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It has become increasingly evident that the
conformational distributions of intrinsically disordered proteins or
regions are strongly dependent on their amino acid compositions
and sequence. To facilitate a systematic investigation of these
sequence-ensemble relationships, we selected a set of 16 naturally
occurring intrinsically disordered regions of identical length but , -
with large differences in amino acid composition, hydrophobicity,
and charge patterning. We probed their conformational ensembles
with single-molecule Forster resonance energy transfer (FRET), 3
complemented by circular dichroism (CD) and nuclear magnetic
resonance (NMR) spectroscopy as well as small-angle X-ray
scattering (SAXS). The set of disordered proteins shows a strong dependence of the chain dimensions on sequence composition,
with chain volumes differing by up to a factor of 6. The residue-specific intrachain interaction networks that underlie these
pronounced differences were identified using atomistic simulations combined with ensemble reweighting, revealing the important
role of charged, aromatic, and polar residues. To advance a transferable description of disordered protein regions, we further
employed the experimental data to parametrize a coarse-grained model for disordered proteins that includes an explicit
representation of the FRET fluorophores and successfully describes experiments with different dye pairs. Our findings demonstrate
the value of integrating experiments and simulations for advancing our quantitative understanding of the sequence features that
determine the conformational ensembles of intrinsically disordered proteins.
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into strong and weak polyelectrolytes and polyampholytes,'’

Large parts of the proteomes of higher eukaryotes consist of and classified by their chain dimensions in terms of ensemble-

intrinsically disordered proteins (IDPs), which do not adopt a averaged quantities, such as their hydrodynamic radius, radius

well-defined three-dimensional structure under physiological of gyration, or end-to-end distance.”'”"****! A helpful
conditions‘l For instance, ~58% of human Proteins contain quantity for characterizing the dimensions of unfolded and
both folded domains and intrinsically disordered regions disordered proteins independent of chain length is the scaling
(IDRs).” IDRs occur in a variety of structural contexts, from exponent, v,”** which relates the chain dimensions, R, to the
tails and linkers between folded domains to fully disordered number of residues or chain segments, N, as R « N*. For
proteins, and they are particularly prevalent in regulation, such infinitely long homopolymers, v can take values of 1/3 for
as in transcription and signaling’ as well as in cellular compact globules (and globular folded proteins), 1/2 for Flory

organization via phase separation.” Despite the lack of a well-
defined tertiary structure, however, the conformational proper-
ties of IDPs are far from uniform: They range from compact
states that can be rich in secondary structure to less compact
ensembles all the way to highly expanded chains with no July 25, 2024
detectable secondary structure.”” ¢ September 13, 2024
For classifying and quantifying this continuous spectrum of October 9, 2024

disorder, concepts from polymer physics can be useful.”'*'”'® November 14, 2024
For instance, based on the combination of net charge per

residue and fraction of charged residues, IDPs can be grouped

random coils, and ~0.588 for excluded volume chains.**
However, intermediate and larger values are commonly
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Figure 1. Sequences and sequence properties of the selected IDRs. (A) Selected sequences of IDRs, with acidic amino acids shown in red, basic
residues in blue, Pro residues in brown, and Cys residues used for labeling in bold. The residues terminal of Cys (gray) are a result of the cloning/
expression strategy used. Those residues and Cys were not included for calculating sequence parameters. (B—D) Average sequence properties cover
a wide range. Hydrophobicity, net charge per residue (NCPR), and fraction of charged residues (FCR) are normalized by the total number of
residues in each sequence. (B) The line indicates the separation of IDRs and folded proteins (gray region) suggested by Uversky et al.*” (C) Most
selected IDRs fall in the region of weak polyampholytes and polyelectrolytes with FCR < 0.35 and INCPRI < 0.3S. IDRs with FCR > 0.35 and
INCPRI < 0.35 are considered strong polyampholytes, and those with FCR > 0.35 and INCPRI > 0.35 strong polyelectrolytes'” (dashed lines). The

gray region cannot be populated. (D) The charge pattering metric k describes the distribution of charged amino acids along the chain.

observed in simulations and experiments.”'®**~>° Examples
are highly charged sequences with pronounced electrostatic
repulsion,”'**® which can approach v 1 for rod-like
conformations.”” Other reasons for deviations from canonical
scaling are finite-size effects”**” and heterogeneous patterns of
intrachain interactions owing to the heteropolymeric nature of
IDPs,'>*° especially the contributions of high fractions of
charged residues’” and charge patterning."’

