CHEMISTRY
BIOPHYSICS AND COMPUTATIONAL BIOLOGY

PNAS

L)

Check for
updates

HYPK: A marginally disordered protein sensitive to charge

decoration

Arash Firouzbakht?, Austin Haider®, Kari Gaalswyk 1, SepehrA\aeend , Kingshuk Ghosh®'

, and Martin Gruebele

adefg1

Edited by Susan Marqusee, University of California, Berkeley, CA; received September 20, 2023; accepted March 20, 2024

Intrinsically disordered proteins (IDPs) that lie close to the empirical boundary
separating IDPs and folded proteins in Uversky’s charge-hydropathy plot may behave
as “marginal IDPs” and sensitively switch conformation upon changes in environment
(temperature, crowding, and charge screening), sequence, or both. In our search for
such a marginal IDP, we selected Huntingtin-interacting protein K (HYPK) near that
boundary as a candidate; PKl«, also near that boundary, has lower secondary structure
propensity; and Crkl, just across the boundary on the folded side, has higher secondary
structure propensity. We used a qualitative Forster resonance energy transfer-based assay
together with circular dichroism to simultaneously probe global and local conformation.
HYPK shows several unique features indicating marginality: a cooperative transition
in end-to-end distance with temperature, like Crkl and folded proteins, but unlike
PKlo; enhanced secondary structure upon crowding, in contrast to Crkl and PKlo;
and a cross-over from salt-induced expansion to compaction at high temperature, likely
due to a structure-to-disorder transition not seen in Crkl and PKla. We then tested
HYPK’s sensitivity to charge patterning by designing charge-flipped variants including
two specific sequences with identical amino acid composition that markedly differ in
their predicted size and response to salt. The experimentally observed trends, also includ-
ing mutants of PKla, verify the predictions from sequence charge decoration metrics.
Marginal proteins like HYPK show features of both folded and disordered proteins
that make them sensitive to physicochemical perturbations and structural control by
charge patterning.

sequence charge decoration | Huntington's disease | intrinsically disordered protein

Intrinsically disordered proteins (IDPs) or intrinsically disordered regions (IDRs) of pro-
teins comprise over a third of the human proteome and serve in a multitude of biological
functions including signal transduction, transcription regulation, liquid-liquid phase
separation, and chaperoning (1, 2). In addition to their vital cellular functions, aberrant
IDP function has been linked to disease, most notably neurodegenerative conditions that
are associated with large protein aggregates formed because of interactions mediated by
unfolded proteins (3). IDPs and IDRs are also fascinating from a structural standpoint:
They vary widely in the range of disordered content under different environmental con-
ditions, from mostly folded but including some flexible linkers, to disordered that
fold upon binding (4) enhancing molecular recognition (5), to fully disordered yet func-
tional (6).

There has, therefore, been a concerted effort to better understand the structural ensemble
of disordered proteins and describe their structural features in terms of simple parameters
such as charge composition, mean hydropathy, and charge patterning (7). Uversky first
noticed that disordered and folded proteins cluster separately on a plot of fraction of net
charge vs. mean hydropathy (diagram of states in Fig. 1) (8), with disordered proteins
having lower mean hydropathy and a higher fraction of charged residues. Following this
classification, researchers have become interested in understanding the idiosyncrasies of
IDP structure beyond the diagram of states, using theoretical polymer models (9-11),
computation (12), experiment (13), or a combination of all three (14). These reports have
allowed a sequence-to-ensemble-to-function description of disordered proteins for case
studies and have introduced the role of charge (15-17), charge correlation (18), and
metrics such as charge patterning (10, 12, 19-21) and aromatic patterning (22) as more
accurate predictors of IDP structure and size as well as function.

In this study, we investigate the structural cooperativity and environment and sequence
sensitivity of “marginally disordered” proteins, ones located near the folded-disordered bound-
ary of the Uversky plot (Fig. 1A4). We expected these proteins to simultaneously exhibit some
aspects of disordered and of folded proteins. We also hypothesized that such proteins could

encode a cooperative response (Fig. 1B) to environmental perturbations such as temperature,
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Fig. 1. Sequences shown on the diagram of states and a schematic of
cooperative and noncooperative structural change in a FRET assay. (A)
Diagram of states of proteins used in this study. The Lower Left half is the
Uversky plot, representing the proteins according to their mean-residue
hydropathies and net charge per residues (NCPRs). The Upper Right half plots
the proteins according to their fraction of charged residues. The structures
of PKla and HYPK are predicted by AlphaFold2. For Crk1, we used PDB ID:
2EYY (B) Temperature T is an example of environmental parameters that can
distinguish a “marginal” IDP's cooperative behavior, as probed by the FRET
assay, from other IDPs.

