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ABSTRACT OF THE DISSERTATION 

 

Protein structure in reversible amyloid formed by low-complexity regions 

 

by 

 

Michael Patrick Hughes 

Doctor of Philosophy in Biological Chemistry 

University of California, Los Angeles, 2018 

Professor David S. Eisenberg, Co-Chair 

Professor Kelsey C Martin, Co-Chair 

 

  There is a current renaissance of research on membraneless organelles and their relationship 

to life in the cell.  Protein-protein interactions between mysterious regions of proteins called Low 

Complexity Regions (LCRs) are known to be important for organizing these membraneless 

organelles.  Membraneless organelles include: P-bodies, involved in mRNA degradation; the 

nucleolus, the center of rRNA genesis; Cajal bodies, related to telomerase function; and Stress 

Granules (SGs), dynamic organelles that form and disappear in response to stressful stimuli.  LCRs 

from SG proteins form labile hydrogels composed of amyloid-like fibrils that are associated with 

organization of SGs.  To elucidate the organization of these complexes we determined atomic 

resolution structures of adhesive five segments within LCRs.  The resulting structures resemble 

known amyloid structures because the crystalized segments formed pairs of mating β-sheets that ran 

along a fibril axis.  However, these five structures are distinct from known amyloid because of sharp 

kinks in the peptide backbones of the mating β-sheets.  In conjunction with the relatively hydrophilic 

nature of these segments, the fibrils they form are labile; a departure from the stability associated 
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with disease related amyloid.  We termed this new type of structure low-complexity aromatic rich 

kinked segments (LARKS) and found their properties to be consistent with in vitro and cellular 

behavior needed to form dynamic membraneless assemblies found in the cell.  A computational 

method, 3-D profiling, predicts that some 1725 proteins in the human proteome have two or more 

LARKS in LCRs that are consistent with properties needed to form membraneless assemblies. 
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Overview 
 

This thesis work started with an observation made by the McKnight lab in 2012 when they 

found that LCRs from RNA-binding proteins could form labile hydrogels composed of amyloid-

like fibrils.  This was striking to us as amyloid structure is usually associated with stability, not 

lability.  I endeavored to find structures that could reconcile the ability of LCRs to form amyloid 

fibrils and with the ability to be melted and reversed.  This thesis details the discovery of Low-

complexity Amyloid-like Kinked Segments (LARKS), a new structural motif that are formed by 

adhesive regions of LCRs, and explores where they are found in cells and disease.   

Chapter one describes the discovery of LARKS and their characteristics.  We used 

crystallography techniques to identify and determine the structure of five LARKS segments from 

three different proteins: FUS, hnRNPA1, and nup98.  All five LARKS structures show pairs of 

mated β-sheets that is commonly found in amyloid fibrils but have sharp kinks in the peptide 

backbones instead of the idealized β-sheets found in steric zippers.  The consequence of these 

kinks is that the mated β-sheets do not interact as strongly as found in steric zippers and 

interrupts the hydrogen bonding down the fibril axis.  We propose that LARKS are consistent 

with, and explain the behavior of, LCR hydrogels.  Computational predictions to find LARKS in 

the human proteome identify some 1725 potential candidates that could use LARKS to organize 

through LCRs.  The original LARKS segments for crystallization were chosen by David S. 

Eisenberg, Michael R. Sawaya, and me based upon findings detailed in Kato et al., 2012.  

Crystallization, X-ray diffraction data collection, and structure determination of LARKS segments 

was done by me with invaluable assistance from crystallography experts Duilio Cascio and 

Michael R. Sawaya.   Several LARKS segments proved intractable to structure determination by 
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X-ray diffraction, and the use of Micro Electron Diffraction (MicroED) with aid from Jose A. 

Rodriguez, David Boyer, and Tamir Gonen was essential for the determination of the LARKS 

FUS-STGGYG and nup98-GFGNFGTS.  We used LARKS structures to computationally predict 

where similar structures could form in the human proteome using threading and 3-D profiling.  I 

used computational tools developed by Lukasz Goldschmidt to search the human proteome for 

LARKS.  I did all the interpretation of threading data to find proteins rich in LARKS and Gene 

ontology of proteins rich in LARKS.  LARKS structures were compared to steric zippers using 

some computational techniques to find area buried between mated β-sheets and the strength 

of the interface by Michael R. Sawaya and me.  A synthetic LARKS peptide was designed by 

David S. Eisenberg, Michael R. Sawaya, and me.  I designed and executed a hydrogel 

reversibility assay on the synthetic peptide to show that it captured to properties of hydrogels 

formed by LCRs.  This work was published in Science in 2018.  A reprint of Hughes et al. is 

attached in appendix I.  Chapter 1 is a long form version of this manuscript with data not 

included in the original publication. 

Chapter two is a reprint of the published manuscript which describes steric zippers and 

LARKS structures from RNA-binding protein TDP-43.  This work was primarily done by Elizabeth 

Guenther and Qin Cao.  My contributions were to help identify and characterize structures as 

LARKS, computational predictions of LARKS in TDP-43, and some writing of the manuscript.  This 

paper finds that disease-related mutations in TDP-43 that lead to ALS can convert LARKS to 

more stable structures that are less labile.  This is an important finding that LARKS may be 

related to amyloid diseases.   
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 Appendix I is a reprint of Hughes et al. and the supplemental materials.  This work is 

referenced and adapted to chapter 1. 

 Appendix II describes a methodology used in chapter 1 that is not covered in the 

supplemental materials and methods in appendix I.   
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Chapter one 

Discovery and characterization of low-complexity amyloid-like kinked segments in low-complexity 

regions 
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Low complexity region properties 

Low complexity regions (LCRs) are regions of proteins with a bias of amino acids (Figure 1 A and B) 
(Wooton, 1994.).  LCRs often manifest as repetitive tracts of hydrophilic or charged amino acids in 
proteins and are largely predicted to be unstructured (Kumari et al., 2015.).  Despite 16% of human 
proteins having significant LCRs, they are dramatically underrepresented in the Protein Data Bank (PDB) 
(Wootton, 1994).  While common in humans, LCRs are not ubiquitous in all life.  For comparison C. 
cerrevisieae has about 8.0% of proteins with LCRs, and E. coli only has 1.6% of proteins with LCRs.  The 
question arises: what are these regions doing in the human proteome, and why are they important?   

Recent studies have found that Ribonucleoprotein particles (RNPs) contain a significant number of 
proteins with LCRs (Kato et al., 2012).  Well-known RNPs in the cell include P-bodies, stress granules, Cajal 
bodies, nuclear specks, and the nucleolus.  Each of these particles has a specialized function for the cell as 
do classical membrane-encircled organelles (Mitrea and Kriwacki, 2016.).  RNPs are considered 
membraneless organelles because they are characterized by organizing an organelle in the absence of an 
encapsulating membrane.  Instead a mixture of RNA-RNA, RNA-protein, and protein-protein interactions 
organize these particles (Protter et al., 2018.).  The nature of this organization is crucial to understanding 
questions at the heart of cell biology and disease. 

Two physical states have been proposed for the organization of RNPs: a liquid phase and a solid 
phase.  The liquid phase is known as Liquid-Liquid Phase Separation (LLPS) occurs when a molecule has 
multiple binding sites for either itself, or another molecule.  This a property known as “multivalency.”  
Multivalent proteins can spontaneously separate from the bulk phase to a condensed liquid phase 100 
times the concentration of protein in the surrounding milieu (Li et al., 2012. Nature.).  In the concentrated 
state, particles still diffuse and mix as if they were a liquid, lacking long-range order.  RNA or protein can 
spontaneously undergo LLPS in vitro, as can RNA-protein mixtures (Van Treeck et al., 2018).   

