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ABSTRACT

Proline-arginine (PR) dipeptide repeats have been shown to undergo liquid-liquid phase separation
and are an example of a growing number of intrinsically disordered proteins that can assemble into
membraneless organelles. These structures have been posited as a nucleation site for pathogenic
protein aggregation. As such, a better understanding of the effects that the increased local
concentration and volumetric crowding within droplets has on peptide secondary structure is
necessary. Herein we use Fourier transform infrared (FTIR) and two-dimensional infrared (2DIR)
spectroscopy to show that formation of droplets by PR20 accompany changes in the Amide-I

spectra consistent with folding into poly-proline helical structures.

KEYWORDS Liquid-Liquid Phase Separation, Droplets, Secondary Structure, Folding, 2DIR


mailto:arnaldo.serrano@nd.edu

Roughly 44% of human proteins contain disordered segments of >30 amino acids.! As protein
folding often buries hydrophobic segments prone to self-association, some intrinsically disordered
proteins and peptides (IDPs) susceptible to aggregation.>> More recently, many IDPs have been
found to spontaneously organize into phase separated liquid droplets through coacervation.'*>
While liquid-liquid phase separation (LLPS) is often driven by charge-charge interactions,®’ weak

intermolecular interactions, such as pi stacking® or volumetric crowding,”!%!!

can also provide
the necessary driving force. This results in a peptide assembly mechanism that is distinct from
amyloid formation. Functional forms of LLPS are responsible for producing membraneless
organelles, especially within the nucleus of the cell.»'? Aberrant LLPS has been proposed as a
cause for cellular dysfunction.'* Upon droplet formation, local protein concentrations can increase
by a factor of 50.!* As protein aggregation into potentially toxic amyloids is a highly nonlinear
kinetic process, such an increase in local concentration could have a drastic effect on the stability
of soluble protein.'>!® To begin to address this question, a better understanding of the effects that
the increased local concentration and volumetric crowding within droplets has on peptide
secondary structure is necessary. As such, a more elementary question of interest is whether liquid
droplets promote protein folding of any kind for the otherwise unstructured IDPs. As high polymer
volume fractions are known to stabilize protein folds,!” measurable secondary structure formation
may accompany LLPS. Herein we present an approach to determine whether droplet formation
promotes secondary structure folding for a model IDP using Fourier transform infrared (FTIR) and
two-dimensional infrared (2DIR) spectroscopy.

Prior work on structure determination within droplets have been limited to circular dichroism

(CD) spectroscopy and nuclear magnetic resonance (NMR) spectroscopy on gravimetrically

isolated bulk phases.'® However, experiments where the phases no longer interact may not exhibit



the same dynamics and structural changes that occur when both phases are present, due to the
absence of an interface. In this respect 2DIR has an advantage. For example, CD measurements of
protein secondary structure are optimized for optical densities (OD) below 1,'” while the turbidity
of a solution of LLPS droplets can easily reach a I mm OD»so of greater than 1. 2DIR spectroscopy
however, when implemented using a 4-frame phase cycling pulse sequence, can eliminate the
largest scattering artifacts, allowing us to directly measure LLPS droplets in situ.2?! Similarly,
many powerful NMR structural techniques rely on fast rotational correlation times, a limitation

that 2DIR does not share.

d
@
@
@
© H,{,o
Q —-

Figure 1. a) A cartoon of flexible protein segments undergoing phase separation through
volumetric exclusion induced by a crowding agent, Polyethylene Glycol (PEG). b) PRz phase
separated droplets can be seen after the addition of PEG 300 using phase contrast microscopy.

Inset shows a PR2o sample before addition of PEG 300. Scale bars represent 10 um.

We chose, as a model system, the dipeptide repeat (DPR) PRy (i.e. twenty repeats of proline-
arginine). Our choice of this model system is partially motivated by the role of PR DRPs in

Amyotrophic Lateral Sclerosis (ALS), where the length of the PR repeat correlates with



cytotoxicity.?> Boeynaems and coworkers have shown that PR DPRs can phase separate with
RNA ?? Past studies have also shown that PR DPRs co-localize with proteins and RNAs into liquid
droplets in the nucleus of cells.?*** Furthermore, PR repeats can undergo phase separation without
a polyanionic polymer in buffered solution in the presence of 30% v/v polyethylene glycol
(PEG).% PEG acts as a molecular crowder, reducing the intermolecular interaction strength needed
to drive phase separation.!! The droplets, shown in cartoon form in Figure 1a, are likely to be
composed solely of PR2o, water, and buffer ions while PEG supplies the necessary depletion force
for the droplets to form.!%?%28 Figure 1b shows droplets formed by PRy in the presence of PEG

using phase contrast microscopy.
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Figure 2. The FTIR spectra of the PR2o peptide taken in deuterated potassium phosphate buffer,
with and without 30% PEG, as indicated. Peaks at 1585 and 1610 cm™ comprise the arginine side-
chains while a peak near 1650 cm™' originates from the Amide-I stretch of randomly coiled peptide.

After adding PEG, the spectrum broadens and shifts.