ionic strength, and crowder. An earlier study from the Pielak group
has indicated such a possibility for FIgM that gains secondary struc-
ture upon crowding, both in vitro and in vivo (23). Furthermore,
we expect that biological regulators such as mutations, posttransla-
tional modifications, and splicing that modulate sequence parameters
such as charge patterning will cause changes in conformation. In
order of increasing “foldability,” we selected three proteins that could
span the gamut from mostly unfolded (PKla), to structurally ambig-
uous [Huntingtin-interacting protein K (HYPK)], to a mix of
well-folded and short IDR sequences (Crk1) based on the available
prior characterization (24-26). We utilized a Férster resonance
energy transfer (FRET) assay to qualitatively measure trends in
end-to-end compaction or expansion as a function of environmental
perturbation (Fig. 1B), and we used a sequence-dependent theory
of chain dimension (10, 27, 28) to reconcile the trends observed by
FRET. We find that all sequences contract by crowding and expand
by heating, while HYPK shows a unique cross-over behavior as a
function of ionic strength that is correctly explained by theory.
Although the three proteins contain varying amount of residual sec-
ondary structure, the secondary structure content is invariable in
PKla (always low) and Crk1 (always high) but varies as a function
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of environmental parameters in HYPK, further hinting at its mar-
ginally disordered nature. HYPK, despite being disordered, also
shows significant cooperativity in its thermal scans like folded
proteins.

To further explore the possibility that marginal IDP conforma-
tions can be modulated by mutation and test the validity of the
theory to account for the effect of charge patterning on chain
dimension, we make several charge-flipped variants of two of the
target proteins and show that sequence-dependent theory correctly
predicts the relative compaction of the variants as well as the effect
of charge screening mediated by salt on the chain dimension.
Designed variants also expand with temperature and collapse upon
crowding although with different degree of cooperativity com-
pared to the wild type. These measurements of the wild type and
designed mutants provide insights into how physicochemical and
biological regulators can couple and modulate conformations of
proteins at the edge of disorder—order boundary, complementing
the majority of earlier studies of IDPs away from the boundary.

Results

Fluorescent Protein vs. Dye Labeling. FRET-labeled proteins
have been utilized widely to monitor the end-to-end distance,
R,,, of proteins in vitro and in cell (29, 30). Both fluorescent
proteins (29) (FPs) and small-molecule dyes are plausible choices
for the FRET probes. While small-molecule dyes provide the
ability for facile site-specific conjugation to side chains at internal
positions, FPs can be genetically encoded for in-cell experiments
and introduce no surface-exposed xenobiotic moiety, potentially
making them a suitable probe for comparative measurements
in vitro and in cell; that said, FPs do introduce an additional
protein interaction (similar to crowding and sticking in cells) and
additional charge that needs to be taken into account.

We tested the applicability of each method by purifying our
candidate protein HYPK, labeled with eGFP and mCherry
(“HYPK-FRET”) from heterologous expression in Escherichia coli
(Materials and Methods), as well as HYPK labeled with Alexa Fluor
488 and Alexa Fluor 594 (HYPK-dye). Both constructs reproduced
heat-induced expansion in phosphate buffer (S Appendix, Fig. S1),
but in solutions with added crowder (S7 Appendix, Fig. S1; 100 to
300 mg/mL PEG-6000), the two probes diverge. The acceptor emis-
sion intensities of HYPK-FRET measurements increase at all tem-
peratures by increasing the concentration of crowder. The acceptor
emission intensities of HYPK-dye, however, decrease by increasing
the concentration of crowder at temperatures less than 30 °C. The
opposing trend of HYPK-dye can be attributed to either intermo-
lecular dye—dye or dye-HYPK sticking under crowded conditions,
when volume exclusion overcomes the electrostatic repulsion
between small negatively charged groups (-2 for Alexa Fluor dyes
and -8 for HYPK), or to intramolecular interactions, for example,
local clusters of positively charged amino acid side chains with Alexa
Fluor. Although we can only rationalize the result in hindsight here,
there are such positive clusters (e.g., RRR near the N terminus and
RRSR mid-sequence in S/ Appendix, Fig. S2) that are plausible
candidates.

While FP labels can also interact with the target protein, they have
been shown to introduce only mild perturbations of stability (31)
and, when properly chosen, avoid intermolecular interaction in cell
(32). Of course, intermolecular interactions would not be an issue
at the picomolar concentrations used for single-molecule studies of
IDPs (30, 33). In conclusion, for our present purpose, FPs are pref-
erable to Alexa Fluor dyes because they produce the expected mono-
tonic FRET curves upon crowding. Moreover, tethered FPs behave
more like neighboring proteins would inside the cell, and indeed,

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials

Table 1. Information related to the three IDP targets of the study

Protein kinase inhibitor a (PKla) HYPK Crk1/Crk1'™R

Disprot ID DP00934 DP00546 DP00973
UniProt ID P61925 QI9NX55 P46108
Length 76 129 204/13
SCD Rounded to 1 Rounded to 1 n.a.”/-0.6
SCD\owsalc Rounded to 7 Rounded to 9 n.a./-2.1
Q(PH7) -7 -9 -4/0
Mean hydropathy* 0.42 0.39 0.43/0.43
Mean-residue IUPRED score® 0.64 0.67 0.42/0.44

“n.a. = not applicable to the full Crk1 sequence.
“In addition, eGFP has a charge of =7 and mCherry of -6 at pH 7.