 

Figure 1. LCRs in FUS and hnRNPA1.  (A and B) Diagram for FUS and hnRNPA1 with the LCR sequence shown.  [G/S][F/Y][G/S] 
motifs in bold and segments with structures determined in this study are underlined.  (C) Purified and concentrated mCherry-FUS 
LCR forms a hydrogel in this overturned 5ml beaker.  (D) Diffraction of the mCherry-FUS LCR hydrogel gives reflections at 4.6 Å 
and 10 Å, common spacings cross-beta diffraction patterns from amyloid fibrils.  (E)  Negative stain TEM of 400x diluted hydrogel 
reveals proteinaceous fibrils. 
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The second state used to describe membranless organelle organization is through a hydrogel solid 
phase.  Here, multivalency once again leads to the cross-linked network of macromolecules that emulate 
the cross-linked fibrils found in gels.  The hydrogel phase is distinct because of the presence of order that 
limits molecules ability to rapidly diffuse and exchange with the surrounding environment.  Hydrogels 
composed of LCRs of the proteins FUS, hnRNPA1, hnRNPA2, RBM14, and nucleoporin FG repeats have all 
been observed by concentrating and cooling the purified LCRs (Figure 1C).  These hydrogels are composed 
of protein fibrils when observed by transmission electron microscopy (Figure 1E).  Hydrogels shot with X-
rays give a diffraction patterns with reflections at amyloid-like spacings at 4.6 and 10.0 Å resolution (Figure 
1D) (Kato et al., 2012; Hennig et al., 2015; Lin et al., 2016).  This hints that an amyloid-like structure is 
responsible for the formation of the ordered fibrils composing LCR hydrogels.  

Amyloid fibril structure 

Amyloid fibrils are proteinaceous fibrils often associated with disease states.  In amyloid fibrils, a protein 
forms an extended β-strand and stacks on top of other proteins to form a continuous β-sheet along the 
fibril access.  A β-sheet interfaces with another β-sheet with side-chains extended across the β-sheet 
interface to interdigitate like the teeth of a zipper.  This forms an ultra-stable structure termed a “steric 
zipper” that acts as the backbone of amyloid fibrils (Nelson et al., 2005; Sawaya et al., 2007).  

The steric zipper structure explains the common amyloid diffraction pattern seen from amyloid fibrils 
called a “cross-β” diffraction pattern.  In a cross-β diffraction pattern there are two reflections: a 4.8 Å 
reflection corresponding to the distance between β-strands down the fibril axis, and a 10 Å reflection 
corresponding to the distance between the mating β-sheets in a steric zipper interface.  The steric zipper 
interface excludes water molecules and allows extensive contacts between residue side-chains.  These 
properties impart the stability of the steric zipper, and corresponding stability of amyloid fibrils.  Amyloid 
fibrils usually resist denaturation by detergents like SDS, and high heat by boiling (Glenner et al., 1969; 
Safar et al., 1993; Meersan et al., 2006).  This set of properties is juxtaposed with the hydrogels formed 
by LCRs in FUS.  Hydrogels formed by the LCR of FUS will give cross-β diffraction patterns, indicating a 
steric zipper motif, but the fibrils lack the stability associated with a steric zipper.  Therefore, the following 
studies are aimed at identifying a structure that could account for the cross-β and amyloid like properties 
of hydrogels formed by LCRs but lack the stability of disease related amyloid.  

Finding adhesive motifs in LCRs 

In the hunt for relevant structures of LCR organization, previous work from other groups provided 
promising leads for regions of interest important for LCR hydrogel formation.  The McKnight group 
published their finding that the LCR of the RNA-binding protein and SG component FUS formed hydrogels 
with amyloid-like diffraction (Kato et al., 2012).  In their work they identify many tyrosine residues flanked 
by glycine or serine residues in the LCR making a motif of the form [G/S]Y[G/S].  When the tyrosines were 
mutated to serines, the LCR was no longer recruited to SGs in vivo and the purified LCR no longer formed 
hydrogels in vitro (Kato et al., 2012).  Similar experiments in mutating aromatic residues to serine 
abolished the ability of RNA binding protein and SG component RBM14 to form hydrogels (Hennig et al., 
2015).  Together, these results tie the [G/S]Y[G/S] motifs to in vivo function in organizing membraneless 
organelles and the phase separation properties of LCRs in vitro.  We therefore opted to crystalize 
segments from the FUS LCR that were tandem repeats of the [G/S]Y[G/S] motifs to gain insight into their 
structure, knowing their importance for LCR behavior in vitro and in vivo. 
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Figure 2. Structure of LARKS (B-
F) and a steric zipper (A) for 
comparison.    The first column 
is viewing a pair of mated β-
sheets down the fibril axis.  One 
sheet is colored light yellow, 
and the other is purple.  Only 
the trace of the peptide 
backbone is shown.  The steric 
zipper NKGAII from disease 
related protein Aβ shows 
ideally pleated β-sheets typical 
of amyloid structure.  LARKS (B-
F) show sharp kinks in the 
peptide backbone.  The second 
column shows sticks and the 
residue side-chains, still viewing 
down the fibril axis.  Carbons 
are colored yellow or purple, 
oxygens are colored red, and 
nitrogen is colored blue.  The 
third column shows the fibril 
axis running roughly vertically, 
and β-strands are represented 
by cartoon arrows.  Next to 
each peptide name the steric 
complementarity score is given 
(Sc) and the area buried (Ab) in 
Å2.  Crystallographic 
information and statistics 
available in appendix I: 
supplemental materials and 
methods. 
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[G/S]Y[G/S] motifs do not form steric zippers 

The crystallization of SYSGYS and SYSSYGQS from the FUS LCR yielded microcrystals on the order of 5µm 
by 150µm in size that were suitable for X-ray diffraction.  Complete data sets were collected and SYSGYS 
was solved by molecular replacement while SYSSYGQS was solved by direct methods.  Both structures 
showed the peptides as β-rich strands that stacked to form a continuous β-sheet.  Two β-sheets interfaced 
with each other across a dry interface (Figure 2B and C) as in steric zippers (Nelson et al., 2005; Sawaya et 
al., 2007).  Unlike steric zipper structures, the β-sheets of SYSGYS and SYSSYGQS have kinks in the regular, 
pleated β-sheet pattern.  A consequence of these kinks is that the side-chains of SYSGYS and SYSSYGQS 
do not interdigitate with the mating β-sheet.  The lack of side-chain interdigitation of side-chains led to 
smaller buried surface areas between mating pairs of sheets (Figure 2).  The reduced interaction between 
paired sheets in SYSGYS and SYSSYGQS hints that they are less stable structures than steric zippers.  Yet, 
the crystal structures contain protofibrils of β-sheets running down the fibril axis in line with reproducing 
the amyloid-like properties (Diffraction and fibril formation) of the FUS hydrogel, while being less stable 
that steric zippers seen in canonical amyloid.  Because of these differences we refer to these types of 
structures as Low-complexity Aromatic Rich Kinked Segments (LARKS). 

 

Figure 3.  Three-dimensional profiling to identify LARKS in LCRs of human proteins.  Side-chains are removed from the 
backbones of one of our atomic structures of a LARKS.  Then the sequence of interest (hnRNPA2 shown) is threaded through the 
six-residues template by placing the query side-chains on the template backbone.  Side-chains are repacked, and a Rosetta 
energy function is used to estimate whether the structure is favorable for the threaded sequence.  The sequence then advances 
through the template by one-residue increments, producing successive models.   

Prediction of LARKS in other SG proteins 

We were curious to see if we could predict LARKS in other proteins.  To explore this possibility, we 
employed a computational method known as “3D-profiling” and threading which has previously been 
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used to identify steric zipper structures in proteins (Bowie et al., 1991; Goldschmidt et al., 2010).  In this 
methodology a known structure is used as search model.  To start with, we used the structure of SYSGYS 
(Figure 3) and computationally strip the side chains to leave just the protein peptide backbone as a search 
model.  Then a six-residue segment of a protein is taken and the side-chains for that segment are put on 
the backbone of the search model.  The sidechains are then repacked according to a Rosetta energy 
function to minimize energy.  If the resulting structure has a favorable energy, then we consider that six 
residue segment to be able to form a LARKS structure.  Advancing the amino acid sequence through the 
search model one residue at a time, this computation is repeated for every six residue segment in a protein 
in order to profile the entire protein for its ability to form LARKS.   