An FTIR spectrum of the peptide in buffer shows peaks at around 1585 and 1610 cm’!
corresponding to the near-degenerate vibrational modes of the arginine sidechain C=N stretches
(Figure 2).%° A shoulder at around 1650 cm™ corresponds to random-coil Amide-1.° The FTIR
spectrum after adding PEG shows a broadening of the absorption throughout the 1620 to

1650 cm™ region.
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Figure 3. a) The 2DIR spectrum of PRy without PEG shows a prominent peak corresponding to
random-coils as well as the two arginine peaks. b) After adding PEG, the spectrum broadens along
the diagonal. ¢) The difference spectrum of the first two spectra. The large peak at 1600 cm!
originates from PEG. The two peaks at pump frequencies 1630 and 1665 cm™ of the amide I region
matches the peak locations for polyproline helices.?!*> For all spectra, the dotted line indicates

where the diagonal cuts (panels to the right) are taken.

To further resolve features in the FTIR spectrum, we collected 2DIR spectra. The 2D spectrum
of the PRyo before the addition of PEG (Figure 3a) shows a set of distinct peak pairs. Every FTIR
transition corresponds to a red and blue peak pair in the 2D spectrum (red for ground state
bleach/stimulated emission and blue for excited state absorption). Upon addition of PEG (Figure
3b) the spectrum broadens along the diagonal. A difference spectrum can be used to separate the
contributions of the free peptide from the peptide sequestered into droplets,** which is shown in
Figures 3c. In the difference spectrum, a prominent new peak pair appears at pump frequency
1600 cm™! which originates from PEG itself (see Figure S1 in the supporting information), as well
as two new peak pairs at pump frequencies of 1630 and 1665 cm™'. There are no prominent blue
peaks along the diagonal of the difference spectrum which one would expect from subtracting the
random coil signatures in Figure 3a. This can occur if the new signatures in the Figure 3b were
significantly larger, per molecule, than those in Figure 3a.

The previous observation can best be explained if the transition dipole moments, p,, for the
new signatures are larger than those of random coil transitions, as 2DIR signals have a uj,
dependence. This is often the case for peptide secondary structures, where coupling of alighted
backbone modes form extended vibrational excitons.’** The near even split of the two new

transitions, 1630 and 1665 cm™, around the random coil frequency, 1650 cm™!, might suggest that



these transitions arise from exciton splitting within a single structure. A possible candidate for
such a species would be an extended beta sheet structure.>** We believe this is unlikely to be the
case for this peptide, as the alternating prolines reduce the number of possible H-bonds across
strands of the sheet. An alternative explanation is that the two new peaks correspond to two new
species that are more favorably formed in the presence of prolines. In the following, we examine
whether the peaks at 1630 and 1665 cm™! can be explained by polyproline helices.

The two varieties of polyproline helical structures are polyproline I (PPI) and polyproline II
(PPII). Both are left-handed with no hydrogen bonding along the backbone. The PPII helix is long
and extended with trans peptide bonds whereas the rarer PPI helix is compacted with cis peptide
bonds which are allowed by the conformational strain imparted by the proline residue.’”*® Past
FTIR studies for the structures demonstrate low frequency peaks at 1628 cm™ for PPI and 1637
cm’! for PPII, with PPII also having a high frequency peak around 1660 cm™.3!*> Comparing to
our 2DIR spectra, this suggests PRy may take on a mixture of PPI and PPII structure within the
droplet phase.

We simulated 2D spectra of both polyproline structures to compare with experiment. The
simulations were performed using a transition dipole coupling, floating oscillator model on
idealized poly-proline structures, using homogenous line-widths and diagonal disorders typical of
hydrated peptides (see supporting information for details).”® A comparison between the
experimental 2DIR difference spectrum and the simulations can be found in Figure 4. The bottom
panel shows the one to one sum of the calculated 2DIR spectra of PPI and PPII (individual spectra
can be found in Figure S2). The peak positions (1637 and 1659 cm™) and lineshapes in the
simulation agree well, overall, with the amide-I region of the experimental spectrum, considering

the simplicity of the model. A potential complication in interpretation of the spectra are past



observations that intramolecular backbone hydrogen bonds can redshift the proline amide-I stretch
by 25 cm™.#° Such hydrogen bonds are not present in the polyproline structures simulated here,
and yet we observe a good match with experiments, suggesting that this phenomenon is unlikely
to be occurring in the droplets. To determine the intensity of the polyproline peaks relative to
random coil, we also simulated the 2D spectrum of a nine residue random coil (not shown). The
intensities of the PPI and PPII peaks were, respectively, about 3.5 and 2 times more intense than
that of the random coil peak. This is consistent with our observation that the new features upon
droplet formation dominate the 2DIR difference spectra. In addition, the intensities from the
simulations were used to estimate the relative population of the two species using the peak
intensities in the experiment, yielding a ratio of 1.09 to 1.00 (PPI to PPII).
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Figure 4. Comparison of the experimental difference 2DIR spectrum (top) and the sum of
simulated 2DIR spectra for PPI and PPII helices (bottom), demonstrating the Amide I region of

the former is well described by the latter.