Mean-residue hydropathies were calculated according to Kyte and Doolittle’s method, available in Expasy Proscape (34).
*The residue-wise IUPRED scores are plotted on each sequence in S/ Appendix, Fig. 1. Q is the net charge of the protein, and SCD and SCDjq., are two charge patterning metrics that are

calculated from the sequence (see S/ Appendix, Eqs. S2 and S3 for more details).

our FP-labeled constructs express well for future in-cell measure-
ments (S/ Appendix, Fig. S3) of HYPK chain contraction or expan-
sion, where they avoid a labeling and injection step. Hence, we
picked FPs as the label of choice for the remainder of the study to
minimize interactions and allow extension to in-cell work, rather
than ideal FRET distance. One important factor to keep in mind
when using any label: The labels may also carry charge (Table 1),
which needs to be considered as an additional source of end-to-end
electrostatic interaction in the FP-labeled constructs.

All FRET-Labeled Proteins Expand upon Heating and Contract
upon Crowding, while HYPK Shows Cooperativity and Unusual
Sensitivity to Charge Screening. We sought three protein
candidates (Table 1) near the Uversky boundary that span a range
of disorder as inferred from IUPred scores and AlphaFold/X-Ray
structures (Fig. 14 and S Appendix, Fig. S2). HYPK comprises a
long disordered N-terminal fragment, able to form a C-terminal
helical bundle that mediates the interaction to its binding partner
NatA (25). It is very close to the “Uversky boundary,” and we
judged it to be most likely to be environmentally sensitive. We
selected cAMP-dependent protein kinase inhibitor alpha (PKlo)
also near the boundary, but likely to be a more typical IDP with
two regions that have low helix-forming propensity in isolation
and rigidify upon binding the target protein (24, 35). Finally,
adapter molecule CRK isoform 1 (Crkl) consists of a short
disordered linker between folded SH2 and SH3 domains (26),
maintaining substantial secondary structure at all temperatures
used in this study. Each protein was prepared as a FRET-labeled
(“IDP-FRET”) and label-free (“IDP”) variant (see Materials and
Methods and SI Appendix, Fig. S2 for details). Uncorrected FRET
efficiencies were measured by exciting eGFP and recording the
emission of mCherry and eGFP (Fig. 1B):

A

Eerir = 7 (1]
where A is the emission intensity of mCherry, and D is the
emission intensity of eGFP. Although we do not quantitatively
relate Epppp to R, due to the unknown probability distribution of
chain conformations, we expect an inverse relationship between
R, and Epggr for any given protein, and this is the trend we
compare with the models.

We monitored FRET as a function of temperature and PEG-6000
concentration (crowder) for each FRET probe (Fig. 2 A-C). We find
that all proteins contract with increasing crowding, in agreement
with previous studies (36, 37). We also find that all proteins expand
with temperature. Such expansion with temperature is not typical
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of all IDPs. IDPs (38-40) that are highly charged are known to
contract with temperature. IDPs with high net charge such as ProT-a
contract due to rapid increase in solvation penalty of the charged
groups with temperature (38). Hydrophobicity of IDPs also leads to
contraction at higher temperature because the strength of the hydro-
phobic effect increases with temperature (41). For our IDPs near the
folding boundary, these effects are evidently counterbalanced by the
increase of chain entropy with temperature, typical of the behavior
of folded proteins.

The secondary structure of PKla (lowest propensity) and of
Crk1 (mostly folded) is insensitive to crowder (Fig. 2 D—F); hence,
the increase of R, with increasing temperature for these two pro-
teins can be attributed mainly to expansion of the disordered
chain. The temperature-invariant secondary structure of PKIo and
Crkl indicates that the two proteins are either mostly disordered
(PKlIa) or folded except for short IDR stretches (Crk1). In con-
trast, the helical content of HYPK increases at 20 °C when crowder
is added (inferred from the increase in ellipticity at 222 nm in
Fig. 2E), while at 7'> 45 °C, the helix content of HYPK becomes
insensitive to crowding (S Appendix, Fig. S4), similar to PKla
and Crkl1. Therefore, chain contraction and expansion of HYPK
is influenced by local secondary structural changes at low temper-
ature, but not at high temperature. HYPK, although disordered,
shows its nature as a marginal folder by forming additional struc-
ture at higher concentrations of crowder and low temperature.

The marginal nature of HYPK is reinforced by the cooperative
character of FRET emission vs. temperature (Fig. 2B), reminiscent
of folded proteins, while PKla expands noncooperatively when
heated (Fig. 24), typical of most disordered proteins (42). Crk1-FRET,
which lies on the folded side of the Uversky boundary in Fig. 14,
shares the cooperative character of HYPK (Fig. 2C). Cooperativity
requires an inflection point in the FRET signal or an extremum in
its derivative. HYPK and Crk-1 have an inflection point, but PKla
does not (Fig. 2). We plotted the derivatives, showing a clear peak for
HYPK (87 Appendix, Fig. S5) at 300 mg/mL PEG-6000. A normal-
ized FRET curve of HYPK shows a Hill coefficient of 9 + 1
(SI Appendix, Supplementary Methods and Fig. S6), whereas no such
fit can be obtained for PKla (S7 Appendix, Fig. S7).

