The Charge Distribution Patterns of IA; Impact Conformational Ex-
pansion and Hydration Diffusivity of the Disordered Ensemble

Katie M. Dunleavy,$ Tianyan Li,3 Eugene Milshteyn,3 Afnan M. Jaufer,® Shamon A. Walker,* and Gail

E. Fanucci®*

§ Department of Chemistry, University of Florida, P.O. Box 117200, Gainesville, Florida 32611, United States
¥ Materials Research Laboratory, University of California, Santa Barbara, California 93106, United States
KEYWORDS : ODNP, SDSL, EPR, diffusive water, charge distribution, protein folding, intrinsically disordered proteins, 143

ABSTRACT: IA; is a 68 amino acid natural peptide/protein
inhibitor of yeast aspartic proteinase A (YPRA) that is intrinsi-
cally disordered in solution with induced N-terminal helicity
when in the protein complex with YPRA. Based upon the in-
trinsically disordered proteins (IDPs) parameters of fractional
net charge (FNC), of net charge density per residue (NCPR) and
of charge patterning (%), the two domains of IA; are defined to
occupy different domains within conformationally based sub-
classes of IDPs; thus, making A3 a bimodal-domain IDP. Site-
directed spin-labeling (SDSL) electron paramagnetic resonance
(EPR) spectroscopy and low-field Overhauser dynamic nuclear
polarization (ODNP) spectroscopy results show that these two
domains possess different degrees of compaction and hydration
diffusivity behavior. This work suggests that SDSL EPR line
shapes — analyzed in terms of their local tumbling volume (77)
— provide insight into the compaction of the unstructured IDP
ensemble in solution and that protein sequence and net charge
distribution patterns within a conformational subclass can im-
pact bound water hydration dynamics; thus, possibly offering
an alternative thermodynamic property that can encode confor-
mational binding and behavior of IDPs and liquid-liquid phase
separations.

INTRODUCTION

Intrinsically disordered proteins (IDPs) and proteins containing
intrinsically disordered regions (IDRs) lack well-defined sec-
ondary/tertiary structure making up a class of proteins not de-
fined by the standard structure to function paradigm.!”” Proteins
containing disorder in 30 or more residues are defined as IDPs
and IDRs with global or local disorder, respectively.® *!! More
than 15% of all eukaryotic proteins are determined to contain
intrinsic disorder, signifying an important benefit of disorder.”
12 Proteins containing local or global disorder under physiolog-
ical conditions can benefit a cellular system by allowing for
more dynamic linking regions, ease in finding a binding target
due to overall flexibility, multiple binding targets, and confor-
mational sampling.® % 1%12 Cellular signaling pathways and cel-
lular regulation depends on these advantages, making IDPs
highly associated to these processes.> 1> Key amino acid res-
idues are known to promote disorder through charged and struc-
ture perturbing side chains, opposed to hydrophobic and aro-
matic residues that induce protein structure.” > 7 11: 1520 Dye to

the depletion of structure promoting residues and an increase in
overall charged residues, IDPs adopt low mean hydrophobicity
and overall high net charge.?* !!
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FIGURE 1. A) Ribbon diagram of IAs; when bound to YPRA
(PDB: 1DPJ)?' with helical N-terminal domain (NTD) shown in
purple and disordered C-terminal domain (CTD) not resolved in the
complex represented as an extended sequence highlighted in or-
ange. P1 labeled cysteine variant sites are rendered in red (amino
acid sequence given in Figure S1). B) Reaction scheme of IAP (3-
(2-iodoacetamido)-PROXYL) attachment to a cysteine residue re-
sulting in P1 labeled sidechain.

1A3 is a 68 amino acid inhibitor of yeast aspartic proteinase
A (YPRA). 2! In general, proteases play important roles in many
physiological, as well as pathological processes. As such, there
is interest in the continued discovery, modification and devel-
opment of novel protein-based protease inhibitors for use as
versatile tools in the fields of medicine, agriculture and biotech-
nology.???* 1A; is intrinsically disordered in solution (a.k.a. an
IDP) and adopts an N-terminal domain (NTD) a-helix with an
unresolved C-terminal domain (CTD) in the crystallographic
complex when bound to YPRA (Figure 1A).2! Previous studies
demonstrate that the NTD 32 residues of IA3 are responsible for
its inhibitory activity.”?’ In the absence of YPRA, helical
structure throughout both the NTD and CTD of IA; can be in-
duced by 2,2,2-trifluoroethanol (TFE).?® The TFE-induced hel-
ical transitions in S. cerevisiae 1A3 have been studied using



circular dichroism (CD), 2D 'H '*N nuclear magnetic resonance
(NMR), laser temperature-jump fluorescence and fluorescence
resonance energy transfer (FRET), and site-directed spin label-
ing (SDSL) electron paramagnetic resonance (EPR) spectrosco-
pies.”®35 The CTD of S. cerevisiae 1A3 does adopt helical struc-
ture in TFE, albeit to a lesser degree than the NTD.2® 2% 32.33.36

SDSL is a sensitive method to interrogate the local micro-
environment via probing conformational dynamics and changes
in biomolecular and macromolecular systems through analysis
of and changes therein of the nitroxide EPR lineshape, which is
sensitive to molecular motions on the ns timescale.’”*! Alt-
hough commonly utilized for structured soluble and membrane

proteins,*>** SDSL has found application to the study of IDPs.
3235, 4449

We have previously studied the TFE-induced helical transi-
tion in A3 with SDSL and CD spectroscopy.*?* Results, con-
sistent with earlier circular dichroism (CD) spectroscopy?® and
NMR investigations,” showed that the helical transition of the
CTD was less cooperative than the NTD and that the CTD does
not undergo the same extent of TFE-induced helical transition.
We also demonstrated with SDSL EPR and CD that the degree
of the TFE-induced helical transition of the NTD is mitigated
by amino acid substitution that disrupt the hydrogen bonding
network on the hydrophilic face of the helix *¢ and that incorpo-
ration of the nitroxide spin label, 3-(2-Iodoacetimido)-
PROXYL (IAP, termed P1 when chemically attached to a cys-
teine side-chain) (Figure 1B), generated constructs that possess
greater than (S9P1,Q13P1), less than (V8P1, E10P1, I11P1,
S15P1), or equivalent to (K7P1, F12P1, S14P1) the TFE-in-
duced helical propensity as wild type (WT) IA3.3* CTD P1 var-
iants Y57P1, N58P1, K59P1, L60P1 and K61P1 have similar
TFE-induced helical propensity as WT.3 3