We tested this procedure on the LCRs of nine SG proteins: FUS, TDP43, hnRNPA1, hnRNPA2, TIA1, CPEB2, 
FMRP, CIRBP, and RBM3.  The sequences from these nine LCRs were threaded onto two kinked structures: 
SYSGYS from FUS and NFGAFS from TDP43 (Hughes et al., 2018; Guenther et al., 2018).  Eight energetically 
favorable segments, as predicted by a negative Rosetta energy, were chosen for crystallization trials.  
These eight segments were chosen to test a variety of criteria: all had a negative Rosetta free energy, four 
were from FUS and four were not from FUS to see if other proteins had similar structures; two had very 
favorable scores to form steric zippers (to test LARKS vs. steric zipper formation); and segments that 
represented a range of predicted Rosetta free energy scores ranging from -0.61 to -6.40.  Of these eight 
segments, four crystalized and three structures were solved.  One structure from FUS with an extremely 
favorable score for steric zipper formation (from zipperDB), GSSSQS, crystallized as a steric zipper.  Two 
segments crystallized as LARKS: STGGYG from FUS and GYNGFG from hnRNPA1 (Figure  2 D and E).  Having 
verified our ability to predict LARKS using threading, we endeavored to thread the human proteome.   

Threading the human proteome 

3-D profiling and threading was used previously in the Eisenberg lab to predict and identify amyloid-prone 
regions in the human proteome (Goldschmidt et al., 2010).  We were curious how LARKS frequency, 
location, and protein enrichment compared to steric zippers in proteins.  First, we modified our threading 
protocol to explore more space in translating β-sheets, threading on multiple LARKS backbones, and 
enforcing symmetry on threading models with a two-fold axis to expedite the computation 
(computational procedures are explained in the Appendix 1).  A minimal human proteome of 20,120 
proteins were threaded on three different LARKS backbones: STGGYG, GYNGFG, and SYSGYS.  Once the 
proteome was threaded we examined a histogram of the Rosetta free energies for each threaded segment 
on the three different backbones.  This histogram of free energies from LARKS threading was not a smooth 
Gaussian curve, as in steric zipper threading (Appendix I: Supplemental materials and methods).  We chose 
only the most favorable segments as predicted kinked segments to be as conservative as possible, and 
then checked to see if the predictions from the three backbones agreed with each other.  

STGGYG, GYNGFG, and SYSGYS predict overlapping proteins rich in LARKS 

While STGGYG, GYNGFG, and SYSGYS are all considered LARKS and have similar features, their backbones 
are not isomorphous.  Steric zipper structures have characteristic mating, ideal pleated β-sheets, and 
therefore align with each other well.  LARKS structures are less structurally homogenous and kink at 
different residues in different ways to make a diverse array of structures united by kinks in the peptide 
backbone.  Comparing proteins enriched in LARKS as predicted by different backbones, regardless of 
whether they are found in LCRs, shows substantial overlap (Figure 4).  The substantial overlap in proteins 
rich in LARKS as predicted by three different backbones indicates agreement between them in searching 
for proteins with LARKS motifs.   
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Figure 4. Threading and 3D profiling on three separate LARKS structure backbones identify the same proteins as enriched in 
LARKS.  We threaded the human proteome on the LARKS backbones 1- STGGYG, 2- GYNGFG, 3- SYSGYS, and 4- NKGAII (A steric 
zipper from Aβ for reference) and selected to top 400 proteins enriched in predicted structures by each threading model.  The 
three LARKS threading models find the same 126 proteins in the top 400, indicating the three LARKS models largely agree with 
each other.  384 unique proteins are enriched in predicted steric zippers indicating that steric zippers are distinct structural 
motifs from LARKS. 

To compare the incidence of LARKS with steric zippers, the minimal proteome was also threaded on the 
steric zipper backbone NKGAII, similar to previous work by the Eisenberg lab detailed in Goldschmidt et 
al., 2010.  NKGAII is a segment from amyloid-beta and was chosen because it represents a disease related 
amyloid structure compared to the NNQQNY steric zipper used in Goldschmidt et al., 2010 that originated 
from the yeast prion Sup35.  Proteins rich in LARKS do not overlap with proteins with many predicted 
steric zippers (Figure 4).  This is a very coarse comparison, so we opted to look at the occurrence of steric 
zippers and LARKS in LCRs. 

LCRs are rich in LARKS and depleted in steric zippers 

To explore the occurrence of steric zippers and LARKS in the human proteome we used threading to 

predict the number of residues in steric zippers, LARKS, or in LCRs.  We find that while 16% of human 

proteins have LCRs, only about 2% of residues in the human proteome are in LCRs.  We predict about 10% 

of the proteome can adopt LARKS structures, and about 15% can adopt steric zippers (Table 1).  However, 

whether these segments actually do adopt their predicted structure is uncertain since segments in folded 

regions of proteins would normally not be available for interaction to aggregate and form fibrils under 

normal conditions. 
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Table 1.  Fraction of residues in the human proteome found in LCRs, LARKS, or steric zippers.  “And” means that the residue 
must fit all categories mentioned (e.g. “LCR and LARKS” counts the fraction of residues that are predicted LARKS that are also 
found in LCRs).  “Expected” means the expected fraction of residues to be in the category based on probability (e.g. “Expected 
LCR and LARKS” is the expected number of residues to be predicted LARKS in LCRs found by multiplying the frequency of residues 
in LARKS, 2.08%, by the frequency of residues in LARKS, 10.21). 

Categories percent 

LCR 2.08 

LARKS 10.21 

steric zipper 14.71 

LCR and LARKS 0.36 

LCR and steric zipper 0.08 

Expected LCR and LARKS 0.21 

Expected LCR and steric zipper 0.31 

 

Proteins like ribonuclease have steric zipper segments buried within their structure but do not form 

amyloid.  If the steric zipper segment is put into a flexible loop the protein aggregates and forms amyloid 

fibrils (Teng et al., 2012).  This demonstrates the importance of fibrilizing segments to be exposed and 

available for interaction to form fibrils.  Knowing this we looked at LARKS and steric zippers in LCRs, as 

LCRs are typically intrinsically disordered (Kumari et al., 2015). 

A small percentage of residues in the human proteome are predicted to form LARKS or steric zippers while 

still being in LCRs.  We find that 0.36% of residues in human proteome are in both LCRs and predicted 

LARKS structures.  Probability would predict that about 0.21% of residues are in an LCR and LARKS 

structure, as estimated by multiplying the probability of a residue being in an LCR (2.08%) and being in a 

predicted LARKS structure (10.2%).  The fraction of residues in the human proteome predicted to be LARKS 

and found in LCRs is much greater than expected by random chance and indicates enrichment of LARKS 

in LCRs.  Applying the same methodology to steric zippers we find that about 0.08% of residues are in an 

LCR and a predicted steric zipper, significantly less than the expected value at 0.31%.   

It is interesting that LCRs seem to be enriched for LARKS segments and depleted in steric zippers compared 

to the human proteome.  It follows the logic that severely aggregation prone segments of steric zippers 

would be largely avoided in LCRs.  Especially since LCRs are typically expected to be intrinsically disordered 

regions of proteins (Kumari et al., 2015), these segments would be available for interaction.   

From this result we decide to only look at LARKS in LCRs when predicting LARKS structures.  While LARKS 

in globular, folded regions exist in our predictions, these segments are not available to adopt LARKS 

structures or interact with other segments to form paired β-sheets in normal circumstances.  LCRs 

approximate intrinsically disordered regions allowing for LARKS to be exposed and available for multi-

valent interactions to phase separate and form fibrils.   

As a control to check if the proteins most enriched in LARKS overlapped with other features of proteins, 

we looked at the overlap between the top 400 proteins with largest LCRs, most glycine or serine content, 

most LARKS, or most steric zippers (Figure 5).  From this we find that there is very little overlap of LARKS 

rich proteins and steric zipper rich proteins.  Steric zipper rich proteins also do not overlap with LCR rich 

proteins, again indicating the depletion of steric zippers in LCRs.  Glycine and serine are some of the most 

enriched residues in LCRs of human proteins compared to the frequency found in the whole human 
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proteome (Figure 6).  There is moderate overlap of 165 proteins between the top 400 proteins rich in 

LARKS and in glycine or serine.  There is less overlap between the top 400 proteins with large LCRs and 

top 400 proteins rich in LARKS, with only 89 common proteins.  Based on these controls we believe our 

LARKS threading algorithm is highlighting a structural motif and is not a proxy for LCRs or for amino acid 

bias of LCRs. 

 

Figure 5.  Threading identifies a unique set of LARKS-rich proteins.  We compared the identities and overlap of the top 400 
proteins enriched in predicted LARKS (yellow oval) to the top 400 proteins enriched in steric zippers (blue oval), LCR-rich proteins 
(orange oval), and glycine/serine rich proteins (green circle).  The relatively small overlap of LARKS proteins with the other 
categories indicates that LARKS are selecting for a structure motif that is not selected by LCR content, glycine/serine content, or 
steric zippers.  More concisely, 3D profiling and threading for LARKS selects for a 3D structure, and not for sequence. 