Next, we studied the effect of ionic strength on the end-to-end
distance R, of these proteins since ionic strength—dependent con-
formational changes are critical for function (43) and they can elu-
cidate complex sequence features. Increasing the ionic strength of
the solution reduces electrostatic interaction. The sensitivity of chain
scaling to ionic strength can be rationalized by net charge of the
sequence. Due to the high net charge of PKla (-7) and HYPK (-9),
increased further by the FP labels, we expected electrostatics to be
repulsive which upon screening leads to chain compaction, whereas
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30f9


http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials

T T T T T
210 220 230 240 250
Wavelength (nm)

200 260

200

210

T T T T
220 230 240 250
Wavelength (nm)

260

A PKla-FRET B HYPK-FRET C Crk1-FRET
-3
90x 10 [PEG-6000]: 0.16 - [PEG-6000): [PEG-6000):
0 mg/mL 0 mg/mL 0 mg/mL
80 — 100 mg/mL. 100 mg/mL 100 mg/mL
—e— 200 mg/m[ 0.14 — —e— 200 mg/mL 0.20 - —e— 200 mg/mL
—@— 300 mg/m| —e— 300 mg/mL —e— 300 mg/mL
0.12
- . 010 o 015
& & &
w w w
0.08 -
0.10
0.06 +
0.04 o 0.05
0.02 4
T T T T T T T T T T T T T T T )
20 30 40 50 60 70 20 30 40 50 60 70 10 20 30 40
Temperature (°C) Temperature (°C) Temperature (°C)
PKla HYPK Crk1
D 0.0 E 0 F
4
-0.5 -
-1 - 24
§ 10T 5 §
= s 2 's 04
4 5 4 4
2
20 3
[PEG-6000] [PEG-6000] [PEG-6000]
— 0mg/mL — Omg —— 0 mg/mL
—— 200 mg/mL —— 200 mg/mL 4 —— 200 mg/mL

T T T T T
220 230 240 250
Wavelength (nm)

260

Fig. 2. Trends in FRET efficiency and residual secondary structure when crowder concentration is increased (smaller R, yields higher FRET). (A-C) FRET curves
of the IDP probes are shown at different concentrations of crowder as a function of temperature. The blue dotted baselines indicate that the FRET curves of
HYPK and Crk-1 have inflection points at high concentration of PEG, whereas the one for PKla does not. (D-F) CD spectra of the tag-free IDPs recorded at two

concentrations of PEG-6000 at 20 °C.

for Crkl, we expected a smaller R, perturbation because its intrin-
sically disordered region Crk1™® has a net charge of zero (Table 1).
In line with predictions, PKIoa-FRET contracts at all temperatures
when ionic strength is increased from 0 to 200 mM, above which
contraction saturates (Fig. 34). Crk1-FRET contracts somewhat less
(Fig. 30), explained by the net negative charge due to the labels
(Table 1). In contrast, HYPK-FRET contracts by charge screening
only above 45 °C (Fig. 3B). Below 45 °C, HYPK-FRET expands
when a monovalent salt (NaCl) is added. It appears that the forma-
tion of helical structure at low temperature (Fig. 2) alleviates the net
charge repulsion and HYPK behaves more like an ampholyte in a
poor solvent. Some folded proteins expand/unfold when salt is added
(44, 45), and HYPK shares this feature at temperatures below 45 °C

despite its net charge, another sign that it is a marginal IDP

Charge Patterning Explains the Conformational Changes of
Charge-Flipped IDP Variants. Unlike PKIa’s, HYPK’s behavior
is not explained by net charge alone. This motivated us to seek an
explanation in more complex sequence features, such as charge
patterning. By using mutations that change net charge or charge
patterning in a controlled way, we can test the validity of charge
patterning theory for marginal IDPs near the Uversky boundary.
We thus created different variants of the two proteins HYPK and
PKla based on computational prediction and measured their
response to salt.

The initial variants were designed by considering both total charge
and their patterning captured by sequence charge decoration (SCD)
metric that can be used to compute end-to-end dimension (10, 27).
To achieve maximal change, we adopted the strategy of altering net
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charge by flipping charged residues. For PKIa (with 7 positive and
14 negative charges), we replaced positive charges by negative
charges to increase the net charge and create polyelectrolyte-like
sequences that are expected to be even more expanded than the wild
type (81 Appendix, Fig. S2). On the other hand, for HYPK (22 pos-
itive and 31 negative charges), we replaced negative charges by pos-
itive charges to reduce the net charge and create polyampholyte-like
sequences (SI Appendix, Fig. S2).