Having a series of spin labeled constructs with known WT
behavior allows for continued investigations of differences in
the local properties and behavior of the two domains of TAs;.
Local hydration dynamics within 5-10A of a nitroxide radical
spin-probe can be probed with low-field ODNP. This method
combines ~9.5-9.8 GHz X-band continuous wave-EPR (CW-
EPR) and ~14.6-14.8 MHz nuclear magnetic resonance (NMR)
techniques to amplify the 'H NMR signal of local water mole-
cules.’'** At 0.35T, the Overhauser effect transfers polarization
from the electron spin to adjacent water molecules due to elec-
tron-'H dipolar coupling via cross-relaxation, enhancing the 'H
NMR signal through saturation of the electron spin, giving rise
to local water diffusivity relative to the proximity of the electron
spin probe.’!: 3% The time needed for water to diffuse through
the 5-10 A distance surrounding the spin label is defined as the
translational diffusion correlation time (z;). Through measure-
ments of the 'H NMR signal enhancement via ODNP and T;
relaxation time changes due to the presence of the spin-label,
the contributions from local electron-'H cross-relaxation (ko)
can be separated from local waters undergoing self-relaxation
(kp).>” The coupling factor (&), a ratio of ksand kp, is a parameter
that describes water diffusivity, and has been separated into dif-
ferent environments such as bulk-like (& >0.153), surface
(0.076< & <0.153), intermediate (0.043< & <0.076), or buried
(£ <0.043) (Figure 2) based upon experimental results of Han
and coworkers for known spin label locations in macromole-
cules encompassing proteins, polymers and lipid dispersions.

The experimentally determined value of &, using the free hard
sphere (FFHS) model of translational diffusion®® to calculate the
spectral density function for how the overall timescale of the
dynamics modulate the dipolar interaction between the spin la-
bel and water, can be converted into a correlation time z.. The
solid line in Figure 2 is a graphical representation of this equa-
tion (Eq. S3), which is used to show relationships between local
water diffusivity properties and the measured value of & The
ratio of &&yu (or 7/ puk ) can be used as a comparative pa-
rameter to describe the effective retardation in hydration diffu-
sivity relative to bulk water.’? These experimentally determined
parameters can further differentiate fast diffusing water (DW)
on the picosecond timescale (ks), and slower diffusing or
“bound” water (BW — waters that have rotational correlation
times dictated by the macromolecule) on the millisecond-nano-
second timescale (kigy).>> 37>
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FIGURE 2: Plot of collective literature-based & values and their
modeled relationship to z and 7/ zbuk for spin label hydroxy-
TEMPO (x), lipid systems (solid squares), proteins (grey circles),
and polymers (open triangles).!-% ©0-64 Results discussed within
for IA3 NTD (purple oval) and CTD (orange oval) sites are graph-
ically depicted to show that anomalously fast hydration dynamics
was observed for CTD sites, with NTD region giving interfacial
hydration dynamics. Figure modeled after those shown in Ref 3!
by Han and co-workers.

Here, we extend our studies of IA; via SDSL EPR and low-
field ODNP by characterizing the two domains (NTD and CTD)
of IAj; as separate conformational subclasses of IDPs. Our CW-
EPR and ODNP results reveal differences in the average local
tumbling volume (i.e., compaction) and the hydration dynamics
of the two disparate domains for the intrinsically disordered
state of this IDP. This work adds to the growing interest in un-
derstanding how structural and dynamic properties of IDPs are
controlled by charge and sequence patterning.'>% 4 67 17-20.65 A
deeper comprehension of these effects can impact our funda-
mental understanding of physiological and pathological pro-
cesses, as well as inform the rational design of IDPs as bio-in-
spired materials with biotechnological applications.

MATERIALS and METHODS

Materials. BL21-DE3-pLysS and XL-1 blue E. coli cells used
in protein overexpression and DNA amplification, respectively,



were purchased from Invitrogen (Carlsbad, CA). pET-22b+ and
3-(2-lodoacetamido)-PROXYL spin label were purchased from
Millipore Sigma (Burlington, MA). Primers for cysteine residue
site directed mutagenesis were purchased from Integrated DNA
Technologies (Coralville, IA). Restriction enzymes (Xhol,
Ndel), T4 ligase, Phusion HF DNA polymerase, and Dpnl for
cloning and mutagenesis were purchased from New England
Biolabs, (Ipswich, MA). A HiTrap Chelating HP and HiTrap
26/10 Desalting columns were purchased from GE Healthcare
Life Sciences (Chicago, IL). 16.5% Tris-Tricine SDS PAGE
gels were purchased from Bio-Rad Laboratories (Hercules,
CA). The 0.60 i.d. x 0.84 o.d. quartz capillary tubes for CW-
EPR and ODNP were purchased from Fiber Optic Center (New
Bradford, MA). Cha-Seal was purchased from Kimble Chase
Life Science (Rockwood, TN). Unless otherwise noted, all
other products and reagents were purchased from Fisher Scien-
tific (Pittsburgh, PA).

Protein Expression and Purification of IA; Mutants. The E.
coli codon optimized gene of IA; (UniProt P01094) was cloned
into a pET-22b+ vector (Invitrogen) containing a C-terminal 6
x His-tag, adding the sequence LEHHHHHH to the C-terminus
(Figure 3 and Figure S1).3? Constructs K7C, V8C, S9C, E10C,
I11C, F12C, Q13C, S14C, S15C, S27C, Y57C, N58C, K59C,
L60C, and K61C were generated as described previously.*
Wild type and cysteine substituted A protein variants were pu-
rified using nickel affinity chromatography and eluted in 50
mM sodium phosphate, 300 mM sodium chloride, pH 4.0 as de-
scribed previously.*? To chelate residual nickel and to ensure
cysteine reduction, ethylenediaminetetraacetic acid (EDTA)
and dithiothreitol (DTT) were added to purified constructs to a
concentration of 100 mM and 0.1 mM, respectively. Protein pu-
rity was assessed using a 16.5% mini-PROTEAN Tris-Tricine
SDS-PAGE gel.