Considerable effort has been made to relate the dimensions
of IDPs to their sequence properties and enable a predictive
understanding of how intrachain interactions determine the
sizes and shapes of the IDPs. Emerging consensus suggests that
sequences rich in hydrophobic residues and certain polar tracts
tend to favor compaction, whereas sequences rich in charged
residues and proline tend to be more expanded.>' #3173
Polyelectrolytes dominated by a single type of charge are most
expanded,”™”" whereas the attraction of opposite charges in
polyampholytes can lead to compaction or long-range
structural preferences dependinég on the patterning of
oppositely charged residues.”'”""** The use of coarse-grained
models parametrized based on experimental results'>*”~*" has
enabled steps toward the analysis of conformational distribu-
tions across entire proteomes.m’25 However, the systematic
quantitative assessment of sequence contributions and the
parametrization of IDP models is still complicated by the
heterogeneity of molecular systems that have been studied
experimentally, which usually vary both in length and sequence
composition, and are investigated under disparate solution
conditions. To furnish a data set that avoids such limitations,
we thus selected naturally occurring IDRs of identical lengths
but with very different sequence properties and probed their
intrachain distances by single-molecule Forster resonance
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energy transfer (FRET). In selected cases, we used
complementary experimental methods, especially small-angle
X-ray scattering (SAXS) for quantifying chain dimensions and
NMR spectroscopy for identifying residue-specific intrachain
interactions. We analyzed the results using atomistic
simulations based on the ABSINTH model” to identify
main determinants of chain dimensions and used the data to
optimize a coarse-grained IDP model with an explicit
representation of the fluorophores.

We selected 16 IDRs, each comprising 57 residues, from the
linker regions connecting folded domains in RNA-binding
proteins (Figure 1A, Figure S1). The large number of known
RNA-binding proteins** allows for a wide variety of available
sequences with very different physicochemical properties,
while at the same time ensuring that the selected sequences
are biologically relevant in terms of their amino acid
composition. The sequence conservation of IDRs in RNA-
binding proteins®’ attests to their functional importance
beyond tethering of the folded domains. Their functions are
possibly related to posttranslational modifications, interactions
with the folded domains or RNA, or the optimal spacing of
domains resulting from the sequence-encoded chain dimen-
sions of the IDRs.** By scoring the corresponding linker
sequences available in UniProtKB" for average hydro-
phobicity, net charge, fraction of charged residues, charge
patterning, and amino acid composition (Figure S1), we
identified examples that maximize the diversity of these
properties (Figure 1B—D), from low to high hydrophobicity;
from low to high net charge; from polyelectrolytes to

https://doi.org/10.1021/jacsau.4c00673
JACS Au 2024, 4, 4729-4743


https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00673/suppl_file/au4c00673_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00673/suppl_file/au4c00673_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00673?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00673?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00673?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00673?fig=fig1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00673?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

polyampholytes; from low to high charge segregation; and
including examples enriched in individual amino acids, such as
Gly, Glu, Ala, and Asn (see the Materials and Methods section
for details). Only sequences with a disorder score in
Metapredict'® above 0.5 along the entire sequence were
selected (Figure S2). Far-UV circular dichroism spectra of the
recombinantly produced IDRs confirm the absence of
pronounced secondary structure (Figure S3). The remaining
differences between the spectra are suggestive of sequence-
specific contributions to the conformational ensembles, but
they are difficult to analyze quantitatively. Taken together, we
have thus identified a set of naturally occurring IDRs of
identical length that cover a broad spectrum of the key
parameters commonly used to assess the properties of
disordered proteins.

The selected IDR sequences, bracketed with Cys residues for
fluorophore labeling via maleimide chemistry, were expressed
recombinantly, purified, and labeled with donor and acceptor
dyes for single-molecule FRET. By working at picomolar
protein concentrations in single-molecule measurements, we
could avoid aggregation and phase separation, even for
sequences with low solubility that are exceedingly difficult to
investigate with ensemble experiments at high concentrations.
Moreover, by resolving conformational subpopulations in
single-molecule experiments, species such as small aggregates
(which may go unnoticed in ensemble measurements) can be
detected"® and prevented by optimized sample handling or
separated out in the analysis (Figure S4). We performed
multiparameter confocal single-molecule measurements using
pulsed interleaved excitation®” with all 16 labeled IDRs and
identified a single transfer efliciency peak under our
experimental conditions for each sequence. The results reveal
a remarkably broad range of intramolecular transfer efficiencies
from ~0.4 to ~0.9 for the different IDRs despite their identical
chain lengths (Figure 2A), reflecting the pronounced depend-
ence of the chain dimensions on amino acid sequence.