Of course, such a design strategy faces a combinatorial chal-
lenge: We must determine the specific charged residues to be
mutated because multiple sequence variants can be created when
flipping a fixed number of charges. This is a question of sequence
patterning and not just of the net composition. We therefore used
the predictive power of sequence charge decoration (SCD; see SI
for the definition of SCD) metric to break the degeneracy and
facilitate the process of selecting specific charged residues to be
mutated. Previous simulations have shown that SCD gives a quan-
titative measure of electrostatic effect on the chain dimension
based on specific placement of charges and not just the net charge
(10, 19, 46, 47). SCD also correlates with another well-known
charge patterning parameter, k, defined by Pappu and coworkers
(12) when compared within a set of sequences having the same
charge composition. We have chosen sequences that have the
highest difference in SCD between the mutated and the wild-type
sequence. For PKla, we created variants with four charge flips
(from basic to acidic residues). Among 35 possible sequences with
four charge flips, we have chosen the sequence (PKlo 4) with the
largest SCD, which is expected to produce the most expanded
conformation compared to the wild type (S/ Appendix, Fig. S2).

pnas.org
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and in S/ Appendiix.

We have also selected a specific path in the design space that starts
with one of the four charge flips and progressively flips one addi-
tional charge at a time to arrive at the variant V4. These interme-
diate sequences are named PKla"!, PKla"?, and PKIa"? for one,
two, and three charge flips, respectively (S Appendix, Fig. S2).
After purifying the PKIa-FRET variants, we find that chain
expansion trend is perfectly predicted by SCD (Fig. 44 and SCD
values reported in S/ Apg/endix, Fig. §2): PKla" " < PKla"" <
PKIa"? < PKIa"? < PKIa". The CD spectra of the variants indi-
cate that the variants remain disordered, and the trends observed
by FRET are due to global rather than local secondary structural
changes (SI Appendix, Fig. S8). The gradual increase of the dimen-
sions of PKla variants is also reflected in the electrophoretic drift
on SDS-PAGE (SI Appendix, Fig. S9), with more expanded vari-
ants drifting slower on the gel.

3 PKla variant:
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PKIa"' 000000
60 PKIa"”” @0000000
V3
-8 PKla~ QO000000
V4
-o- PKia"’ 00000000
£ 50 -
4
w
40 -
30 ‘\\

Temperature (°C)

For HYPK, after converting four acidic residues to basic resi-
dues, we get a net charge of -1. For this composition (26 basic
residues and 27 acidic residues), we have 31,465 different possible
sequences. From this set, we designed the sequence (HYPKYY)
with the lowest SCD (-2.72) which is predicted to be more com-
pact compared to the wild-type sequence (SCD = 0.98). We have
also designed a second variant (HYPK"?) that has the highest SCD
(-0.47) among all sequences with 26 positive and 27 negative
charges (87 Appendix, Fig. S2). We predicted that HYPK"? to be
more expanded than HYPK"" despite both having identical net
charge based on their differences in SCD. This expectation is also
consistent with high x (0.17) of HYPKY! compared to low ¥
(0.07) for HYPK"?. High value of k indicates stronger segregation
among opposite charges in the sequence, yielding more compact
chain dimension.

B
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Fig. 4. Relative end-to-end distances are accurately predicted by SCD. FRET curves of the (A) PKla variants and (B) HYPK variants are shown as a function of
temperature. The legend includes a schematic of charge decoration of the variants. Actual sequences can be found in S/ Appendix, Fig. S2. The spectra were

recorded in the presence of 200 mg/mL PEG-6000.
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We next carried out all-atom implicit solvent simulation (using
CAMPARTI; see Materials and Methods and SI Appendix) and find
HYPK"' (R, = 4.3 nm) to be indeed more compact compared to
HYPK"? (9.4 nm) and wild type HYPK (11.1 nm). The same
trend of compaction is also seen in the normalized distance maps
beyond just R,, (SI Appendix, Fig. S10). We further verified our
prediction against all-atom explicit solvent MD simulation
(SI Appendix, Supplementary Methods) reflecting the same trend
of compaction/expansion (SI Appendix, Table S2). Our theoretical
formalism also allows quantitative prediction of R,, (besides qual-
itative trend, see SI Appendix, Supplementary Methods for details)
of the mutants that compare reasonably (given the coarse grain
nature of the theory compared) with the all-atom explicit water
MD simulation and all-atom implicit water MC simulation
(81 Appendix, Table S2). MD and MC values, although reflect the
same trends of swelling/compaction between wild type and
mutants as expected from theory, differ among themselves for a
given sequence, reflecting differences in the force-field. While
SCD-based theoretical predictions and the simulations are done
for the tag-free sequence, charges on FPs can influence conforma-
tion of IDRs (48). To investigate the possible influence by FP
charges, we have also simulated the two FP-labeled HYPK variants
and found R, of HYPK"" to be 20.1 nm and 21.4 nm for HYPK"?
(SI Appendix, Table S3). This additional study ensured that the
expected trends are not altered by net charges on the fluorescent
protein probes, although the distances are, as expected, higher
than for simulations done in isolation, likely due to electrostatic
repulsion between the FPs swelling overall chain dimension.