Spin Labeling. Purified IA; fractions were pooled, concen-
trated, and buffer exchanged into 50 mM sodium phosphate,
300 mM sodium chloride, pH 7.4 using a HiTrap 26/10 desalt-
ing column to remove residual nickel, EDTA, and DTT prior to
spin-labeling. Upon buffer exchange, cysteine substituted con-
structs were immediately reacted with 5-10x molar excess IAP
spin label dissolved in 50-100 pL of 100% ethanol for 12 h at
4°C, in the dark. The labeling scheme is shown in Figure 1B.
Excess spin label was removed through repeated buffer ex-
change as described above. If necessary, spin-labeled protein
samples were concentrated to a final concentration of ~200 M
using a Millipore 5,000 MWCO filter operated under gas pres-
sure. IAP was chosen for these studies based upon the nature of
the chemical bond formed upon reaction of the cysteine sulthy-
dryl with the iodoacetimide group.3* ** Spin labeled construct
purity and efficiency was verified through mass spectrometry
mass analysis (University of Florida, Gainesville, FL). 33

CW EPR spectra. CW-EPR spectra utilized for calculating the
local tumbling volume have been reported previously, and de-
tails for data collection are given in the Supporting Information.
33 1t is known that the ensemble of IDPs can be impacted by
temperature as observed in CD spectroscopy, * ¢7 as such, we
performed control studies to evaluate how sensitive the EPR
lineshape of A3 was in terms of effects of temperature, TFE-
induced viscosity and denaturation by urea are given in Sup-
porting information (Figures S2-S4). Unless otherwise stated,

all data have been collected at 27°C because this was the easiest
temperature for stability in our set up of £0.5°C.%¢ All samples
are prepared with a final solution containing 2.5 mM sodium
phosphate, 21.5 mM sodium chloride, pH 7.0

Local Tumbling Volume X-band EPR Data Analysis. From
baseline corrected area-normalized spectra, the local tumbling
volume parameter (V7), was calculated for continuous wave
(CW) X-band (~ 9.5-9.8 GHz) EPR spectra in the fast limit (¢
< 2ns) according to Equation 1, which gives the expression for
",

kTt
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n
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where k is Boltzmann’s constant, 7 is the absolute temperature,
7 is the rotational correlation time, and # is the solvent viscos-
ity.® 7 Values of T were determined from line shape simula-
tions using the EWVoight program, which is based on Redfield
theory, generously provided by Alex Smirnov (NCSU). All fits
to spectra are shown in Figures S5-7. The EWVoight program
simulation provides values for the Lorentzian line widths of the
three transitions that are subsequently used in Equation (2),

T,(M)~! = A+BM+CM?
(2)

where M is the nuclear spin quantum number of the M™ hy-
perfine line, 7>(M) is the spin—spin relaxation time (which is in-
versely proportional to the homogeneous line width) of that
line, and A4, B, and C are the line shape parameters. In the fast
motional regime, assumptions can be made and B and C alone
can be used to determine rotational correlation time.”"”* Values
of T were determined using Equation (3),

T=-122%10"°B(G)
3)

where the value of B is obtained from solving Eq. (2) for the
three hyperfine lines and are reported in Table S1.

Viscosity Measurements. The viscosity of the 0-40% (v/v)
TFE solutions was determined using a Cannon-Fenske Viscom-
eter (size 50) suspended in a water bath at 27.0+0.3 °C and are
reported in Supporting Information Tables S2-S3. The measure-
ments were repeated four times for reproducibility. The solu-
tions were prepared in 5% increments by combining the appro-
priate amount of TFE and the pH 7.4 buffer described previ-
ously.?* 3¢ The measurements were collected in units of seconds
and converted to kinematic viscosity using the conversion fac-
tor of the viscometer. The kinematic viscosity, which was ex-
pressed in units of centistokes (cS), was converted to dynamic
viscosity (kg m™'s!) using the densities of each of the solutions.

CW W-band Electron Paramagnetic Resonance. CW W-
band EPR spectra were collected on a Bruker Elexsys 680 spec-
trometer equipped with a W-band ENDOR resonator at the Na-
tional High Magnetic Field Lab (NHMFL) in Tallahassee, FL.
Temperature was regulated by use of a CF935 Cyrostat (Oxford
Instruments). Samples were prepared by concentrating samples
studied at X-band to approximately 2 mM spin-labeled protein.
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Samples were loaded into 0.15 i.d. X 0.25 o.d. suprasil quartz
capillary tubes (Vitrocom, Mountain Lakes, NJ) and sealed with
X-Sealant®. The capillary tube with the sample was placed in-
side a quartz tube with a 0.50 1.d.X 0.90 o.d. that was sealed at
one end. All experiments reported were performed at 27+1°C
unless otherwise stated. All spectra were collected as 180 Gauss
(G) scans with 0.0042 mW incident microwave power. The 100
kHz field modulation amplitude and time constant of the detec-
tor were optimized to provide maximum signal-to-noise ratio
with no line broadening. All spectra are reported as an average
of ~15 scans. Spectra are given in the Supporting Information
(Figure S8)

Multifrequency CW X- and W-band EPR Spectral Line
Shapes Fitting. The EPR spectral line shapes of the CTD sites,
Y57C, N58C, K59C, L60C, and K61C labeled with the IAP
spin-label at both X-and W-band were simulated using the Lab-
view program for fitting multi-component CW EPR spectra,
written by Dr. Christian Altenbach from the laboratory of Dr.
Wayne Hubbell at University of California, Los Angeles. The
experimental line shapes were normalized and phased before
being loaded into the program. All the EPR spectral line shapes
could be fit with one component assuming isotropic motion.
The g-tensor values for gy, gyy, and g,, were determined exper-
imentally from the rigid limit spectrum of free IAP spin label at
W-band at 150 K and are: 2.00821, 2.00641, and 2.00205; re-
spectively.?® The g-tensor values were held constant for each fit.
The isotropic A-tensor (Al), the isotropic rotational diffusion
tensor (Rbar), and the isotropic Lorentzian linewidth tensor
(W1) were all allowed to vary. The definitions of the parameters
were described by Budil et al. ™ Results from spectral fitting are
given in Supporting Information Tables S4-S5. Similar results
were obtained for correlation times from multifrequency X-
band and W-band fitting and those obtained using the Redfield
fast-limit simulation (EWVoight) of X-band data.