 

Figure 6.  Amino acid frequency in the human proteome compared to the amino acid frequency of LCRs. 
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Proteins rich in LARKS are associated with membraneless organelles 

Confidant that 3D profiling and threading for proteins with LARKS was identifying a structural motif, we 

looked at the functions of the top 400 proteins rich in LARKS.  As expected we find that many proteins are 

nucleic acid binding, RNA binding, and DNA binding consistent with known proteins in membraneless 

organelles.  We were surprised to find many cytoskeletal proteins including many keratins and keratin 

associated proteins.   

 

Figure 7. Qualitative categorization of the top 400 proteins rich in LARKS. 

At first glance, this abundance of cytoskeletal proteins seemed odd, but upon inspection of literature we 

found that keratin behaves similar to proteins in membranless organelles. Keratin proteins 

heterodimerize then organize into intermediate filaments.  Intermediate filaments are cytoskeletal 

structures that improve the durability of cells (Windoffer et al., 2011).  Keratin is also the main component 

in the nails, scales, horns, hair, and skin.  Groups have shown that keratin is trafficked to cytoplasmic 

granules near the cell cortex.  These granules merge and eventually mature, through phosphorylation, to 

form intermediate filaments (Windhoffer et al., 2004).  The merging of cytoplasmic granules is a 

characteristic of LLPS membranless organelles (Patel et al., 2015).  While not explicitly stated by the 

authors of Windhoffer et al. (2004) the behavior of cytoplasmic keratin granules is consistent with 

membraneless organelles.  Keratin protein sequences are also reminiscent with proteins seen in other 

membraneless organelles like SG proteins (Figure 8).  Keratins typically have an N- and C-terminal LCR, 

highlighted in Figure 9.  These tails are important for trafficking keratins and intermediate filament 

formation.  When the head (N-term) LCR of five different intermediate filaments – Neurofilament Heavy, 

Neurofilament medium, Neurofilament Light, Vimentin, and Peripherin – were purified and concentrated 

they formed labile hydrogels with properties nearly identical to those made of FUS and hnRNPA1 (Lin et 

al., 2016).  Taken together keratins fit our models of LCRs organizing membraneless organelles, however 

instead of processing RNAs keratin granules are involved in intermediate filament formation. 
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Figure.  8 Sequence of Keratin 8.  Residues 91-402 (highlighted in green) are structured regions forming the intermediate 
filament bundle.  Lower case letters represent regions of low-complexity highlighted by the SEG algorithm (Wootton.  1993).  N- 
and C-terminal tails contain LCRs similar to RNA-binding proteins found in SGs. 

The top 400 proteins rich in LARKS also includes nuclear pore proteins Nucleoporin p54, Nucleoporin 

p58/p45, and Nuclear pore complex protein Nup98-Nup96.  These nuclear pore proteins have FG repeats 

which are repeats of the amino acids phenylalanine and glycine.  FG repeats are important for gating the 

nuclear pore separating molecules that can pass between the cytoplasm and nucleoplasm (Ader et al., 

2010).  Scientists have expressed and purified FG repeats and found that they form a hydrogel in vitro 

(Ader et al., 2010).  The hydrogel has amyloid like properties as determined from NMR experiments (Ader 

et al., 2010) and mutating the phenylalanine residues to serine abolishes the FG repeats ability for form a 

hydrogel (Frey et al., 2006).  These properties mirror the properties of LCRs from SG proteins (Kato et al., 

2012; Hennig et al., 2015).  In light of these similarities it seems fitting that LARKS would be found in the 

FG repeats of nuclear porins and may contribute to their gel-forming properties. 

To see if we could find LARKS in FG repeats we crystalized predicted LARKS segments from nuclear porin 

proteins.  We were able to determine the structure of the segment 116GFGNFGTS123 from Nup98.  It 

crystalized as a LARKS as predicted with paired β-rich sheets forming a fibril with sharp kinks in the peptide 

backbone (Figure 2F).   The significance of this result is that we once again successfully predicted the 

location of a LARKS segment based upon our computational algorithm, and that this segment is not from 

an RNA binding protein.  The structures of LARKS we previously solved were from SG proteins FUS and 

hnRNPA1.  The successful identification of LARKS in nuclear porin proteins proves that LARKS are not 

isolated to SG or nucleic acid binding proteins but are found in dramatically different areas of the cell, 

such as the nuclear pore. 

Table 2.  GO terms enriched in the top 400 LARKS-rich proteins and their P-values.   
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Figure 9.  Diagram of membranless organelles found in human cells.  Some proteins found in the top 400 LARKS-rich proteins 
are listed for each example of a membraneless organelle.   

Confidant in our LARKS predictions, we looked at how the top 400 LARKS-rich proteins were distributed 

among the various cellular membraneless organelles.  Of the 400 proteins, 73 are already listed in UniProt 

as belonging to a cellular granule.  We find many proteins in the spliceosome, nucleolus, nuclear specks, 

Cajal bodies, and P-bodies are rich in LARKS (Figure 9).  To more rigorously quantify protein function, we 

performed gene ontology on the top 400 proteins rich in LARKS (Table 2).  We find that GO terms for stress 

granule assembly, mRNA transport, mRNA processing, and RNA localization are enriched in line with 

expectations for known RNP membraneless organelles.  We find that epithelial cell differentiation is also 

enriched due to the keratin and cornified envelope proteins.  Our threading results are consistent with 

expectations of LARKS being important for organizing macromolecules in the absence of membranes, and 

illustrates the diverse areas that we find proteins rich in LARKS to be in. 

Multiple LARKS predicted in 1725 human proteins 

The top 400 proteins rich in LARKS were found to participate in expected biological roles; proteins rich in 

LARKS are in known membraneless organelles or in granules that behave as membraneless organelles.  

The top 400 proteins have at least 6 LARKS in them, and most have far more.  Multivalent interactions are 

behind phase separation (Li et al., 2012 Nature).  Two sites of interaction are needed at the bare minimum 

for multivalency to occur, so we counted the number of proteins with two or more LARKS.  We find that 
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there are 1725 proteins in the human proteome that fit this criteria (Figure 10).  All of these proteins have 

significant LCRs with at least two predicted LARKS, allowing for the potential for multivalent interactions 

between LARKS in these proteins.   

 

Figure 10.  Histogram of the number of predicted LARKS in each protein of the human proteome. 

Biophysical comparison between LARKS and steric zippers 

Proteins rich in LARKS are typically found in membraneless organelles in the cell.  This hints at LARKS being 

useful motifs in LCRs for organizing membraneless organelles.  Here we discuss the biophysical properties 

of LARKS that make them ideal for labile, multivalent interactions associated with LLPS and hydrogel 

formation compared to steric zippers.  Here we describe the properties in comparison to steric zippers, 

and the context of LARKS in the cell.  

LARKS structures share the 4.6 Å reflection of the FUS hydrogel 

The FUS LCR forms a hydrogel when concentrated to 100mg/ml and cooled to 4°C.  This hydrogel is 

composed of fibrils and gives a diffraction pattern with reflections at 4.6Å and 10Å (Figure 1).  This 

diffraction pattern reminiscent of a cross-β diffraction pattern associated with amyloid structure 

(Eisenberg & Jucker, 2012).  The 4.6 Å reflection is relatively unique in amyloid diffraction because it 

indicates a spacing closer than the spacings between β-strands.  Β-strands are normally 4.8 Å apart when 

parallel with each other, and 4.7 Å when antiparallel.  The 4.6 Å reflection is relatively stronger than the 

4.8 Å reflection due to the presence of a 21 screw axis down the fibril axis (Figure 11).  This screw symmetry 

creates a systematic absence where the 4.8 Å reflection should be, consistent with the lack of a 4.8 Å 

reflection peak in the FUS hydrogel (Figure 11).  The 4.6 Å reflection is then formed from planes diagonal 

relative to the fibril axis, and parallel with spacings created by the screw axis.  All LARKS crystal structures 

reproduce a strong 4.6 Å reflection and absent 4.8 Å reflection (Figure 12).   