After establishing the trends by theory and simulation, with and
without FP labels, we again turned to experiment, made HYPK"'-FRET
and HYPKY2-FRET, and found that at all temperatures,
HYPK"'-FRET is more compact than HYPK"*-FRET, consistent
with the prediction and simulation (Fig. 4B). Previous work has studied
the effect of charge patterning on the hydrodynamic radius or radius
of gyration, but not to end-to-end distance (12, 49, 50). Our experi-
ment with extreme values of SCD demonstrates that predictive control
over the variation of R,. between two sequences that have the same
charge composition but different charge patterning is possible in a
marginally disordered IDP like HYPK. Finally, wild type HYPK is
more expanded than HYPK"? at T > 50 °C, consistent with its high
SCD (SI Appendix, Fig. S2). The relative trend between WT and
HYPK"? is however reversed at T < 50 °C, again pointing at the role
of local structure, such as the extra secondary structure in Fig. 2, not
modeled by SCD theory, dictating its conformation.

To determine the degree of cooperativity across variants, we com-
puted the derivatives of the FRET curve for HYPK"' and HYPK™
from Fig. 4B as described for Fig. 2. HYPK" shows a peak due to a
cooperative transition (S/ Appendix, Fig. S5C). Thus, HYPK"! main-
tains a cooperativity similar to the WT in 200 mg/mL PEG-6000.
'This is in line with both molecules having a simulated (Monte Carlo
and all-atom MD) bimodal distribution in distance between differ-
ent pairs of amino acids, consistent with two structural ensembles
(SI Appendix, Figs. S11 and S12). Bimodal distributions are often
associated with cooperative transition (51-53). In contrast, HYPK"
does not show a peak in the derivative (S Appendix, Fig. S5D). Thus,
HYPK"? has lost the cooperative thermal transition of wild type
HYPK, even though it has the same charge composition as HYPK"'.
We conclude that marginality is not fully determined by mean field
parameters such as net charge used to determine the Uversky line
but also depends on the sequence patterning.

Our designed sequences are also predicted to have different salt
response due to differences in charge patterning reflected in the

SCD\gysue metric (See Table 1 and SI Appendix, Supplementary
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Methods for definition). An earlier theory has shown the sign of
SCD,)yysaic €an predict whether a chain will swell or contract upon
addition of salt near zero salt, specifically, positive SCD, ;. predicts
contraction with added salt (near low salt regime), while the expan-
sion happens for a negative value (27). The effect of charge screening
on the R, of HYPK and PKla is correctly predicted by SCD, ;.
(Fig. 5). Variants with positive SCD, ., (all three PKIa-FRET
variants) shrink by addition of salt, whereas HYPK"'-FRET has a
negative SCD), ., and expands by charge screening, HYPK'“-FRET
has a small SCD, ;. and in experiment does not show much sen-
sitivity to charge screening. We did not modify the short, disordered
linkers between the SH2 and SH3 domains of Crkl. Over these
small distances, SCD leads to small, predicted effects. Overall,
salt-dependent trends are well explained by the SCD, ., metric of
the variants and wild type, capturing the coupling between charge
patterning and salt screening in the vicinity of the low salt regime.

Discussion

We established a FRET assay inversely related to the end-to-end
distance of the polypeptide chain to qualitatively compare the com-
paction of PKla, marginal IDP HYPK, and IDR-containing but
mostly folded Crkl, as a function of temperature, crowding, and
ionic strength. We tested the contribution of charge patterning in
governing the end-to-end dimension (R,,) of PKla and HYPK by
designing charge-flipped variants of each after making predictions.
We used the sequence charge decoration (SCD) parameter as a pre-
dictive guide to develop mutagenesis targets in silico and in vitro.
We find that all three proteins near the Uversky boundary expand
by heating (Fig. 2 A—C), contrary to many highly charged disordered
proteins or the unfolded state of hydrophobic proteins, which col-
lapse with increasing the temperature (38—40). Polar homopolymers,
such as polyQ in good solvent, show a similar temperature effect as
the IDPs of our study (54), again indicating that our proteins lie in
a middle ground between extremely charged (high solvation) and
extremely hydrophobic unfolded proteins (54). The heat-induced
collapse of the IDP chain has been attributed to the strengthening
of hydrophobic interactions or solvation penalty of charged residues
with temperature (25, 31), and we attribute expansion here to gain
in chain configurational entropy, which usually dominates for folded
proteins at high temperature (55).