ODNP sample preparation. The concentration of WT and spin
labeled IAs3 constructs were calculated by measuring Azianm
value at diluted volumes of each stock solution in triplicate. The
extinction coefficient, €,14:m for each construct was calculated
as 140,794 M'em?! (wild type), 140,976 M-cm' (V8PI1),
140,985 M-lem! (S9P1), 140,985 Mlem™ (S14P1), 140,883 M-
lem™ (N58P1), and 140,978 M-'cm™ (K59P1).” Spin label con-
centration was verified using an IAP standard curve for S14P1
and was >90% comparable to Azi4nm measured protein concen-
tration. Due to comparable spin label concentration and >95%
spin labeling efficiency determined through mass spectrometry
mass analysis, protein concentration was used for sample prep-
aration and data analysis. X-band (9.5 GHz) CW-EPR absorp-
tion spectra for standard curve, spin count and verification of
sample integrity before and after ODNP, were collected at room
temperature using a Magnettech MiniScope MS-5000 bench-
top or Bruker E500 spectrometer with a dielectric resonator.
Spectra were reported as an average of 16 scans with 120 mT
sweep width, 0.2 mT modulation amplitude, 100 kHz modula-
tion frequency and 1 mW incident microwave power (2 mW
incident microwave power on Bruker E500). Each sample was
prepared to ~ 150 uM protein concentration: 150 pL autoclaved
nH,0, and 350 pL of protein in buffer (as described for CW
EPR sample preparation). This dilution factor was utilized to
have the buffer ionic strength equivalent to those used during
EPR and CD investigations with and without TFE addition.?% 3%

3¢ Approximately 3.5ul was drawn into 0.6 mm L.D. x 0.84 mm
0O.D. quartz capillary tubes, via capillary action. The samples
were sealed with a protective layer of Critoseal on the top and
beeswax on the bottom (to protect samples from TFE evapora-
tion).

ODNP Data Collection. Overhauser DNP was performed at a
0.35 T field using a Bruker EMX CW EPR spectrometer, a
Bruker Avance NMR console, a Bruker ER4119HS microwave
resonator, and a custom built /0 W 9.8 GHz microwave source
system similar to the one described in.”® The NMR probe and
sample were inserted into a ventilated quartz tube inside the res-
onator. Building air was flown through the quartz tube for tem-
perature control. All ODNP measurements were performed at
room temperature with a deviation of = 0.5°C. The microwave
resonator was tuned to ~9.8 GHz, the rf tuning circuit was tuned
to ~14.8 MHz, and the magnetic field was set on resonance with
the central electron spin transition. The 'H free induction decay
signal and the 77, ;4 relaxation time for each sample were meas-
ured as a function of microwave power from 0 to ~200 mW.
Both the T, ;4 and T,y (spin lattice relaxation of the sample
without spin label) was measured using inversion recovery
pulse sequences. Each ODNP experiment was repeated three
times. ODNP data and analysis are given in the Supporting In-
formation (Figures S9 and S10, Tables S6 and S7) and follow
the procedures of Han and co-workers.> 37

RESULTS AND DISCUSSION

1A; is a bimodal domain IDP. The global sequence of IDPs
can be evaluated in terms of their amino acid sequences, specif-
ically focusing on hydropathy and fractional charge distribution
of positive, f; and negative, £ amino acids." > %% !-20 The net
fraction of charged residues of the global sequence is defined as
FCR = (f: + f)). The global net charge per residue (NCPR) over
the entire IDP sequence is defined as [NCPR| = [f; - £|.° Using
the software localCIDER (http://pappulab.wustl.edu/CIDER),*
these parameters can be readily calculated for amino acid se-
quences as a function of solution pH; thus, allowing for frac-
tional charges and distributions to include partial charges on
histidine residues based upon standard pKa values for amino
acid side chains.

Five different conformationally based subclasses have been
defined based upon global sequence values of FCR and
|NCPR|.>" The graphical depiction of this “phase plot” has been
termed a Das-Pappu plot (Figure 3A) with five regions, termed
R1, R2, R3 and R4/R5 that differ in their FCR and |[NCPR| pa-
rameters, and which have predicted characteristics of their
structural ensembles.* > 7 More specifically, amino acid se-
quences with FCR < 0.25 & NCPR < 0.25 reside in region R1
and adopt globule conformations. This region is sampled by
weak polyampholytes/polyelectrolytes and polar tracks. Re-
gions R4/R5 represent the other extreme for FCR > 0.35 &
NCPR > 0.35 containing acid versus base rich polyelectrolytes,
respectively. Because of the electrostatic repulsions between
charged side chains, these sequences sample semi-flexible
worm-like conformations. Region 3, with FCR > 0.35 & NCPR
<0.35 is comprised of strong polyampholytes that can form ei-
ther coils or hairpins depending upon the combination of FCR
and their charge patterning. Thus, x is a parameter that provides
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a quantitative measure of the distribution of charges within a
given amino acid sequence.? It is very useful to describe differ-
ent distribution patterns of charged amino acids in IDPs with
identical amino acid compositions. As charges are segregated
within the linear sequence, k— 1 (Figure 3B), and hairpin con-
formations are favored. As charges are more interspersed, x—
0; stabilizing coil-like conformations. The mathematical calcu-
lation of xhas been described by Pappu and co-workers.
2described more below). The remining phase space, R2 given
by 0.25 < FCR < 0.35 & NCPR < 0.35, is populated with se-
quences that adopt chimeras of globules and coils and are of-
tentimes those sequences that undergo binding-induced confor-
mational changes to a structured state. Overall, the types of con-
formational ensembles of IDRs/IDPs have been shown to be
dictated by low hydropathy and a combination of both x and
FCR.!

Analysis of the A3 sequence according to these methods
shows that the two domains of IA; reside within different con-
formational subclasses in the Das-Pappu plot and differ in their
hydropathy, FCR, INCPR| and x parameters. The [A3-NTD (1-
32 a.a.; FCR = 0.344; [NCPR| = 0.031) falls within region R2:
a globule to coil depending upon the context, whereas the 1As3-
CTD (33-68 a.a.; FCR = 0.417; |NCPR| = 0) is characterized
by R3, a coil to hairpin conformation (Figure 3A). These values
were calculated with CIDER for the S. cerevisiae 1As sequence
(Figure 3C) at pH 7.0. Our expression construct contains a
HIS¢-tag (LEHHHHHH), which when included into the calcula-
tion slightly modifies the values for the CTD as depicted in Fig-
ure 3A. However, it is unknown if the presence of the HIS tag
modulates the conformational properties of IA3. Figure 3D plots
the sequence dependent values of NCPR over a stretch of 5
amino acids (NCPRs),* showing a differences in the range of
NCPR;s values between the two domains. Specifically values for
the NTD range between -1 < NCPRs < 1, whereas values range
between -3 < NCPRs < 2 for the CTD. Additionally, the charge
patterning of the S. cerevisiae 1A; CTD is more segregated
(i.e., Kcterm/ Kiterm ~ 3) than its NTD sequence (Figure 3B).