Within the LARKS crystal structures, the peptides formed paired, mating β-sheets as in amyloid fibrils 

(Sawaya et al., 2007).  These structures could reproduce the amyloid like cross-β diffraction pattern of the 

FUS hydrogel while adopting a structure different from steric zippers.  Steric zippers are not necessary in 

the LCR of FUS to produce the amyloid-like diffraction of the hydrogel as LARKS also satisfy the observed 

reflections.  Knowing that the LARKS can explain the FUS hydrogel diffraction pattern, it is also important 

that LARKS are consistent with the reversibility of the protein hydrogels. 
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Figure 11. Origin of 4.6 Å and absence of 4.8 Å reflections.  Top panels show three β-strands in two mating β-sheets from the 
crystal structures of FUS-SYSGYS (A) and Aβ-KLVFFA (B) viewed perpendicular to the fibril axis.  Black boxes super imposed on the 
crystal structures represent the step of the amyloid fibril with 4.8 Å distance between each β-strand.  FUS-SYSGYS was chosen as 
a representative of a 21 screw axis that leads to an absent 4.8 Å reflection because photons diffracted along the fibril axis are out 
of phase (lower panel).  Compared to Aβ-KLVFFA, an example of a 2-fold axis, shows how the 4.8 Å reflection originates in the 
absence of a  21 screw axis (lower panel) because photons diffracted along the fibril axis are in phase.  The 4.6 Å reflection in LARKS 
arises because of the distance between 110 hkl planes, shown by the diagonal lines in (A).  As distance between β-sheets increases, 
as in (B), the distance between 110 hkl planes approaches 4.8 Å, becoming indistinguishable from the normal 4.8 Å reflection 
associated with amyloid diffraction. 

 

Figure 12.  Powder diffraction patterns of the mCherry-FUS hydrogel and LARKS segments from Figure 2.  Dashed line used to 
highlight the 4.60 Å reflection. 
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Multivalent LARKS construct recreates hydrogel behavior 

Phase separation arises from multivalent interactions between molecules (Li et al., 2012).  A gel is defined 

by being a cross-linked system, compatible with the multivalent interactions responsible for phase 

separation.  A single LARKS forms a crystal or fibril, as demonstrated by our structure determination.  We 

opted to make a multivalent LARKS construct to see if multiple LARKS reproduced the gel forming behavior 

found in LCRs of RNA binding proteins. 

To test this, we took the three LARKS segments from FUS and put them together with short linker 

segments between them.  The linking segments reflect the sequence bias of the FUS LCR.  We found that 

the 26-residue construct of the sequence SYSGYSGDTSYSSYGQSNGPSTGGYG formed a hydrogel when 

dissolved in water at 50mg/ml (Figure 13B).  The LARKS construct hydrogel was composed of interacting 

fibrils that diffracted like the full length FUS LCR with a strong 4.7 Å reflection, an absent 4.8 Å reflection, 

and a weak 10 Å reflection (Figure 13 C and D). 

 

Figure 13.  LARKS construct forms a hydrogel.  A) Sequence of synthetic LARKS construct.  Underlined regions correspond to 
determined LARKS structures from FUS.  B) Light microscope image of LARKS construct hydrogel showing gelatinous blobs.  C) X-
ray diffraction image of mCherry-FUS hydrogel (left) compared to the diffraction image of LARKS construct (right).  D) Negative 
stain Transmission Electron Microscopy of synthetic LARKS construct reveals a weave of fibrils. 

The synthetic LARKS construct was able to form a gel with similar biophysical properties as the full length 

LCR of FUS, but we were also curious if the LARKS construct could reproduce the lability of the FUS LCR 

hydrogel.  To test this, we formed a hydrogel of the LARKS construct by placing a 50 mg/ml solution at 4°C 

overnight.  Before placing the sample at 4°C, an air bubble was added to the sample.  When inverted the 

bubble rose to the top of the tube indicating the sample was a liquid.  After incubating the sample at 4°C 

overnight the sample was inverted.  The air bubble did not rise indicating the sample had formed a gel 

and resisted flow.  One sample was heated to 60°C for two hours, and then inverted.  The air bubble rose 

indicating the sample was no longer a gel.  TEM images of the heated sample did not have any fibrils in 

them indicating that the fibrils melted completely as opposed to fibrils becoming more loosely associated 

(Figure 14). 
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Figure 14.  A synthetic LARKS construct forms hydrogel with properties of the full length LCR of FUS.  A LARKS construct with 
the sequence SYSGYSGDTSYSSYGQSNGPSTGGYG (underlined sequences correspond to LARKS segments from FUS; structures 
shown in Figure 2).   The synthetic peptide was dissolved in water at 50mg/ml and left overnight at 4˚C to form a hydrogel.  
Hydrogel formation is demonstrated by inserting an air bubble into the freshly made, liquid sample.  When the ample is inverted, 
the air bubble is trapped when a hydrogel is formed and cannot rise.  When a hydrogel sample is headed to 60˚C for 2 hours, the 
hydrogel melts.  Negative stain EM on samples show that the fibrils in the hydrogel are completely melted by the gentle heating 
indicating labile fibrils. 

Amyloid is known for its extraordinary stability (Balbernie et al., 2001;  Glenner et al., 1969), so it is 

exceptional that these fibrils would melt from a relatively mild heat treatment.  We show that multivalent 

LARKS recreate the observed properties of the FUS LCR: fibril formation (Figure 2 and Figure 14), amyloid-

like diffraction (Figure 13), hydrogel formation (Figure 13), and lability (Figure 14).  The LCR of FUS is 214 

residues in length, yet these properties can be reproduced with a construct that is an 8th of the size at 26 

residues in length.  This result supports our hypothesis of LARKS as being responsible for the biophysical 

characteristics of LCR hydrogels and behaving differently than steric zippers found in pathological amyloid 

proteins. 

LARKS are predicted to be more labile than steric zippers 

Amyloid fibril structure arises from proteins that form a β-strand that then stack to form continuous β-

sheets down the fibril axis.  Two continuous β-sheets interface with each other to complete the fibril 

structure.  In steric zippers, side chains of β-sheets are extended across the mating interface and tightly 

interdigitate.  This forms an extensive buried interface between the two mated β-sheets leading to the 

extraordinary stability associated with amyloid fibrils (Eisenberg & Jucker, 2012).   
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Figure 15.  Work flow for calculating area buried of segments in two mated sheets.  Surface representation shown for the 
measured segment.  Blue corresponds to no solvent exposed area for that atom, and red corresponds to very exposed.  This 
method finds 364 Å2 buried in the shown interface. 

LARKS share the mated-sheet interface found in steric zippers, but due to kinks in the backbone side chains 

are not extended across the mating interface (Figure 2). Consequently, LARKS have smaller buried surface 

area between paired sheets.  We decided to estimate the free energy of formation of the fibril interface 

using Atomic Solvation Parameters (ASPs) (Eisenberg & McLachlan, 1986).  This is calculated by finding 

the area accessible to solvent for each atom in a segment of a protofibril when it is mated with or 

translated away from the opposing sheet (Figure 15).  The difference in solvent accessible surface area 

between the mated and translated sheets is used to calculate the area buried of the interface.  

The area buried for each atom is then multiplied by an ASP depending on what type of atom it is.  The 

resulting sum of products is the free energy change upon solvation of the interface, ΔGsolv.  Positive ΔGsolv 

values indicate higher energy penalty for dissolving the interface.  Oxygen and nitrogen atoms are 

favorable for solvation and give negative free energy values while carbon is penalized for solvation and 

gives positive solvation values.  The calculated free energy in cal/mol/strand of the interface is shown in 

Figure 16.   

LARKS have a median of energy of 443 cal/mol/strand; steric zippers have a median energy of 1417 

cal/mol/strand leading to a significant difference with a student’s T-test giving a P value equal to 0.0016.  

The cost of solvating steric zippers is significantly more than for LARKS interfaces, indicating that steric 

zippers are more stable. 