The effect of crowding (Fig. 2 D—F) and salt (S/ Appendix,
Figs. S4, S13, and S14) on the secondary structure and the coop-
erativity of chain expansion (Fig. 2 A—C) shows that HYPK is the
most “marginally” disordered of the three IDPs we studied near
the Uversky boundary, while PKla is a more typical IDP analo-
gous to a-synuclein (56, 57), and Crkl behaves like a protein with
well-defined folded structure connected by a short IDR. NMR
experiments have indeed shown that Crk1 can adopt a more rigid
overall structure depending on the number of folded subunits
included (26). In contrast, HYPK is sensitive to environment and
has some features of folded proteins, such as cooperativity, despite
being disordered. Previous studies have shown that FlgM, an IDP,
attains increased secondary structure upon crowding in vitro (23),
suggesting that FlgM, similar to HYPK, may also be a marginal
IDP, although its thermal scan and cooperativity data are unknown.
FlgM has a lower net charge than HYPK (+2 vs. -9), yet the
mean-residue hydropathies are close (0.43 for FlgM and 0.39 for
HYPK), overall placing FlgM on the folded side of the Uversky
plot. Interestingly, equilibrium between the disordered and par-
tially structured conformation in FlgM is shifted under in vivo
condition as well. This raises the possibility that marginal IDPs
may have evolved to sensitively respond to a changing cellular

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2316408121#supplementary-materials

A HYPKV'-FRET B HYPKV2-FRET
0 mM NaCl 0 mM NaCl
3 _| —o-200 mM NaCl -3 _| +-200 mM NaCl
35x10 e~ 400 mM NaCl 35x10 —e- 400 MM NaCl
—-e- 600 mM NaCl —-e— 600 mM NaCl
30 304
by by
[ o [
w254 \wﬁﬂfh e w25
20+ 204
———t— —4—1
154 15 —I
T T T T T T T T T T T T T T
10 20 30 40 50 60 70 5 10 15 20 25 30 35 40
Temperature (°C) Temperature (°C)
C PKla"-FRET D PKIa"-FRET E PKla"-FRET
3| 3| O0mM NaCl -3 _| OmM NaCl
25x10 25x10 —e- 200 mM NaCl 25x10 e 200 mM NaCl
24 24 - —e— 400 mM NaCl 24 _e— 400 mM NaCl
—e— 600 mM NacCl —e— 600 mM NacCl
23 234 23
i o m
g 22 e 224 € 224
w in) w
21 21 21
_ OmM NaCl 20 .
20 200 mM NaCl 2
_ 400 mM NaCl _ .
18 —e— 600 mM NaCl 19 18

T T T T T T T T T
10 20 30 40 50 60 70
Temperature (°C)

T

10 20 30 40 50 60 70
Temperature (°C)

T T T T T T T T T T T
10 20 30 40 50 60 70
Temperature (°C)

Fig.5. Effect of charge screening is correctly predicted by SCDygsar- FRET curves of the (4) HYPKY'-FRET, (B) HYPK"?-FRET, (C) PKla"?-FRET, (D) PKla*-FRET, and (E)
PKla"*-FRET variants are shown as a function of temperature and salt. As predicted by theory (S/ Appendix, Fig. S2) and in line with experiment, charge screening
contracts the chain at all temperatures for variants with positive SCD,yesr (PKla'?-FRET, PKla>-FRET, and PKla"*-FRET) and expands the chain with negative
SCDyowsare (HYPKY'-FRET). The salt sensitivity of HYPKY2-FRET is negligible, supported by the small SCD,qs. Value of -1.3.

environment, adding to the emerging view that some IDPs act as
sensors of cellular chemistry (58, 59) and biology.

The effect of charge screening on the chain expansion/contraction
is reconciled by arguments regarding the net charge and charge pat-
terning of each IDP (Fig. 3 A-C). All three FRET-labeled proteins
(HYPK only at sufficiently high temperature for disorder to domi-
nate) contract with charge screening, in line with net negative charge
of HYPK and PKla. It is possible that the negatively charged FPs
(eGFP is -7 and mCherry is -6) further expand the IDPs relative to
the tag-free variants due to additional electrostatic repulsion, and
part of the chain contraction with charge screening is attributed to
the effect of FP-FP repulsion, as seen in CAMPARI simulations
(SI Appendix, Table S3). Nonetheless, we argue that the intrinsic
properties of highly charged and relatively high dimension of HYPK
and PKlIx outweigh the effect of distant FP labels on FRET meas-
urements at least to observe relative trends. Although Crk1™" is net
neutral, all the folded domains flanking the IDR are negatively
charged (eGFP, mCherry, SH2, and SH3), and the collapse can be
attributed to charge-screened repulsion between folded domains.
HYPK expansion at T < 50 °C with adding salt could be either caused
by counterion condensation that shields the charged residues and
changing the effective charge patterning of the sequence or by the
increased secondary structure content of HYPK at lower tempera-
tures that could change the effective charge patterning of the
sequence. Counterion condensation can also alter the nature of
effective electrostatic interaction by charge reversal and/or formation
of dipoles giving rise to attractive dipolar interactions and would
require an advanced theory, not captured by SCD theory at present.
The effect of charge patterning, composition, and their coupling

PNAS 2024 Vol.121 No.18 2316408121

with screening on the conformation of the IDP (Fig. 3D) is captured
by SCD), . that correctly predicts the trend of PKla and HYPK
(at T > 50 °C).

