi-
cients or R = 0.20 and R = 0.36, respectively. How-
ever, correlation improved significantly to R = 0.52
when ARg was plotted against the percentage of
clustered proline residues (Figure 6(A)). We also
examined correlations for various definitions of
clustering that differed in terms of the numbers of
intervening Gly or Ser residues. The results (Fig-
ure S15) confirmed that the greatest correlation
was obtained when a cluster was defined as proline
residues separated by <2 intervening residues.

To elucidate the extent to which proline content
and organization contribute to the conformational
ensemble of natural IDPs, we used coarse-
grained models to simulate the curated dataset of
33 natural IDPs for which experimentally
determined Rg values are available
(Table S1).°*°° The coarse-grained models incor-
porated different parameters for isolated versus
clustered prolines by specifying their Co dihedral
angles as identified in the atomistic simulations of
the 11-residue peptides (S2-S11; see Methods).
The strength of each dihedral angle in the coarse-
grained model was calibrated by simulating the
11-residue peptides and matching their Rg values
to those measured in the atomistic simulations
(the detailed criteria for proline representation in
the coarse-grained models and their calibration
can be found in the Sl and Figure S1).

The selected IDPs were simulated using two
different coarse-grained models. In the Pro-only
model, non-local residue—residue interactions
were modeled solely as excluded interactions and
ARg was calculated by comparing the Pro-only
coarse-grained model results with the random-coil
values. In The IDP-Pro model, non-local residues—
residue interactions were represented by Lennard-
Jones potentials with the strength represented by
the mean hydrophobicity of the two interacting
residues as well as by electrostatic interactions.
For the IDP-Pro model, ARg was calculated by
comparing the Rg values produced by the IDP-Pro
model with the results obtained from the IDP
model that lacks the effect of proline backbone.

Simulating with the Pro-only model yielded IDPs
that are either more compact or more expanded
than their Rg predicted when assuming that they
follow polymer physics of random coil. Table 1
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illustrates the effect of prolines on the backbone for
several selected IDPs in comparison to their
modeling as random-coil demonstrating
compaction up to 4% and expansion up to 27%.
When ARg was calculated by comparing the Pro-
only model with experimental data (i.e., ARg=
(Rg®*®- RgP™°™ /RgP™°™) it correlated only
very weakly with the percentage of clustered
prolines in the sequence (Figure 6(A), empty
circles), indicating that the representation of
clustered and isolated prolines in the Pro-only
model captures the effect of proline measured
experimentally. Although the Pro-only model
captures the ambivalent effect of proline
depending on its pattern of organization along the
sequence, it cannot predict the absolute value of
Rg as it does not include any favorable residue—
residue interactions for transient packing of the
IDPs. Several such models that include
hydrophobic and charge—charge interactions
between interacting residues have been reported
to successfullby regroduce the experimental Rg of
various IDPs.”"2%>7

Simulating the 33 selected IDPs using the IDP-
Pro model was found to introduce compaction or
expansion compared with the Rg obtained from
common IDP models. The Pro-only and IDP-Pro
models yielded expansion or compaction effects
of similar magnitude. More importantly, the Rg
values of IDPs simulated with the IDP-Pro model
are in better agreement with the experimental
results than those obtained from the FB IDP
model that lacks the information on prolines, with
correlation increasing from R = 0.86 to R = 0.89
(Figure 6(B)).

Conclusions

The proline residue, being unique among the
amino-acid residues, has been highly studied both
experimentally and theoretically with the aim of
quantifying the consequences of the cyclization of
its sidechain with the backbone on conformational
preferences and therefore on function. Despite
extensive research, the molecular biophysics of
prolines is not fully understood, particularly in
IDPs, which are much more enriched in prolines
than are folded proteins. The role of prolines in
IDPs, therefore, may differ from its roles in folded
proteins. To decipher the mechanism by which
prolines modulate the IDP conformations, we
designed and computationally studied a series of
11- and 21-residue peptides containing 1-3
prolines, thus corresponding to a local proline
content of 10-30%. These peptides also varied
with respect to proline organizational pattern, with
the spacing between consecutive prolines being
0-5 residues.