Steric zippers are predicted to be more stable due to larger buried surface areas and more hydrophobic 

side-chains.  LARKS are largely composed of hydrophilic residues serine, glycine, glutamine, asparagine, 

and threonine.  Hydrophobic residues valine and isoleucine are far more common in the interfaces of 

pathogenic amyloid.  Both the tenuous interfaces, and hydrophilic nature of LARKS, contribute to the low 

energy of solvation consistent with more labile structures than steric zippers would form.  While the 

solvation energies explain the liability of LARKS fibrils, they do not provide insight as to why LARKS are 

forming as opposed to steric zippers. 
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Figure 16.  Solvation energies for LARKS and steric zippers.  The solvation energies were calculated for all mating interfaces in 
each structure. Backbone of the structures are highlighted in black sticks and sidechains in gray sticks.  The surface 
representation is colored by calories per Å2 per mol for each atom.  The sum solvation energy for 5 LARKS and 76 published steric 
zippers are plotted. Red lines indicate the median energies. 
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Understanding the kink in LARKS 

LARKS are generally less stable, as judged by the change in ΔGsolv, than steric zippers, but this does not 

work for a definitive definition of a LARKS structure.  Steric zippers are more easily qualified as zippers 

because they form ideal, pleated β-sheets.  More easily said: backbones of steric zippers are largely super 

imposable.  LARKS structures all differ from each other.  The only unifying characteristic seems to be 

dramatic kinks in the peptide backbones (as highlighted in Figure 2).  These kinks occur where residues 

have phi-psi angles not in the β-sheet region of the Ramachandran plot (Figure 17).  Therefore, we define 

a kinked structure as having a residue with a Ramachandran angle not in the β-sheet region. 

The five LARKS structures have kinks at either glycines or aromatic residues.  Glycines have the largest 

range of favorable phi-psi angles in the Ramachandran plot and are well suited for allowing kinks in the 

peptide backbones.  Surprisingly, phenylalanine and tyrosine residues had conformations in the left and 

right α-helical portion of the Ramachandran plot.  Aromatic side-chains from residues in the helical 

portions of the Ramachandran plot still stack and form aromatic ladders as seen in steric zippers (Sawaya 

et al., 2007) (Figure 18).   

 

Figure 17.  Ramachandran plot of phi-psi angles found in LARKS structures.  Triangles correspond to glycine resides that reside 
outside of the β-sheet region of the Ramachandran plot, and squares correspond to aromatic residues outside the β-sheet 
regions of the Ramachandran plot.  Residues outside the β-sheet region of the Ramachandran are highlighted with a square or 
triangle on their structures surrounding the Ramachandran plot. 

The distance between stacked aromatic residues in steric zippers and LARKS are consistent with published 

distances of aromatic-aromatic residues in proteins (McGaughey et al., 1998) despite being in non-β-sheet 

regions of the Ramachandran plot.  The average distance between aromatic rings in steric zipper 

structures is 3.21Å and in LARKS is 3.29Å.  The difference in distance may be due to the geometry of 

stacking determined by phi-psi angles (Figure 17).  We expect that stacked aromatic residues provide 
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much of the energy for stabilizing LARKS structure based on ASP (Figure 16) and literature that identifies 

aromatic residues as essential for LLPS and hydrogel formation (Kato et al., 2012 ; Hennig et al., 2015; Frey 

et al., 2006 ; Lin et al., 2017).  When all tyrosine residues in the FUS LCR are mutated to the highly 

hydrophobic residue leucine, LLPS is severely impaired (Lin et al., 2017).  Aromatic stacking may be 

essential to phase separation behavior in LCRs that form hydrogels. 

 

Figure 18.  Aromatic side-chain stacking in steric zippers and LARKS.  Distances measured by a vector normal to the plane of 
the aromatic ring from the Cγ carbon of the top strand to the plane of the aromatic residue in the strand below.  Vector is shown 
in white and intersecting plane as a gray triangle.  Distances between aromatic ring planes are shown for a steric zipper 
structure (A) Sup35 with aromatic residues in the β-sheet region of the Ramachandran plot and a LARKS segment (B) SYSSYGQS 
from FUS with aromatic residues in the left and right handed α-helical portions of the Ramachandran plot. 

Hydrogen bonding in LARKS 

Aromatic residues in LARKS can also alter the hydrogen bonding networks down the fibril axis.  Kinks in 

the peptide backbone introduced by glycines or aromatic residues in non-β-sheet regions of the 

Ramachandran plot often interrupts hydrogen bonding down the fibril axis.  In these cases, the carbonyl 

group in the peptide backbone flips out orthogonal to the fibril axis (Figure 19).  

In steric zippers, where every residue has β-sheet phi-psi angles, each residue in the peptide backbone 

will form hydrogen bonds with the peptide backbone of strands above and below them in the β-sheet.  In 

the LARKS SYSSYGQS, GYNGFG, STGGYG, and GFGNFGTS carbonyl groups in the peptide backbone are 

flipped out where kinks occur.  The continuous hydrogen bonding of the β-sheet is disrupted, but the 

hydrogen bond can be recovered by interacting with neighboring side-chains or solvent.  The exposed 

hydrogen bond donors and acceptors on the peptide backbone can even add to the multivalent 

interactions available for hydrogel network formation.  While glycine and aromatic residues in LARKS are 

found to have non-β-sheet phi-psi angles, this is not always the case.  Glycine, tyrosine, and phenylalanine 

can have β-sheet phi-psi angles in LARKS (e.g.: both tyrosines in SYSGYS and STGGYG, both phenylalanines 

in GFGNFGTS) and in steric zippers.  Thus, amino acid identity alone does not guarantee the presence of 

a kink, other environmental factors also play a role.  
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Figure 19. Hydrogen bonding patterns in LARKS.  A different LARKS structure is represented in each column (A-E).  The first row shows three strands, in light yellow, of a single 
sheet with hydrogen bonds highlighted by dotted lines.  The view is orthogonal to the fibril axis.  The second row introduces a single strand from the mating sheet, shown as a 
purple ribbon.  The third row looks down the fibril axis to highlight hydrogen bonds between mated β-sheets.  Residues that do not hydrogen bond along the fibril axis are 
highlighted with a red box in their sequence.  The locations of these residues are shown with a red arrow.  Blue arrows point to inter-sheet hydrogen bonds. 
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The “mis-matched zipper hypothesis” to explain kinks in LARKS 

LARKS capture the amyloid-like properties seen in LCR hydrogels (diffraction and fibril formation) and 

suggest sources of lability in these fibrils (energy of solvation), but do not explain why a kink forms in the 

peptide backbone in the first place.  One hypothesis could be that the large aromatic groups do not pack 

well in steric zippers and force kinks in the peptide backbone.  This cannot always be true, as the steric 

zipper structure of the segment SGNNFGAIL from human Islet Amyloid Protein (hIAPP) has buried 

phenylalanines in the zipper interface (Figure 20B).  SGNNFGAIL demonstrates that large aromatic 

groups can be accommodated in steric zipper structures, so we must look at the context in which these 

aromatic groups appear in the sequence. 

 

Figure 20.  Graphical model depicting mis-matched zippers.  A) Cartoon of a steric zipper with small teeth, and below is the 
structure of the segment GAVVTGVTAVA from α-synuclein (4RIL).  B) Cartoon of a steric zipper with big teeth, and below is the 
structure of the segment SGNNFGAIL from hIAPP (5KNZ).  C) Cartoon of a steric zipper with mostly large teeth except for a 
couple of small teeth in the center.  Below is an example of the segment GNNQGSN from TDP-43 (5WKD) with central glycines 
that create a void in the zipper interface.  D)  An example of a steric zipper with mostly small teeth except for a couple central 
large teeth making for a poor zipper interface.  Below is an example of a LARKS structure, STGGYG from FUS (6BZP), which forms 
instead of a steric zipper.  Orange signifies residues with large side chains.  Blue represents small side chains.  Structures 
represented by sticks are colored by gray for carbon, blue for nitrogen, and red for oxygen. 

A model to explain why LARKS form kinks that differ them from steric zippers is called the “mis-matched 

zipper hypothesis.”  In a zipper, each tooth is a similar size creating a regular packing (Figure 20 A and B).  