The impact of these IDP conformation ensemble parameters
on the two disparate domains of A3 have been seen in the crys-
tallographic complex,?! as well as in SDSL EPR spectros-
copy,*>3* NMR spectroscopy?’ and fluorescence spectroscopy
investigations of 1A3.>! However, given many of these earlier
investigations were performed prior to the emerging knowledge
of how sequence impacts IDP conformation, the results were
not discussed in terms of the sequence parameters of 1A;. It is
noteworthy that our and biophysical experiments and IDP pa-
rameter analysis of 1Az are performed at pH 7.0, NMR studies
are performed at pH 5.5,%® whereas the kinetic inhibition studies
of YPRA by IA; are performed at pH 3 — 4.5; ?7 likely reflective
of the pH within the yeast vacuole. Future EPR and ODNP stud-
ies are planned to be performed on the S. cerevisiae *° as well
as other yeast IA; constructs without a HIS-tag and as a function
of pH and concentration.

Local Tumbling Volume Reflects Local IDP Compaction. The
CW X-band EPR spectra of P1 labeled S. cerevisiae 1A3 have
been published previously.?*3> All CW X-band EPR spectra for
IA3 in solution are reflective of the motionally averaged re-
gime, also referred to as the isotropic limit or fast limit (z <
2ns). These motionally narrowed spectral line shapes can be

analyzed in terms of the local tumbling volume (VL) parameter.
32.69.70 From Eq. 1, the value of V7 is directly proportional to the
spin-label correlation time, z.. Using V1 allows for comparison
across the TFE titration because it corrects for changes in solu-
tion viscosity induced by increasing TFE. Correlation times
were determined from simulation/fitting of CW X-band spectra
for NTD labeled sites (Figures S5-S7, Table S1) and multifre-
quency CW X-band/W-band spectra for CTD labeled sites uti-
lizing two different methods and software packages (Figure S8,
Tables S4 & S5) The correlation time obtained from simulation
of X-band EPR spectra of nitroxide comprises motional averag-
ing from the tumbling of the macromolecule, fluctuations of the
peptide backbone and internal rotational motions of the spin-
label itself.”® 7 Thus, ¥ represents the volume of correlated
motion that the nitroxide spin label samples.
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FIGURE 3. Sequence analysis of S. cerevisiae IA; NTD and
CTD within (A) subclass in Pappu plot, (B) k values, (C) amino
acid sequence where the forward slash after residue K32 marks
the end of the NTD as defined by the sequence that gives opti-
mal inhibition of YPRA, and with NTD and CTD sites studied
by SDSL EPR in purple and orange, respectively.?” Underlined
residues are those P1 labeled sites studied via low field ODNP.
(D) FCR/NCPR/x analysis as a function of sequence with a blob
size of 5 using CIDER. Sections A and B are modeled after
Refs. 2 & 7.

NCPR

Figure 4 plots values of V1 as a function of % (v/v) TFE for
each P1 site (NTD data as squares; CTD as circles) during the
transition from disordered-to-a-helix. Values of ¥ are lowest
at 0% TFE and increase with addition of TFE. Solid lines
through the data points are linear fits to show that Vi increases
linearly until the 20-25% TFE mark and then relatively levels
off, with a slight up- or downslope attributable to errors in the
simulation method utilized with the more anisotropic spectra.”



The observed trends in the dependance of V1. as a function
of %(v/v) TFE can be understood by considering the three
sources of flexibility that contribute to the motional averaging
of the CW X-band nitroxide EPR line shape.” When disordered
in solution, although the overall tumbling of the unstructured
7.6 kD peptide may be > 1 ns, the backbone is likely undergoing
large amplitude fluctuations resulting in locally high mobility
of the spin-label with a small volume of space being sampled,
i.e., the local tumbling volume is small due to the flexibility of
the protein backbone. As the a-helix is formed with an increas-
ing TFE percentage, the rigidity of the helix causes the back-
bone fluctuations to become smaller, and the spin label motion
becomes less isotropic as it is restricted by the formation of the
helix and hence the “volume” that it samples increases due to
both the local modes of motion of the spin-label and the larger
volume occupied by the more rigid helix.®: 7° The relative lev-
eling off of the local tumbling volume occurs because beyond
23% TFE the protein is fully a-helical and a higher percentage
of TFE would not theoretically cause an increase to V.

The observed site-specific trends in values of Vi through the
TFE-induced helical transition parallel three general trends that
we reported earlier via /1y/h) mobility parameter analysis of
the EPR spectra.3> 3 First, results show more site-specific vari-
ation in the NTD compared to the CTD as a function of TFE
show, second the difference in 7, between 0% and 40% TFE
(ak.a. the degree of transition) is on average less for the CTD
(AVLag ~400 A%) than the NTD(AV e ~1000 A%), and third the
NTD undergoes a more cooperative TFE-induced transition
than the CTD.

We previously discussed that the site-specific modulation in
the EPR /+1)/h(o) mobility profiles as a function of %(v/v) TFE
for NTD Pl1-sites tracks with changes with the TFE-induced
helical propensity of the folded state upon P1 incorporation, as
determined from CD analysis.>* Meaning, that as P1 is moved
through the amphipathic helix of the NTD of IA3 substitutions
alter the TFE-induced helical propensity, where the greater the
helical content at 30-50% TFE, the less mobile the EPR line-
shape. Consequently, a larger final value of Vi indicates a
greater relative TFE-induced helical content of that variant. For
example, the data for SOP1 in Figure 4 are representative of a
P1 construct with > WT helical propensity and V8P1 represents
a construct with < WT helical propensity. For comparisons
made in this report when discussing the two domains, we will
utilize data from NTD sites with WT TFE-induced helicity
(K7P1,F12P1, S14P1). The TFE-induced conformational states
of the two domains of A3 have different average values of com-
paction, with ¥zae xrp ~1900 A > Vg crp ~ 1700 A3, This re-
sult demonstrates a strength of spin-labeling to interrogate site-
specific behavior of the separate domains compared to CD,
which averages over the entire protein sequence.

Table 1. Summary of Vi Parameters for S. cerevisiae 1As.