We found that prolines may exert opposite effects
on the conformational preferences of IDPs. Namely,
prolines may impose either compaction or
expansion on IDPs. This dual role of prolines on
the structural properties of IDPs depends on the
total proline content in the sequence and,
especially, on its organizational pattern. Prolines
that are clustered tend to expand IDP
conformation via the formation of PPIl-like
secondary structural elements. The degree of
expansion depends on the number of prolines that
comprise the proline cluster. Prolines that are
isolated may result in compacted conformations.

Table 1 Experimentally and computationally measured Rg of natural IDPs with different content and sequence pattern of

proline residues.

Protein Length Total Clustered Experimental ~ Experimental ~ Simulated  Simulated ARg ° (%)
(amino acids)  proline (%)  proline (%) Rg (nm) ARg ? (%) ARg " (%)  (IDP-Pro model)

(Pro-only
model)

FHua 143 7 0 3.34 —4.8 -1.9 —6.9

CFTR 185 4.3 0 3.25 -18.9 -3.2 —4.6

Rec1 Resilin 310 13.9 16 4.33 —-14.4 —4.0 —15.8

CornlD 267 9.7 35 4.72 -3.3 -0.6 -6.7

MeCP2 228 10.1 39 3.7 -13 -2.0 —6.4

hNHe1cdt 131 14.5 58 36.3 8.4 23 -1.9

Human NCBD 105 15.2 75 3.3 10.8 5.1 3.3

p53 93 23.7 81.8 2.87 2.8 8.2 8.2

Ash1 83 14.5 91.7 2.89 9.9 8.6 8.8

111 143 36.4 94 4.59 30.9 19.0 17.8

IB5 72 38.9 100 2.8 14.8 27.0 245

@ The deviation of the experimentally measured Rg from that calculated using a scaling law for predicting the Rg of IDPs”"; i.e.,

ARg=(RgEXp _ RgIDP)/RngP.

® The deviation of the Rg using the Pro-only coarse grained model is relative to a random-coil model; i.e., ARg=(Rg"™°"¥ — RgFC)/

RgFC.

¢ The deviation of the Rg using the IDP-Pro coarse-grained model is relative to an IDP model where the residue—residue inter-
actions are modeled based on their hydrophobic and electrostatic interactions (model FB,*® ARg=(Rg'°"-"® — Rg™®)/Rg"®.
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We found that proline should be classified as
clustered if the spacing between consecutive
proline residues is <2 non-proline residues.
Otherwise, the proline should be classified as
isolated.

The energy landscape for peptides with isolated
prolines comprises two major basins that
correspond to more- and less-compacted
conformations, whereas the energy landscape for
peptides with clustered prolines is characterized
by a single basin that corresponds to the
expanded conformation. The dual-basin energy
landscapes for peptides with isolated prolines
indicates that a conformational switch between the
two conformational ensembles can be achieved
even between prolines in the trans configuration
and that its timescale is much shorter than that
associated with cis to trans proline isomerization.
Isolated prolines are reported to mediate a hairpin
loop formation in transmembrane protein
separating two  transmembrane  segments
separated by a tight turn.?” Furthermore, proline fre-
quency in loops (i.e., a compact conformation) in
globular proteins has been measured to be the sec-
ond highest after Glycine.”® A similar conforma-
tional transition by a single proline in the trans
configuration located in the hinge region of a two-
domain protein has been reported using atomistic
molecular dynamics simulations.?’

Whereas isolated trans prolines may induce
compaction of about 10%, clustered trans prolines
may expand IDPs by about 30%. The degree of
expansion may be reduced depending on whether
the clustered prolines are separated by one or two
residues. This is consistent with reduced PPII
propensity in the presence of spacing residues.'?
We found that the degree of compaction due to iso-
lated cis prolines can reach about 20%, but this is
achieved only when there are two clustered cis pro-
lines. For other cis proline patterns, and particularly
for isolated cis prolines, a more modest compaction
effect of about 5% is found in our simulations.