We had previously observed that the charge of the
fluorophores needs to be accounted for to quantitatively
explain the dimensions of IDPs with simple polymer models.””
We thus used two different FRET pairs with different net
charges to assess such effects. One widely used pair comprises
the dyes Alexa 488 and Alexa 594 (Forster radius Ry = 5.4 nm),
each of which carries a net charge of —2; the other pair
comprises the dyes Cy3B and CF660R™ (R, = 6.0 nm), which
carry a net charge of 0 and —1, respectively (Figure SS). We
find that protein sequences rich in basic residues yield lower
average intramolecular distances when labeled with the more
negatively charged Alexa pair, whereas other sequences yield
very similar results for both dye pairs (Figure S6A). Similarly,
SAXS measurements of the Alexa 488-labeled IDR dCh—
showed the increase in R, expected from the addition of the
fluorophore compared to unlabeled dCh—, but for sNh+ the
increase was much smaller (Figure S6B). NMR spectroscopy
confirmed the presence of more attractive interactions between
positively charged residues and the Alexa fluorophores than
with Cy3B and CF660R (Figure S6C,D). The large range of
transfer efficiencies and chain dimensions we observe is robust
with respect to the dye pair used, but to minimize the influence
of the dyes on the FRET-based assessment of chain
dimensions, we focus on the results obtained with Cy3B/

CF660R.
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Figure 2. Chain dimensions from single-molecule FRET and
correlations with sequence parameters. (A, left) Transfer efficiency
histograms of Cy3B/CF660R-labeled IDRs (gray) fit with Gaussian
peak functions (color). The average of the mean transfer efficiency,

https://doi.org/10.1021/jacsau.4c00673
JACS Au 2024, 4, 4729-4743



Figure 2. continued

(E), from at least three experiments is indicated by a black dashed
line, with the standard deviation shown as a gray band. Vertical gray
lines indicate the lowest and highest average (E) observed across the
series. (A, right) Distance distributions based on the SAW-v model*®
(colored line), reweighted ensembles from ABSINTH*' simulations
(gray line), and from an optimized coarse-grained model (black line).
Vertical dashed lines indicate the average root-mean-squared distance
(R) from SAW-v, with a gray error band based on a systematic
uncertainty of +7% in the Forster radius.*”* Values for the average R
and average v are shown in the top right corners. Vertical gray lines
indicate the largest and smallest values of R across the series. (B)
Correlations between different sequence parameters and average
transfer efficiency. The dashed line and the coeflicient of
determination, p?, were obtained from linear regression. (C) Multiple
linear regression was used to identify combinations of sequence
parameters that maximize the correlation with transfer efficiency. The
regression coeflicients for each of the sequence parameters used as
regressors (%G, k, and SCD) are indicated. The dashed line is the
identity line, and p. is the concordance correlation coeflicient. Color
code for the sequences is given in Figure 1.

Using the SAW-v model, a semiempirical apzproximation
with an adjustable length scaling exponent™® to infer
intramolecular distance distributions for the different sequen-
ces, we obtained root-mean-squared end-to-end distances, R,
between 4.0 and 7.3 nm (Figure 2A), corresponding to almost
a factor of 2 between the most compact (sGrich) and the most
expanded IDR (sNh-), and a factor of ~6 in chain volume. The
inferred average scaling exponents,26 v, are between 0.47 to
0.61, corresponding to the range from effective theta
conditions to excluded volume chains.'®** Although a detailed
interpretation of these scaling exponents is complicated by
finite-size effects” and the contributions from heterogeneous
interaction patterns within heteropolymers,'”*° they imply that
these IDRs are rather open chains and more expanded than a
compact globule. However, it is worth noting that the two Gly-
rich sequences sGrich and dGrich are among the most
compact of the set, suggesting an important role for Gly in
chain compaction.

It may not be surprising that hi%hly charged sequences rank
among the most expanded chains,”® and correspondingly, the
average net charge per residue (NCPR) shows a correlation
with the observed transfer efficiency (Figure 2B). Average
Kyte—Doolittle hydrophobicity’’ shows remarkably little
correlation with transfer efficiency, which is likely to be
connected to the requirement of alternative hydrophobicity
scales to describe protein phase separation.***’ Similarly, the
transfer efficiency shows little correlation with the charge
patterning parameter k, which only applies to sequences with
high fractions of charged residues’” (Figure 2B). However,
sequence composition clearly influences the chain dimensions;
examples of individual residues whose content in the sequences
correlates with transfer efficiency with a coefficient of
determination of p* > 0.36 are Gly (favoring compaction),
Arg (favoring compaction), Val (favoring compaction), Thr
(favoring expansion), and Pro (favoring expansion) (Figure
S6).