No matter what size the teeth of the zipper are, as long as all the teeth are similar in size there will be 

tight packing.  This is supported by structures of steric zippers.  The segment GAVVTGVTAVA from α-



26 
 

synuclein forms an extensive steric zipper with small amino acid side-chains.  Most of the residues in the 

zipper interface branch at the Cβ carbon (alanine, valine, and threonine), creating a regular packing (Figure 

20A).  Similarly, the amino acid side chains in SGNNFGAIL are larger and most branch at the Cγ carbon 

(asparagine, leucine, and phenylalanine).  These larger side chains can still pack tightly, as each side chain 

is similarly sized, even accommodating buried aromatic residues.  When side-chain sizes become mis-

matched, the regular packing breaks down.  The segment GNNQGSN from TDP-43 is mostly composed of 

medium sized amino acids asparagine and glutamine.  The central glycine in the sequence breaks this 

regularity and leaves a pocket in the zipper interface that is filled with solvent (Figure 20C) but is still 

accommodated by a steric zipper structure.  So, a segment with large side chains, forming big teeth in a 

zipper, with a central small residue can still form a zipper structure with ideal, pleated β-sheets.  The 

opposite scenario of mostly small side-chains with a central large side-chain cannot be accommodated by 

a steric zipper.   An extensive mating interface cannot be formed since approach of the two β-sheets to 

each other is sterically hindered by the large side-chains.  Instead, kinks form in the peptide backbone to 

allow closer approach and more extensive contact between the mating β-sheets as in the segment 

STGGYG from FUS (Figure 20D).  This leads us to believe that a sequence with mostly small residues 

interspersed with a few large residues would struggle to form a steric zipper interface. 

Mis-matched zippers helps explain why the majority of LARKS structures are of the sequence form 

[Y/F]XX[Y/F] with an aromatic at position “i” and another one at position “i+3.”  If the neighboring amino 

acids are relatively small, then the mated β-sheets will favor being closer to each other.  This is fine if the 

aromatic residue at position “i” is outside the mating interface (Figure 21A).  The issue arises from a steric 

clash when the aromatic residue at “i+3” would then be inside the mating interface due to the alternating 

orientation of amino acid side-chains in β-strands (Figure 21B).  The peptide backbone must kink to 

alleviate this clash.  The bend in the peptide backbone can put both aromatic residues on the same side 

(Figure 21C; Figure 2 D and F), or the peptide backbone can bend away leaving the aromatic residues on 

opposite sides of the β-sheet (Figure 21D; Figure 2 B and C). 

 

Figure 21.  Model of aromatic residues encouraging kinks in tight steric zippers.  A)  A model of a tight steric zipper with small 
sidechains and a tyrosine in red on the opposite side of the mating interface.  B)  If a tyrosine is added into the mating interface 
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at i+3 residues from the previous tyrosine, the tyrosine in the mating interface clashes with the opposing sheet.  C and D) The 
peptide backbone must kink to accommodate the bulky aromatic residues. 

From the “mis-matched zipper hypothesis” we intuit that large amino-acid side chains surrounded by 

small amino-acid side chains cannot pack well in a steric zipper (Figure 20D).  The need to pack tightly 

leads to kinks in the peptide backbone and subsequent formation of LARKS (Figure 21).  This hypothesis 

can be quantitatively tested by assigning a numerical value to amino acid side chains based on side-chain 

size and calculating the variance in size of amino acids in a segment (Appendix II: materials and methods).  

The expected result is that steric zipper segments have a smaller variance in amino acid size because the 

amino acids would be relatively similar in size, like teeth in a zipper.  Comparatively, we expect LARKS to 

vary greatly in amino acid size with mostly small amino acids like glycine, serine, and alanine interspersed 

with large amino acids like phenylalanine and tyrosine. 

 

Figure 22.  Size and variance of amino acids in LARKS and steric zippers.  An arbitrary numerical value was assigned to each of 
the 20 amino acids corresponding to their relative size (Appendix II: materials and methods).  Each dot represents a crystal 
structure.  Blue dots are for LARKS, red dots are for steric zippers, and black lines indicate means for each population.  Data for 9 
LARKS and 53 steric zippers shown.  A) Plot of the average size of amino acids in LARKS and steric zippers.  LARKS average 2.9 
and steric zippers average 3.3 in size (arbitrary units).  Students T-test = 0.077.  B) Plot of the variance in size of amino acids in a 
steric zipper.  LARKS and zipper variance average 5.4 and 2.5 respectively (arbitrary units).  Students T-test = 5.2*10-5.  The 
orange dot in LARKS category corresponds to values from the ssNMR structure of the FUS LCR and the magenta dot in the zipper 
category corresponds to values from the cryoEM structure to tau.  Neither of these values were included in calculating averages 
and statistics. 

After performing this calculation, we find the mean difference in size between amino acids in 9 LARKS and 

53 steric zippers are not statistically different (Figure 22A).  However, the variance in size of amino acids 

in LARKS is significantly higher than in steric zippers.  This supports the mis-matched zipper hypothesis by 

showing that LARKS segment sequences have amino acids that vary greatly in their size, even if the mean 

amino acid between LARKS and steric zippers is similar.  Presumably this leads to zipper “teeth” of unequal 

size that pack poorly together (Figure 20D).   



28 
 

 

Figure 23.  LARKS crystal structure comparisons to cryoEM and ssNMR structures.  (A and B) Fibril structures looking down the 
fibril axis.  Regions of the peptide backbone in β-sheets are in orange cartoon arrows, and regions not in β-sheets are in gray 
loops.  Carbon is colored gray, nitrogen blue, and oxygen is red.(A) ssNMR structure of the FUS LCR (PDB ID 5W3N).  61 of the 
214 residues in the LCR are ordered and shown in the structure.  (B) CryoEM structure of tau (PDB ID 5O3L).  73 residues are 
determined in the structure with 53 found in β-sheets.  (C) LARKS comparisons to ssNMR FUS LC structure.  The Cα trace of 20 
ssNMR ensemble structures for the FUS –LCR (PDB ID code 5W3N) are shown in blue.  Regions corresponding to segments 
crystalized in this work from FUS shown in orange. LARKS structures are shown on the sides as black lines and overlaid with most 
similar ensemble structures.  RMS deviations for all atoms in LARKS compared to the ssNMR structure are 3.8 and 2.9 Å for 
SYSGYS and SYSSYGQS, respectively. 

The mis-matched zipper hypothesis is based on short segments of 6-11 residues in length that were 

crystalized from their parent proteins, but still holds true for structures derived from full length proteins.  

A cryoEM structure of a large portion of the disease related amyloid protein tau was determined 

(Fitzpatrick et al., 2017).  Tau forms intracellular fibrils in a variety of amyloid diseases including 

Alzheimer’s disease and ALS (Eisenberg and Jucker. 2012).  The cryoEM structure of tau is a useful 

comparison for steric zippers because there are 73 residues involved in two β-sheets mating with each 

other as an extended, hetero steric zipper (Figure 23B).  Even with the extended length of the segment, 
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the average size score for the amino acids in the tau structure is 3.3, similar to the average for steric 

zippers (Figure 22A).  The variance for the size of amino acids in tau was calculated to be 3.7, above the 

average of 2.5 for steric zippers but below the average of 5.4 for LARKS structures (Figure 22B).  Similarly, 

an ssNMR structure of the FUS LCR was determined by the Tycko group (Murray et al., 2017) with 61 

ordered residues in the structure.  The average residue size was calculated to be 2.9, close to the LARKS 

crystal structures that were determined (Figure 22A).  The variance of residue size in the ssNMR FUS LCR 

structure was 4.4, larger than the steric zipper mean variance and the variance in the tau cryoEM 

structure. 

 

Figure 24.  Measuring kinkedness.  (A and B) Structures of a steric zipper, NKGAII from A𝛽, and a LARKS, GYNGFG from 
hnRNPA1, with measured distances between every 4th Cα shown as yellow dashes.  Structures are depicted as gray sticks with 
Cα trace shown as lines.  (C)  Plot of the measured distances between every 4th Cα in 5 LARKS published in this study, 13 
published steric zippers, the ssNMR structure of the FUS LCR, the cryoEM structure of tau, the examples of negative design, and 
examples of normal β-strands.  Every gray circle is a single measurement, the vertical red line in the crosshair corresponds to the 
mean and the horizontal lines in the crosshair shows the standard deviations for each sample.  Numerical values for the mean 
and standard deviation are listed to the right of each sample.  (D)  Examples of negative design in exposed β-strands in proteins.  
Exposed β-strands that highlight kinks as examples of negative design are shown in orange (used for Cα measurements in C) and 
control β-strands buried in the protein are shown in blue (used for Cα measurements in C). 

The variance in amino acid size for the larger ssNMR and cryoEM structures fit the mis-matched zipper 

hypothesis, as do the physical structures themselves.  The three LARKS structures from FUS are all found 

in the ssNMR FUS structure and share common features (Figure 23C).  The ssNMR structure overlaid with 



30 
 

corresponding LARKS crystal structures largely agree in that they are not forming steric zippers with 

idealized β-sheet backbones.  LARKS structures from FUS are found at kinks in the backbone of the ssNMR 

FUS LCR structure.   