The classification of prolines as isolated or
clustered in natural IDPs explains the deviation of
their experimental Rg values from the estimated
Rg based on Flory scaling law of IDPs.
Accordingly, IDPs that contain a high fraction of
isolated prolines are often more compact than the
estimated Rg value based on the scaling law
whereas IDPs with a higher fraction of clustered
prolines are often more expanded. The Pro-only
and IDP-Pro coarse-grained molecular dynamics
simulations, which accounted for the effect of
proline residues as found through atomistic
simulations, better captured the backbone
compaction or expansion effects of proline
residues compared with a model that neglected
the effect of prolines on backbone conformations.
The compaction or expansion observed in the
coarse-grained models is consistent with that
identified experimentally.
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The effects exerted on the overall dimensions of
IDPs by the local effects of isolated and clustered
proline residues may depend on proline’s
interactions with other residues in the IDP
sequence. Charge—charge interactions may affect
the ability of prolines to induce compaction or
expansion, as was shown for an 81-residue IDR
from the S. cerevisiae transcription factor, Ash1.'®
Polyampholytic IDPs (i.e., IDPs with close to zero
net charge but a high fraction of positively and neg-
atively charged residues®®°° can enhance com-
paction when the IDP is rich in isolated prolines or
enhance expansion when the IDP is rich in clus-
tered prolines. Polyelectrolytic IDPs (i.e., with either
a positive or negative net charge) adopt expanded
conformations to maximize charge separation,
which may restrict the compaction effect of isolated
prolines and enhance it for clustered prolines. We
show that aromatic residues adjacent to isolated
prolines can affect the degree of compaction
induced by the proline via direct interactions, pri-
marily between the aromatic sidechain and proline.
We found evidence for this effect not only for cis'®
but also for trans proline residues. This effect is sen-
sitive to the nature of the aromatic residue, its loca-
tion, and the proline isomer. An aromatic residue at
position -1 relative to a trans proline is associated
with reduced compaction compared to aromatic
residues at position i + 1. An aromatic residue next
to a cis proline exhibits different effect than that for
trans proline as a stronger compaction effect is
observed when the aromatic residue is at position
i+ 1 relative to the cis proline than compare to posi-
tion i-1. These examples suggest that the effect of
prolines on peptide conformations may depend on
the IDP sequence complexity (e.g., pattern and
content of charged and aromatic residues in its
vicinity) due to either direct interactions with proli-
nes or indirectly by biasing the local environment
of the prolines. Quantification of such cross-talks
between proline and other residues may refine its
degree of compaction or expansion on IDP
conformations.

In conclusion, proline in the trans configuration is
identified to have an ambivalent behavior that may
impose either compaction or expansion on the
overall conformational ensemble of an IDP. Our
simulation study using atomistic and coarse-
grained models shows that this dual role depends
on their organization as isolated or clustered
prolines, suggesting that total proline content is
not a good measure to probe the effect of proline
on IDPs. Local conformations of IDPs may vary
depending on whether they contain isolated or
clustered prolines. IDPs that are rich in isolated
prolines tend to be more compact than expected
on the basis of their length. IDPs that are rich in
clustered prolines, which are often found in long
IDPs, tend to be more expanded than expected
on the basis of their length. These new insights
suggest that proline residues can tune protein
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conformations not only via cis to trans
isomerization. Indeed, whereas the mouse Crkll
kinase adopts the functional closed state via trans
to cis isomerization, the human Crkll achieves the
functional closed state while the proline remains in
the trans configuration.®%°'