VLave (A3) d
AViave VLave/dYoTFE
0%TFE 40% (A3) .
TFE (A3/%TFE)
NTD*®*  840+130 1900+40 1050+50 30+ 4
CTD 1260+60 1600100 400+ 100 11+2

® For the NTD calculations, only those constructs with WT
TFE-induced helicity were averaged.
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FIGURE 4. V} analysis trends during TFE titration for NTD
(purple squares) and CTD (orange circles) P1-IA; variants
where solid lines are fits to the two linear regions as discussed
within the text. Horizontal purple bars represent the average V;
values for P1-constructs with WT helicity in the TFE-folded
state, with background shading of grey = WT helical propen-
sity, green < WT helical propensity, blue > WT helical propen-
sity. The light orange bar shows the similar average V; behav-
ior for CTD residues, and all CTD constructs studies here have
overall total helicity similar to WT.** 1In all plots the size of the
data points are larger than the error in the measurements. Data
were collected at 27 °C in triplicate for each sample.

Millhauser et al., has shown that the degree of cooperativity
of an unstructured to helical transition is reflected by the mag-
nitude of the change in V7 as a function of temperature (a.k.a.
the magnitude of the slope) for spin-labeled 16-mer and 17-mer
peptides.® 7° Hence, we can extend that analysis and conclude
that the slope of our graphs reflect the relative cooperativity of
the TFE-induced transition of IA;. Slopes for the four CTD sites
are similar in value, and they are less in magnitude than those
for NTD sites with WT helical propensity (K7P1, F12PI,
S14P1), indicating the NTD undergoes a more cooperative fold-
ing in TFE (Table 1) These differences in the degree of cooper-
ativity of the transition were also seen via A1y/ho) mobility pa-
rameter analysis reported earlier, where data were fit with a sig-
moidal curve and with the FWHM of the derivative of that curve
reflecting the cooperativity of the transition. 323
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FIGURE 5. Graphical representation of Vi values for NTD
(purple) and CTD (orange) P1 labeled sites of the intrinsically
disordered state of IA3. Dashed lines represent Vi average val-
ues of each domain, with Vg vy =840 + 40 A% and Vi crpy
= 1260 + 90 A*. Data for S27 (green) was not included in either
the NTD or CTD calculations and is defined here as a linker
region based upon the distribution of the NCPRs values (shown
as inserts). There is a statistically significantly smaller local
tumbling volume of the NTD residues compared to the CTD.
The dark grey dotted line at 1000 A3 represents a value obtained
for a 17-mer alanine peptide.** ™

Another noticeable difference between V7 of the NTD and
CTD are the initial values in the intrinsically disordered state.
Figure 5 plots V7, values for P1 labeled amino acid locations in
the disordered state (0% TFE), revealing a trend that Vi «crp)
(1260 £ 60 A3) > Vi vrpy (840 £ 40 A%). These volumes were
calculated from average correlation times of . = 0.19 + 0.02 ns
and 0.27 + 0.03 ns; respectively. To increase our confidence in
the values of correlation times obtained from X-band data sim-
ulations, W-band EPR spectra were collected for all IA3; CTD
constructs (Spectra and analysis in Supporting information Fig-
ures S8/Tables S6-7). These results imply that in the disordered
conformational ensemble over the Y57 to K61 1A;-CTD se-
quence, which has local high positive charge density, is more
expanded than the K-7 to S15 IA;- NTD. This finding suggests
that the local tumbling volume may be reflective of local expan-
sion/compaction dictated by a local charge density that influ-
ences the fluctuations and collapse or expansion of the protein
backbone. Additional experiments are under way to further
evaluate this hypothesis.

It is noteworthy that Vi «crp) > Viave vrp) in the disordered
state even with the presence of the HIS-tag; which has been pre-
dicted to strongly increase overall compaction of IDPs.!” The
EPR results for the disordered state of 1A 3 indicate less compac-
tion of the CTD compared to the NTD, even in the presence of
the C-terminal HIS¢-tag. Because of this, we feel confident that
the presence of the HIS¢-tag is not obfuscating the ¥ trends ob-
served with our data. Nevertheless, future investigations will be
made on constructs not containing a HIS-tag.

Work by Millhauser, et al., on spin-labeled 17-mer alanine
peptides [Ac-A-E-A-A-A-K-E-A-C(MTSSL)-A-K-E-A-A-A-
K-A-NH2; MTSSL is methanethiosulfonate spin label ] gave
local tumbling volumes of 1000 A® when unstructured, which
is larger than 1A; Viaewrp) ~ 840 A® even though 1A; is a 4.5
x larger protein. We interpret the similarity in the size of the
local tumbling volume to reflect a parameter of compaction of
the peptide backbone in the disordered ensembles. For further
comparison, V. = 500 A® was obtained for spin-labeled

1600 7
1400 + 27
14 L. M=sccs )
1200 + Q o Q L= 17-mer peptide
o | e |

glutathione.® 7 The larger V1 values observed for the IA; CTD
(~ 1300 A%) are consistent with a more extended/rod-like struc-
ture as predicted for R3 IDP conformational sequences?® and se-
quences with higher overall net local charge.!” Thus, the higher
local tumbling volume represents less compaction at those local
sites within of the protein backbone in the disordered ensemble.
These results may also suggest that those residues destined to
become more helical are actually more compacted in the un-
folded state; whereas those sites that are not as cooperatively
ordered are more expanded in the disordered state. Further, the
results demonstrate the capability of SDSL to provide infor-
mation about mobility/compaction of the microenvironment in
IDPs.

It is important to note that the correlation times obtained for
IAj in the TFE-induced helical state represent motional averag-
ing dominated by the correlation times of the internal modes of
motion of the spin-label and do not directly reflect the global
tumbling volume of a cylindrical IA;. Millhauser predicts Vi ~
2000 A3 for a perfectly helical 17-mer peptide at 10°C. For their
17-mer peptide, where helicity was induced by lowering the
temperature, they obtained 77 ~ 1800 A3, For IA;, the TFE-in-
duced helical transition of the separate NTD and CTD are V;, ~
1900 A® (z.=0.79 + 0.02 ns for wild-type like constructs) and
Vi~ 1600 A3 (.= 0.66 + 0.02 ns); respectively. Our values for
1Az (a 68-mer peptide with ~ 34 amino acids per domain) ap-
proach an average limiting value over both domains of V. <
2000 A?, again, similar to values observed for a 17-mer peptide,
indicating that the observed upper limit of V7 is likely con-
trained by the flexibility the spin-label utilized. It is also possi-
ble that IA3 does not form a single helical coil in TFE.