In view of these correlations, we thus asked how well the
transfer efficiencies correlate with combined compositional
biases. For instance, multiple linear regression combining the
fraction of Gly and « as regressors yields p* = 0.79, i.e., 79% of
the variance in the observed transfer efliciencies can be
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accounted for with this combination alone. Combining the
fraction of Gly with k and sequence charge decoration,"' SCD,
yields an even higher p? value of 0.93 (Figure 2C). However,
based on a leave-one-out analysis to identify the dominant
contributions (Figure S7), we find that individual members of
the data set have a large effect on the result; for instance,
including sGrich greatly improves the p? for linear regressions
that account for the fractions of Gly or Tyr. These correlation
analyses clearly show an important effect of sequence
composition on chain dimensions and can thus provide
interesting clues about which residues or sequence character-
istics are relevant. However, the set of IDRs investigated here
cannot provide sufficiently broad sampling of sequence space
to uniquely define chain dimensions based on regression
analysis alone. We thus turned to simulations for a more
detailed analysis.

Key discoveries regarding sequence-ensemble relationships of
IDPs have been made using atomistic simulations based on the
ABSINTH implicit solvation model and force field paradigm.*'
In the ABSINTH model, polypeptides and solution ions are
represented in atomistic detail, and the aqueous solvent is
modeled implicitly. Measured free energies of solvation serve
as a benchmark against which solvation inhomogeneities are
calibrated. These inhomogeneities are gleaned by using
solvent-accessible volumes, and the changes to solvation are
balanced by changes to the effective charge, which is an
efficient way of capturing dielectric inhomogeneities. To
compare end-to-end distances from ABSINTH simulations to
those inferred from FRET measurements, an atomistic
representation of the fluorophores was included based on a
rotamer library that takes into account dye configurations that
are sterically allowed (see the Materials and Methodssection).
To compare FRET efliciencies from simulations and measure-
ments (Figure 3A), we computed the concordance correlation
coefficient™ (p.), which combines correlation (precision) and
deviation from perfect concordance (accuracy), yielding p. =
0.46 for the ABSINTH ensembles.

Opverall, ABSINTH captures certain overall trends from the
FRET measurements, but there are clear deviations from the
experimental results. To better understand where ABSINTH
fails and succeeds with the current data set, the conformational
ensembles were reweighted, as described previously'” (Figure
3C). We then compared the unweighted (prior) ensembles to
the reweighted (posterior) ensembles. This analysis allowed us
to assess whether there were specific sequence features that
mandate substantial reweighting of the ABSINTH-derived
ensembles when comparing the computed and measured
FRET efficiencies. The results of this analysis are presented in
terms of the Kullback—Leibler (KL) divergence between the
unweighted and reweighted ensembles (Figure 3B), which is
below 0.06 for 11 of the 16 sequences and greater than 0.1 for
five of the sequences. The largest divergences result for the two
Gly-rich sequences and the N-rich sequence. The two
sequences with large fractions of aliphatic residues also show
KL divergences above 0.1. Omitting the sequences with KL
divergences above 0.1 from the analysis yields p. = 0.83 for the
unweighted and p. = 0.99 for the reweighted ensembles
(Figure 3C).

The most compact IDR observed experimentally, sGrich,
contains several stretches rich in Gly. Water is a poor solvent
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Figure 3. ABSINTH simulations provide atomic-level characterizations of conformational ensembles. (A) Correlation between the mean transfer
efficiencies, (E), from experiment and unweighted ABSINTH simulations (p.: concordance correlation coefficient). (B) Kullback—Leibler
divergence quantifying the deviations between the unweighted (prior) and reweighted (posterior) ensembles obtained with ABSINTH, plotted as a
function of the fraction of Gly and hydrophobic residues minus the fraction of charged residues (FCR) of the sequences. Minimal deviations have a
KL divergence of <0.1. Based on this cutoff, five of the 16 sequences, characterized by high Gly or high aliphatic content and lower charge content,
require substantial reweighting (sPTBP, dTRBP, sGrich, sNrich, and dGrich). (C) Correlation between (E) from experiment and reweighted
ABSINTH simulations for sequences with KL divergence <0.1. (D) Average inter-residue distances from reweighted ABSINTH simulations
(minimum spacing of 10 amino acids), relative to the value from the best fit of a homopolymer model (see color scale) determined by R = (r,-,jz)l/ 2
= Agli — jlY, where r;; is the spatial distance between residues i and j, A, is an adjustable prefactor that reports on the chain persistence length, li — jl
is the linear sequence separation between residues i and j, and v is the scaling exponent. Regions of local expansion relative to the equivalent
homopolymer are shown in red, and areas of local compaction are in blue. The insets show ensemble-averaged inter-residue distances, (R;;) =
((r,-’jz)l/ %) (in A), versus li — jl (colored line). The best homopolymer fit is shown as a dashed gray line. Here, the double average implies averaging
over all pairs of residues i and j that are li — jl apart in the sequence (the outer average), and the spatial separations, R, between specific pairs of
residues across all conformations in the ensemble (the inner average). Only IDRs with a KL divergence <0.1 are shown. (E) Contact networks
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