Models and Simulations

Designed peptides

To understand the roles played by prolines in
IDPs, we designed a series of 13 peptides (S1-—
S13) comprised of 11 amino acid residues,
specifically, Gly, Ser, and varying amounts of
proline (see Figure 1 for the exact sequences).
These flexible peptides differed from each other
with respect to the number (0-3) and
organizational pattern (isolated or clustered) of the
trans proline residues they contained. We also
designed a second series of four 11-residue
proteins (S17-S20) containing a single trans
proline residue immediately adjacent to a single
aromatic Trp or Phe residue, with the remaining
sequence consisting of Gly or Ser residues as in
the first series (see Figure 4 for the exact
sequences). An additional series of five 21-residue
peptides (S10, S11, S14-S16) containing up to 3
trans proline residues was designed to allow
modeling of greater spacing between consecutive
proline residues (see Figure 1). Overall, the
designed peptide sequences included prolines
spaced by 0-5 residues. For comparison, we also
designed some of the sequences with proline in
the cis configuration (Figures S10-S13).

Dataset of natural intrinsically disordered
proteins

A dataset of 33 natural IDPs with experimentally
determined Rg was curated (see Table S1). The
selected IDPs have low net charges (measured as
absolute net charge per residue) to avoid the
presence of confounding charge-related effects on
IDP dimensions. The IDPs differ in the proline
content (i.e., the number of prolines in the
sequence). These IDPs were simulated using
several models (as described below) to estimate
the potential improvements of common
approaches to estimate IDPs ensemble by
incorporation of proline effects on backbone
dynamics.

Molecular dynamics simulations

Atomistic simulations. To study the effect of
prolines on the conformational ensemble of the
designed peptides, they were studied using
atomistic molecular dynamics simulations. Each
designed peptide was placed in a cubic box of
length 6 nm and solvated using the extended
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simple point charge (SPC/E) water model. The
system was energy minimized with the steepest
descent algorithm and therefore equilibrated using
constant number, volume and temperature (NVT)
protocols with velocity rescaling to attain the
desired temperature. Three independent 1 ps runs
were carried out for each of the sequences. All
simulations were gerformed with the GROMACS
package v. 2020°° employing the Charmm36m
force field.®® To ensure that the results were inde-
pendent of the selected force field, we also studied
the peptide series with the Amber-99-SB-ILDN
force field.®* The results presented in the main text
are for simulations performed wusing the
CHARMMS36m force field whereas the results
obtained using the Amber-99-SB-ILDN force field
are presented in the Supporting Information.
Selected sequences were also simulated with
CHARMMS36m force field with modified TIP3P
water model to examine the robustness of our
results as CHARMM36m model was calibrated with
modified TIP3P water model that enhances protein-
water interactions for better modeling of IDP confor-
mational ensemble. We have observed similar
results from simulations of modified TIP3P water
model to that obtained using the SPC/E water
model (See Figure S12). Simulations were carried
out at a temperature of 300 K. Full atomistic details
were retained for every molecule. The simulations
were carried out with 2 fs timesteps and trajectories
were saved every 10 ps. Periodic boundary condi-
tion was applied. Non-bonded interactions were cal-
culated using a grid search for neighbors. Each
sequence was capped with an acetyl group at the
N-terminus and an N-methyl group at the C-
terminus in order to avoid electrostatic attraction
between the two termini that may affect the overall
dynamics and conformation of the studied peptides.

The global effect of prolines was estimated by the
radius of gyration, Rg, of each of the simulated
peptides. The local effect of prolines was probed
by examining changes in the various dihedral
angles around four consecutive Co atoms in the
vicinity of any prolines (designated as & angles).
Namely, the dihedral angles between four
consecutive Ca atoms of the sequences PXXX,
XPXX, XXPX, and XXXP were probed for the
designed sequences. The dihedral angles with
prolines at the 2nd and 3rd angles are more
sensitive to the organizational pattens of prolines
in the sequences than for prolines in the 1st and
4th positions. Also, the end-to-end distances
between the ends of such four consecutive Ca
were measured. To estimate the effect of prolines
on the conformational flexibility of the peptides,
their configurational entropy was calculated. The
configurational entropy (S) was estimated by
focusing on the Co backbone and was evaluated
using Schlitter's formula starting from a quasi-
harmonic  approximation.®®>°®  Accordingly,
S = %In(det*s Mo + 1); where kg is the Boltz-
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mann constant, M is the mass matrix, 1 is the unity
matrix, and ¢ corresponds to the covariance matrix
of atomic fluctuations in cartesian coordinates