Hydration Dynamics is influenced by Charge Distribution.
Here, low-field ODNP was performed on 3 spin-labeled vari-
ants of A3 that reside within the NTD (V8P1, S9P1 and S14P1)
and 2 spin-labeled variants within the CTD (N57P1 and
K58P1). ODNP results reveal dramatic differences in the NTD
and CTD surface hydration diffusivity (Table 1, Figure 2). In
the unstructured-state of IA; in solution, P1-N-terminal sites
give surface-like hydration diffusivity, with &.,=0.15+0.03.
On the other hand, the two C-terminal P1-sites, have & values
of 0.5+0.2 (N57P1) and 0.4+0.2(K58P1), indicating bulk-like
hydration diffusivity. The CTD & values are unusually large. In
fact, they are greater than values for a spin-label in solution
(&ux=0.27,32) and for sites on double stranded DNA (&= 0.23-
0.26,%%), which were described as anomalously high compared
to protein surfaces. The origin of these differences is described
below.

Regarding the NTD, we find that the water diffusivity
within the 5-10 A shell of P1 does not differ with amino acid
substitutions that alter the TFE-induced helical propensity
(V8P1 < WT, V9P1 > WT, S14P1 = WT), and by extension,
folded state local tumbling volume.*® The helical propensity of
the TFE-induced state of V8PI is similar to or less than CTD
constructs studied here (with similar local tumbling volume),
yet the hydration dynamics of the unstructured state of V8P1
are similar to the other NTD P1 constructs and not the CTD sites
(for which it has similar TFE-induced behavior). Thus, suggest-
ing that the hydration dynamics in the NTD are encoded by a
parameter of the unfolded ensemble and not sequence features
that stabilize the folded state. V8P1 gives a nice comparison to



the CTD as disrupts the TFE-induced helical transition and pro-
vides very similar local tumbling volumes to those seen for
CTD sites. Yet, the hydration dynamics for V8P1 are nearly
identical to those obtained for S9P1 and S19P1. Therefore, we
interpret these results to suggest that it is not structure inducing
features that dictate hydration, but rather the local charge den-
sity, NCPR; of the sequence that encodes for the hydration be-
havior.

The origin of the difference in & values of the two domains
can be gleaned by separately evaluating ks and kiow, Which rep-
resent different time scales of diffusing water as DW and BW;
respectively.’ 37 Values of ko (Table 2) are relatively invariant
(kowg= 55 = 2 s"M) across P1-labeled constructs of both do-
mains of IA;. This finding indicates that picosecond DW dy-
namics within the 5-10 A shell layer around the TA; surface are
not impacted by amino acid sequence parameters such as x or
NCPR. In contrast, kiow,ave values are 510 =20 s"M! for the NTD
and 100 + 40 s for the CTD, indicating that the slower
bound water interactions differ leading to differences in 'H-'H
relaxation.

By referencing to bulk water, ks wui , a scaled parameter for
DW can be calculated as in Equation (4)

Kgsite )
kdscaled = (k g.site ) (4)
o,bulk
This value quantifies the marginal degree to which the surface
diffusive water layer has been slowed compared to those waters
interacting with TEMPO in water. We obtained an average
koscatea = 1.7£0.04, over the narrow range of 1.6-1.7 for all 5
sites in IAs. Comparison to literature (Figure 6) reveals that DW
of TAj are less hindered compared to DW of structured proteins,
lipid bilayers or membrane proteins, which have koycaea Values
ranging up to > 6.°7 6580 Interestingly, the DW behavior for both
domains of TA3; is similar, on average, to those previously seen

for polyanionic DNA surfaces (1.4+0.2-fold scaling).*

As described by Han and co-workers, the scaling “of DW dy-
namics can be viewed as reflecting on the enthalpic cost for dis-
rupting and displacing the hydration water that is collectively
strengthened by the attractive interactions between the protein
surface and the hydrogen-bonds of the local water network.””’
The narrow distribution of DW dynamics within and between
the two domains of IA; indicate approximately equal enthalpic
costs for displacing the local hydration water. The low scaling
values indicate these waters are more readily removed from the
surface of [A3 than most of those on structured proteins and the
5-mer peptide fragments of CheY. ¥’

Table 2. Summary of ODNP results.
Site 14 ks ko Kiow 7 (ps)
(M) (M) (sT™Y)
V8P1  0.153t0.019 58+2 38045  500%75 13030

NTD S9P1 0.140+£0.008 56 +1 40020 530435 130£13
S14P1  0.145£0.014 55%5 380+16 500130 12645
cTD N57P1 0.47+0.14 57+3 120+40 7060 16£11
K58P1 0.36 £0.11 55+ 11 150+40 130£70 38120
bulk TEMPO? 0.27 94 353 366 54.1
IAP® 0.22+0.01 71+ 3 325 £12 376 +40 7513

2Data Taken from Refs. 5 5255 Values determined as described in Ref. 2 Errors rep-
resent standard deviations from replicate experiments.

Previously, Han and co-workers characterized the DW dynam-
ics in 5 amino acids peptide fragments of the protein CheY
(with spin-label in the center) and synthetic polyproline with
lysine or aspartic acid (2-7 amino acids long with spin-labels on
the N-termini) and found no correlation between the grand av-
erage hydropathy (GRAVY) values and DW dynamics. DW
scaling for 5-mer CheY peptides and 5-mer to 10-mer polypro-
line peptides clustered between 1.6-2,7; marginally higher than
what we observe for A3 (1.6-1.7).

Additionally, average Koscaled for IDPs a-synuclein®’ 6% 8!

and Atau-187°" %382 spread over values of 1.1 — 4.0 and cluster
near 2.5, respectively. Han and co-workers concluded that var-
iation in local charges on disordered 5-mer small peptides of
CheY surface do not modulate DW scaling (span values of 1.7
to 2.5). Here, with IAs;, we demonstrate this conclusion holds
true in a larger IDP systems of up to ~ 34 amino acids that span
both R2 and R3 conformational space of a Pappu plot. The a-
synuclein and Atau-187 peptides in their study have sequences
within the R1 and R2 Pappu phase space, respectively.