Though previous evidence has shown that droplets can drive amyloid aggregation,*'*? these
findings suggest that droplet formation can also promote single domain protein folding, which may
serve as an early stage of the amyloid assembly process. While we believe that volumetric self-
crowding, whereby the high local concentration of PR2o peptide within droplets destabilizes
extended structures, is likely the driving force for the folding of peptides into helices in the peptide
dense phase, another contributing factor to stabilization may be inter-molecular pi stacking of the
arginine sidechains, though any changes this may have induced it the guanidinium transitions in
the 2DIR spectra are masked by the presence of the PEG signal near 1600 cm.

In conclusion, by performing FTIR, 2DIR and spectroscopic simulation on a model peptide, we
have found, to our knowledge, the first evidence of LLPS driven peptide folding. These results
could have great implications on the physical properties and functionality of liquid droplets.

METHODS:

Peptide Synthesis and Purification

The PR2o peptide was synthesized on a CEM Liberty Lite peptide synthesizer using conventional
FMOC synthesis on a rink-amide resin. The peptide was cleaved using trifluoro-acetic acid (TFA)
and precipitated with diethyl ether to retrieve the crude peptide. Crude peptide was purified using
a Jasco LC-4000 HPLC system with a RP-C18 column. The HPLC fraction containing peptide
was confirmed using MALDI-TOF mass spectrometry. The lyophilized peptide was resuspended
in hexafluoroisopropanol with 10% v/v HCI to exchange out TFA. The peptide was then

lyophilized overnight and stored as a powder. To prepare samples for IR experiments, we



resuspended our lyophilized peptide in deuterated hexafluoroisopropanol (HFIP-d) to exchange
amide hydrogens with deuterium. The sample was incubated for at least 30 minutes and lyophilized
to remove HFIP-d. This is repeated twice and, after the final step, the sample was lyophilized
overnight to remove trace solvents.

Sample Preparation

To induce phase separation, we adapted a method described by Boeynaems and coworkers®.
Lyophilized pure peptide was resuspended in D>O to a concentration of 1 mM. A 10x potassium
phosphate buffer was made by combining 61.5 mL of 1M KoHPO4 with 38.5 mL of 1M KH2PO4.
The sample was brought to a concentration of 250 pM in 100 mM pH 7* potassium phosphate
bufter with 30% v/v PEG 300 (MW 300). The sample solution was placed on ice to induce droplet
formation. Droplet formation was assessed by measuring turbidity at 600 nm.

Phase Contrast Microscopy

A sample slide with a fluid reservoir formed by strips of double-sided tape was used to imaging
droplets. The sample was placed in the reservoir and sealed with a coverslip. Images were taken
using a Nikon TE2000-U microscope in phase contrast mode with a 40X objective.

FTIR

10 pl of sample solution was placed between two 2 mm thick CaF> windows (Crystran Lmt.)
with a Teflon spacer and tightly sealed to reduce atmospheric water exchange. Single beam spectra
for sample and reference were collected using a Thermo Fischer Nicolet iISS0R FTIR at 2 cm’!
resolution. Data was processed in MATLAB to produce the absorbance spectrum.

2DIR

Details for the 2DIR laser system are described elsewhere.** Briefly, 3.5 mJ, 30 fs, 800 nm pulses

from a 1 kHz repetition rate Astrella Laser system (Coherent) are directed into a TOPAS prime

10



OPA (Light Conversion) followed by a homebuilt AgGaS; based DFG to produce our broadband
mid-IR beam. The pump beam is sent through an AOM based mid-IR pulse shaper (PhaseTech
Spectroscopy) in order to generate the pulse sequences necessary to perform 2DIR. The waiting
time delay between the pump and probe pulses was set to 100 fs. The probe is directed through a
sample and into a homebuilt monochromator where the spectrum is detected with a MCT focal
plane array camera (Teledyne Catalina). The reference beam spectrum is detected simultaneously

on the same camera. Data was processed using custom MATLAB code.
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Figure S1. 2DIR spectrum of PEG in D,O. We attribute the peak that arises at around 1600 cm™!

pump frequency in other spectra to PEG.
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Methods for simulating 2DIR spectra

The spectra were simulated using a floating oscillator model where we extract the amide-I
transition dipole moment positions and directions from idealized PPI and PPII structures and
calculate the transition dipole coupling energy between all pairs of dipoles. The amide-I central
frequencies were set to 1650 cm™'. Gaussian diagonal disorder to the exciton Hamiltonian of 10
cm’! standard deviation was included. Diagonalization of the coupling energies provides normal
mode frequencies and energies, from which 2DIR stick spectra can be generated. Stick spectra
were averaged over 800 realizations of diagonal disorder. The final simulated 2DIR spectra were
obtained by convolving the 2D stick spectrum with 2D Lorentzian line-shape functions with

3 cm™! half-width at half max.!
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Figure S2. a) Simulated 2DIR spectrum of PPI structure. b) Simulated 2DIR spectrum of PPII

structure. ¢) Summed spectra of both polyproline structures. The associated structure is shown on

the right for each spectrum.
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