o = {(X; = (X)) (X; = (x;)))-

Coarse-grained simulations. To elucidate the
bare effect of prolines on natural IDP sequences,
we performed coarse-grained simulations of
selected proteins (see Sl) whose Rg values are
known from experimental measurement. In the
coarse-grained model, each residue s
represented by a single bead and its local and
non-local interactions with neighboring beads are
described by the energy function V:
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The first two terms represent bonded interactions
and angular interactions (defined between three
consecutive beads) with uniform force constants,
with the third term representing the simplest form
of a proper dihedral (defined between four
consecutive beads). The fourth term represents
excluded volume interactions between all bead
pairs and the fifth term represents the Lennard-
Jones potential for interactions between two
beads that are separated by at least three beads.
The excluded volume term is applied between
beads that do not interact via Lennard-dones
potential. Additional details of the coarse-grained
models can be found in earlier publications.®”°?

We performed simulations of the selected IDPs
using two different types of coarse-grained
models: the Pro-only and IDP-Pro. The Pro-only
and IDP-Pro models represent the effect of proline
on the backbone in a similar manner (as
described below), but differ with respect to their
modeling of non-local residue—residue
interactions. In the Pro-only model, the non-local
residue—residue interactions are represented
solely by excluded volume interactions between
beads (with the backbone modelled as a random
coil (RC) chain defined solely by bonds between
adjacent beads). The Pro-only model examines
whether a model that accounts for proline’s effects
on backbone conformations vyields a better
estimation of IDP Rg than can be obtained from
regarding the IDP as a random-coil polymer. In
the IDP-Pro model, non-local residue—residue
interactions are also incorporated as Lennard-
Jones potentials whose strength depends on the
mean hydrophobicity of the two interacting
residues and on their ability to engage in
electrostatic interactions.”® For hydrophobic pair-
wise residue interactions, we followed three differ-
ent models (FB,°® M3°" and HPS-Urry®' which
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were shown to successfully estimate the experi-
mental Rg of various IDPs. Thus, the IDP-Pro
model aims to examine the contribution of proline’s
effects on backbone conformations using a more-
realistic representation of IDPs and to yield a better
estimation of IDP Rg than can be obtained from the
Pro-only model.

In addition to performing simulations using these
two coarse-grained model, a random coil (RC)
model was used to simulate each IDP solely by its
bonded terms (i.e., without proline effects and
residue—residue interactions). All three models
were used to estimate the Rg values of 33 IDPs
with a proline content greater than 4% for which
experimental Rg values have been published.

The effects of proline residues were incorporated
into the dihedral angles defined between four
consecutive backbone beads (criteria shown in
Figure S1). As we observed in our atomistic
modeling that dihedral angles of the form XPXX,
XXPX, PXXX, XXXP strongly dominate the
structural features of prolines (Figures 3 and S2),
we imposed three different parameter sets
depending on the nature of the proline residue
involved in the dihedral angle. Prolines separated
by < 2 non-proline residues were defined as
clustered whereas those separated by a larger
spacing were defined as isolated. This threshold
of 2 intervening residues to define clustered and
isolated prolines is based on the difference of the
potential of mean force (Figure 2). In a
subsequent bioinformatic experiment (see below),
we specifically explored the number of intervening
residues that generally define these two terms in
naturally-occurring proteins.