To demonstrate the predictivity of SCD, we made charge-flipped
variants of PKla and HYPK. We found the expansion or contrac-
tion of the R, of IDP variants (PKlo variants at all T; HYPK
variants at high T) correlates with SCD. Most notably, HYPK""
and HYPK"” have equal net charge (~1), while having significantly
different sizes that can only be explained by different charge pat-
terning and not by overall charge: segregated charges in HYPK""
and well-mixed opposite charges in HYPK "2 Although there have
been reports of the effect of charge patterning on the R, and Ry
(14, 49, 50), our study is an experimental validation of the effect
of char\%e patterning on a measure related to R,.. Furthermore,
HYPK"?, despite having the same charge composition as HYPK"",
does not exhibit cooperative transition like HYPK"", indicating
that cooperativity is also sensitive to sequence patterning and not
just to mean-field parameters such as net charge.

As a final validation for the sequence-dependent theoretical
model, we measured the FRET curves of the variants at different
salt concentrations and found perfect correlation to SCDy 1.
values: All PKIo-FRET variants collapse with charge screening
(positive SCDy,,.;)» HYPK"'-FRET expands with charge screen-
ing (negative SCDy,,,,) while the scaling of HYPK"*-FRET is
relatively insensitive to charge screening in line with a small value
of SCDy .- Overall, we show that the relative size of IDP variants
is governed by electrostatics interactions and is accurately recon-
ciled by SCD and SCD,,, charge patterning metrics, also tested
across different segments of E-Cadherin in previous studies (60).
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Based on these results, the actual boundary of “marginality” may
require a third metric, such as charge decoration, in Fig. 1A.

Materials and Methods

Here is a summary of the methods used in our study. Please see S/ Appendix
for details.

Molecular Biology Techniques. The codon-optimized genes of His-tagged,
FRET-labeled proteins were synthesized and cloned into pET28b vector using
the following template: Hisy-SGSG-eGFP-SGSG-IDP-SGSG-mCherry ("IDP-FRET").
Additionally, the idp genes were subcloned into pET28b-mbp vector, yielding
TEV-cleavable MBP-tagged proteins that were used to purify tag-free IDPs. HYPK
mutants were produced by gene synthesis, while PKloe mutants were made from
site-directed mutagenesis of the PKla™ vectors.

Protein Expression and Purification.

IDP-FRET proteins. His-tagged FP-labeled IDPs were produced by heterologous
expression in E. coli and subsequent purification via immobilized metal affinity
chromatography on an AKTA Pure FPLC system equipped with a HisTrap column.
Tag-free IDPs. To minimize the degradation of tag-free IDPs during bacterial expres-
sion, we opted for producing the proteins with a maltose-binding protein (MBP)
tag, with subsequent cleavage and separation of MBP. Briefly, we expressed the
MBP-tagged constructs in . coli and purified the resulting proteins on an amylose
gravity column. MBP was cleaved by overnightincubation with TEV protease, and the
resulting tag-free IDP was separated from the mixture of TEV, MBP, and unreacted
MBP-IDP on the AKTA Pure FPLC system equipped with a HisTrap column.

Protein-Dye Conjugation and Purification. HYPK was labeled with Alexa
Fluor 488 maleimide and Alexa Fluor 594 maleimide on the terminal Cys res-
idues to provide the HYPK-dye sample. Since HPLC purification did not yield
homogeneous samples, the FRET measurements were run on partially purified
samples containing a mixture of HYPK labeled with permutations of both dyes.
Briefly, HYPK was reacted with subequivalentamount of Alexa Fluor 488, and the
mixture was partially purified by HPLC to remove the unreacted dye and some of
the unreacted HYPK. The monolabeled HYPK was reacted with Alexa Fluor 594
in the second step to yield HYPK-dye. The unreacted dye in the second step was
separated from HYPK-dye using gel filtration.

Fluorescence and CD Spectroscopy. FRET measurements were performed on a
FP-8300 spectrofluorometer equipped with a Peltier temperature controller (JASCO).
The donor fluorescent probe was excited at 488 nm, and fluorescence spectra were
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collected from 450 to 700 nm. Uncorrected FRET efficiencies to monitor qualitative
trends in end-to-end distance were calculated from the following equation:

A
Erper = 15D [1]

where Aand Dare the acceptorand donor emission intensities. Experiments were
performed with 2.5 uM protein in 10 mM sodium phosphate buffer (pH 7.2) with
varying amounts of NaCl and PEG-6000.

Circular dichroism was measured using a J-715 spectropolarimeter with
Peltier temperature control (JASCO). All experiments were performed 10 or 20 uM
protein concentration in 10 mM sodium phosphate buffer (pH 7.2), with varying
amounts of NaCl and PEG-6000.

CAMPARI Simulation Protocol. CAMPARI version 4 was utilized for all-atom
Monte Carlo simulations, employing the ABSINTH implicit solvent model (61, 62).
Unless otherwise stated, all simulations used move sets and Hamiltonian
parameters identical to those described in previous work (12). Nonbonded and
electrostatic cutoffs were set to 12 A. Simulations of IDPs sampled all degrees
of freedom available in CAMPARI. Simulations of IDRs constrained the folded
domains to exclude backbone degrees of freedom while allowing side chain
moves, a method which was reported in the previous literature (48, 63). (see
SI Appendix, Supplementary Methods for more details).

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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