@ Groks
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@IA3CTD IAP
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FIGURE 6: Scaled k- DW parameter as a function of scaled kiow
for NTD (purple) and CTD (orange) [A3-P1 constructs referenced
to either TEMPO or IAP in bulk solution. Data for DNA;¥
GroES;%? globular CheY and 5-mer CheY peptides, tau and
a—synuclein®’ taken from respective literature references with scal-
ing to TEMPO.>?

If values of ko for A3 do not vary across the two domains (i.e.,
as a function of NCR or k), then the observed differences in

NTD and CTD hydration diffusivity,f, must arise from altera-
tions in the self-relaxation (k,) of local waters, i.e., those that
“tumble” or move with the protein surface. NTD sites have val-
ues of k, ~ 385 + 10 s'M™!, which are slightly faster than the
self-relaxation rates obtained with TEMPO in water (353 s"'M-
.52 In contrast, CTD P1 sites in IA; have k, ~ 140 £ 20 s'M,
which is a slower rate than that observed for waters solvating
TEMPO in solution (Table 2). In efforts to understand the rela-
tively low k, values of the IA;CTD PI sites, we performed
ODNP of the nitroxide IAP in buffer (Table 2). Scaling to IAP
bulk values changed ko slightly; whereas &, values of TEMPO
and TAP were similar (Table 2); hence we can conclude that
these lowered Klow values do not arise from the IAP spin label
and must then reflect properties of the amino acid sequence and
structure that impact water relaxation.

®IA3 CTD TEMPO

@ IA3INTD TEMPO



We note that the errors reported here for &, in Table 2 are all
similar because the value of k, as given in Equation 5,

=2 (-2 )

Cst \T1(0) T1,0

is dependent upon the inverse spin labeled protein concentra-
tion, Cs; as well as differences in T and T}, which represent
the relaxation times obtained for a spin-labeled sample and non-
spin labeled sample; respectively. For [A;CTD sites, the exper-
imentally determined relaxation times for spin-labeled protein
exhibited small changes in relaxation times compared to the
non-spin-labeled sample (Table S7), leading to larger propaga-
tion of error in calculating values of &, that originates from the
error in the non-spin labeled T,y measurement. Although, ac-
cording to Franck et al., (47) greater certainty in Ty« can be
obtained by increasing protein concentrations, all values re-
ported within were acquired for ~ 150 uM protein samples.

For TA3-NTD sites, kiow enhancements are approximately
~1.4 (defined as the ratio to kiow of TEMPO in water), which is
similar to that obtained for the IDPs a-synuclein,®® 8! Atau-
187%82 and 5- residue peptides”’ studied by Han and co-work-
ers (Figure 6). Both the number of bound water molecules and
values of the local correlation time modulate ki, enhancements.
[53] For correlation times > 1 ns, kiow enhancements > 1 are re-
flective of a population of bound water molecules.>’ Accord-
ingly, this implies that the IA3-NTD, which has kiow enhance-
ments ~1.4 has a sparse to no BW population; if we assume that
the unstructured ensemble of IA; (7.6 kD) has 7z > 1 ns. Rota-
tional correlation times of semi-rigid globular proteins can be
predicted to be and have been shown to be > 2 ns for proteins
as small as 3 kD.> Han and co-workers concluded that a
marked difference in hydration behavior of IDPs is the lack of
BW harbored on the surface. This conclusion is based upon as-
suming 7« >1 ns for a-synuclein and Atau-187 proteins. The
finding of similar ODNP results between IA3-NTD and a-synu-
clein and Atau-187 may not be surprising given the sequence
characteristics of these IDPs reside within in subclasses R1 and
R2. It is noteworthy that ki,w enhancements for the 5-mer CheY
peptides,’” double stranded DNA (12 bp and 24 bp)* and the
folding chaperone GroES®? are similar to those of the IA;-NTD
(Figure 6).

In contrast, for CTD sites of [A3; we observe kiow With frac-
tional enhancements, meaning values of 0.2-0.3 were obtained.
We currently cannot explain the molecular basis of these low-
ered enhancements. One possible explanation is that for A the
assumption of 7, > 1 ns may be incorrect. However, spectral
simulation of CW X- and W-Band nitroxide line shapes of in-
dividual spin-label spectra within the [A; NTD and CTD
demonstrate that the coupled spin-label and local backbone mo-
tion of IA3CTD spin-labeled sites (a.a. 57-61) is slower than
those observed over the NTD region (a.a. 7-15); in other words,
CTDz=0.27 £ 0.03 ns > NTD 7z = 0.19 + 0.02 ns. Therefore,
if we assume 7zt > 1 for the NTD, then it follows this would
also be true for the CTD. Additionally, the local correlation time
of P1 sites in [Aj are all greater than those for TEMPO in water,
suggesting the enhancement values for k0w cannot be explained
by the protein motion being faster than the small molecule or

that the dynamics of the CTD are too fast for the ODNP analysis
Of klow- Our observation that klow C-termini 1A3 < klow TEMPO in water
along with ko cermini 1a3 = KoN-termini 143 < ko 1ap 1S, to our
knowledge, a unique finding in low-field ODNP studies of mac-
romolecules.

Because fiow is obtained from the differences between the local
electron-'H cross-relaxation (ko) and local waters undergoing
self-relaxation (k,) as shown in Equation 6,

2k, — Lk, (6)

k =
low 3P 3

kiow errors are also larger for CTD sites. Nevertheless, the data
indicate 'H-'H self-relaxation within the CTD that is only 20-
40% that of a spin-label in water (Figure 6).

Although the origin of the lowered self-relaxation (k,) of
local waters of the CTD are currently unknown, it might be pos-
sible that “bound water” interacts differently in a highly charged
local environment than with a nitroxide in water. Perhaps the
local electrostatic fields generated by the high local NCPR in
the CTD (ranging between -3 to + 2) of [A3 impact the slow-
bound water relaxation properties differently than the bulk wa-
ter-TEMPO interactions in solvent. Alternatively, the local die-
lectric constant may differ near the highly charged surface
which can impact the organization of water hydrogen bonds
with charged side chains that overcome the possible hydropho-
bic contacts between water and the spin-probe leading to a less-
ened effect on water self-relaxation. Hence, we postulate that a
reason for the different values of £ in the two domains in IA;
arises from the way the “slower bound water molecules” inter-
act with the highly charged surface of the CTD of A3 and that
sequence charge distribution may modulate this behavior and
be a way to “encode” IDP conformational ensemble and func-
tion. Future studies are underway to test this concept on addi-
tional R3, R4 and R5 sequences.
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