Since atomistic modelling (see Results) showed
that clustered proline residues had larger Rg
values indicating conformational extension, we set
the dihedral angle XPXX of clustered IDPs (S3—
S6; S10-S14) to an equilibrium value of
Oxpxx 2.0 rad with a force constant of
Kxpxx = 1.0, whereas the other dihedrals were set
as follows, Kxxpx = 0.4 and dxxpx = 2.0 rad,
Kpxxx = 0.4 and dpxxx = 2.0 rad, Kyxxp = 0.4 and
dxxxp = 1.0 rad. By contrast, for isolated proline
residue(s), we set the dihedral angle XPXX to
Oxpxx = 0.0 rad with Kxpxx = 0.5, whereas the
other dihedral angles involving proline residues
were set as follows, Kxxpx 0.1 and
Sxxpx = 0.0 rad, KPXXX = 0.1 and SPXXX = 1.0 rad
and Kxxxp 0.1 and dxxxp = 0.0 rad. The
structural effects of separating two proline
residues by two non-proline residues lies between
those found for clustered versus isolated prolines.
Consequently, for PXXP we imposed a parameter
set combining aspects of those utilized for
dihedral angles involving clustered and isolated
prolines. We set Kypxx = 0.7 and dxpxx = 2.0 Rad,
Kxxpx = 0.4 and dxxpx = 2.0 Rad, and most
importantly Kexxp = 0.4 and dpxxp = 0.0 Rad to
impose a certain mix of bent conformations. We
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observed excellent correlation (R = 0.98) between
the Rgs from our coarse-grained model and its all-
atom counterpart (Figure S1).

Structural analysis of the simulated peptides

The sampled conformations of the simulated
peptides were analyzed to probe the local and
global effects imposed by proline residues. The
local effects of prolines were analyzed by the end-
to-end distance between four consecutive
residues around prolines as well as the dihedral
angle, §, defined by such quartets. The global
effect of prolines on the structural ensemble was
estimated by the Rg.

The Rg was calculated for the series of peptides
simulated using the atomistic models (i.e., with
either the Charmm36m or Amber-99-SB-ILDN
force-fields). The coarse-grained models include
the IDP-Pro models (where the IDP is modeled
using FB, M3 or Urry potentials) or the Pro-only
models. The Rg of the peptides was also
predicted by typical Flory scaling law for IDPs (i.e.,
that does not account specifically for proline
effects), where Rg aN“; when a 0.254,
v=0.52 and Nis the IDP chain length.°*"" In a sim-
ilar way, the predicted Rg for peptides that follow
RC characteristics was estimated by applying
v=0.66. These two estimated Rgs are referred here
as Rg'°" and RgFC, respectively.

To quantify the proline effect the, we compared
the Rg values of constructed and natural protein
sequences in various ways via the term
ARg = [Rg'-Rg?//Rg? where Rg' is the Rg of the
sequence of interest and Rg? is a specific
comparator. In the atomistic simulations of the
designed sequences, the ARg of each sequence
was compared to the Rg of sequence that lacks
prolines (i.e., sequence S1). For the natural
protein, the experimentally measured Rg, Rg™*, is
compared to Rg"™" (i.e. ARg=(Rg™® - Rg'°F)/
Rg'®F). The effect of prolines in the simulations
using the IDP-Pro model was performed by
comparing its corresponding Rg to that obtained
from IDP models (i.e, FB, M3 or Urry) that lacks a
direct effect of prolines (i.e., ARg=(Rg'°""*° —
Rg'®F)/Rg'®F). Similarly, the Rgs from the Pro-only
model was compared to that from the RC model
(i.e. ARg=(Rg"™°" — Rgf°)/RgF°). To estimate
the representation of prolines in the model, the
Rg™°" was compared to Rg®®, which is
expected to eliminate the effect of prolines from
the experimentally determined Rg and therefore
not to be correlated with proline content (Figure 6

(A))-

Bioinformatic analysis

To obtain a detailed view of how prolines are
distributed in naturally occurring disordered
sequences, we analyzed disordered regions of the
human proteome, which we defined as those with
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an IUPred2A disorder score > 0.5. In this manner,
we obtained 34,811 disordered regions. Each
disordered region was analyzed to probe its
proline content (total, isolated, and clustered).
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