Qualitatively the ssNMR FUS structure has many sharp kinks in the peptide backbone, and very few 

regions forming a continuous β-sheet.  Only 16 of the 61 residues in the ssNMR FUS LCR structure are in 

β-sheets compared to the 53 of 73 residues in the Tau cryoEM structure (Figure 23 A and B).  The 

dramatically few number of β-sheets in the ssNMR FUS LCR structure may stem from LARKS interrupting 

continuous β-sheet formation with kinks in the backbone.  Smaller β-sheet interfaces should destabilize 

the structure and contribute to the lability observed in LCR hydrogels and LARKS structures.  To build on 

the comparison of LARKS structures to steric zippers we attempted to make a measure of how kinked 

structures are. 

To more quantitatively test a measure of “kinkedness” in structures we measure the distance between 

every 4th Cα carbon.  In an ideal β-sheet the distance between every 4th Cα is nearly identical (Figure 24 

A).  Kinks and aberrations in the regularity of the β-sheet would change the Cα distances (Figure 24 B).  

The average distance between every 4th Cα in LARKS is 10.6 Å, which is shorter than the average distance 

in steric zippers at 13.3 Å (Figure 24C).  LARKS also have a greater range of distances between Cαs and 

greater standard deviations.  These quantify the breaks in the regularity of β-strands in LARKS.  Both trends 

hold when looking at the Cα distances in the ssNMR structure of the FUS LCR and the cryoEM structure of 

tau.  The LCR of FUS tends to have far more kinks in the peptide backbone compared to the disease related 

amyloid, tau.  The concept of breaks in regularity of β-strands is also a tenant of “negative design,” an idea 

proposed by Richardson and Richardson in 2002.   

β-sheets are inherently aggregation prone because they are already templated to hydrogen bond with 

any other β-sheet they may encounter (Richardson and Richardson. 2002).  Therefore, it is dangerous for 

cells to have exposed β-strand edges in proteins because it could lead to runaway aggregation.  Instead, 

exposed β-strands have various mechanisms for avoiding uncontrolled aggregation via their exposed β-

strands.  These mechanisms are the basis of negative design.  Methods of protecting aggregation by 

exposed β-strands include: incorporation of charged residues, hydrogen bonding with side-chains to cap 

exposed edges, and incorporating sharp kinks into exposed β-strands to ruin the hydrogen bond template 

(Richardson and Richardson. 2002; Wang and Hecht, 2002).   LARKS can perform a similar function, and 

we compared kinks found in LARKS to those found in proteins with exposed β-strands that follow negative 

design.   

We compared LARKS to two examples of proteins with exposed β-strands: immunoglobulin binding 

protein from Streptococcus (PDB ID 1IGD) and a human sex hormone-binding globulin protein (PDB ID 

1D2S).  We measured the distance between every 4th Cα in an exposed β-strand and in a buried β-strand 

as a controlled comparison (Figure 24 C and D).  The buried β-strand had Cα distances of 13.1 ± 0.2 Å, 

almost identical to steric zipper distances of 13.3 ± 0.3 Å.  The exposed strands with negative design 

elements were slightly shorter with an average of 12.9 ± 1.0 Å, but greatly varied in range of sizes as 

demonstrated by the standard deviation being 5 times larger.  The broad range Cα distances in LARKS 

agrees with what is found in negative design β-strands to interrupt the regularity of hydrogen bonding to 

template aggregation.  

LARKS Discussion 



31 
 

This work started with the observation that LCRs of RNA-binding proteins could form hydrogels composed 

of labile amyloid-like fibrils.  We determined structures of adhesive [G/S][F/Y][G/S] motifs and found that 

they formed LARKS instead of steric zippers (Figure 2).  In LARKS, β-strands stack to form continuous sheets 

along a fibril axis and neighboring sheets have a mating interface like in steric zipper structures found in 

amyloid (Nelson et al., 2005; Sawaya et al., 2007).  LARKS differ from steric zipper structure and canonical 

amyloid by having sharp kinks in the peptide backbone.  A consequence of kinks is the lack of side-chain 

interdigitation and diminished interface between mated β-sheets.  Mixed with the predominantly 

hydrophilic residues found in LARKS, these properties are compatible with forming weaker interfaces that 

would allow for more labile structures than in disease-related amyloid.  This is supported by the calculated 

solvation energies for LARKS being less stable than steric zippers (Figures 15 and 16).   

When three LARKS from FUS are joined with short linker sequences to form a 26 residue synthetic LARKS 

construct, they capture the properties of the full length 214 residue LCR of FUS.  The synthetic LARKS 

construct reproduces the ability to form a hydrogel composed of fibrils with a cross-β diffraction pattern 

(Figure 13) as seen in the FUS LCR (Figure 1; Figure 12).  Impressively, the hydrogel and fibrils formed by 

the synthetic LARKS construct is reversible by relatively gentle heating to 60˚C (Figure 14), consistent with 

the lability of the full length FUS LCR (Kato et al., 2012; Murakami et al., 2015).  This demonstrates that a 

multivalent LARKS protein segment is sufficient to form a labile hydrogel and connects LARKS structures 

to the FUS LCR behavior by reproducing all key biophysical hallmarks. 

After confirming the relevance of LARKS structure to protein behavior, we attempted to predict which 

proteins contain LARKS structures.  Using threading and 3-D profiling (Figure 3) (Bowie et al., 1991; 

Goldschmidt et al., 2010) to find segments that are compatible with LARKS structures, we successfully 

predicted and determined the structures of FUS-STGGYG, hnRNPA1-GYNGFG, and nup98-GFGNFGTS.  

Verifying our ability to successfully predict LARKS structures, we proceeded to thread the human 

proteome for LARKS.  We find that there are 1725 proteins with LCRs that are multivalent with at least 2 

LARKS (Figure 10).  Looking at the top 400 proteins with the most LARKS in LCRs we find proteins that are 

known components of membraneless organelles (Figure 9).  In the top 400, GO terms for stress granule 

assembly, mRNA processing, mRNA transport, and RNA localization are enriched (Table 2).  Many 

membraneless organelles are involved in RNA processing and manipulation, such as stress granules, P-

bodies, and the nucleolus (Darling et al., 2018.).  These results fit the hypothesis of LARKS as adhesive 

motifs to organize macromolecules in membraneless organelles.  Multiple groups have highlighted the 

importance of LCRs in proteins as important for the organization of membraneless organelles (Darling et 

al., 2018; Kato and McKnight, 2018) and LARKS possess properties consistent with functioning as adhesive 

elements within LCRs: 

1) High aqueous solubility due to their richness in hydrophilic amino acids serine, glutamine, and 

asparagine. 

2) They are relatively flexible due to high glycine content. 

3) Aromatic groups are shown to be essential for LLPS and hydrogel formation (Kato et al., 2012; 

Hennig et al., 2015; Lin et al., 2017).  Aromatic groups in LARKS stack in ways consistent with 

published literature forming aromatic ladders with inter-ring distances about 3.4 Å, even when in 

helical phi-psi orientations (Figure 17 and 18) (McGaughey et al., 1998), to stabilize structures.   

4) Many proteins have multiple LARKS per LCR (Figure 10) consistent with the need to form 

multivalent interactions that lead to phase separation and gel network formation (Figure 14). 
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It is currently not definitively known if hydrogels and fibrils formed by LCRs exist in membraneless 

organelles in cells, but several studies have attempted to provide insight into the material state of 

membraneless organelles, especially stress granules.  The McKnight group champions the idea that LCRs 

from proteins fibrilize within the cell as a solid-state method of regulation (Kato & McKnight, 2018).  Their 

idea is that the local high concentration of LCRs created by RNA binding proteins, such as FUS, hnRNPA1, 

hnRNPA2, and others, binding to RNA through their RRM domains is sufficiently high for the LCRs to form 

fibrils.  These fibrils can recruit other machinery needed to process the RNA through heterotypic 

interactions (Kato et al., 2012; Kato et al., 2018).   

This is a contentious hypothesis in the field.  Work in Kroschwald et al., 2015 argues that mammalian 

stress granules act as LLPS based on photo-bleaching assays.  Contrary to their findings, Wheeler et al. 

(2016) found and purified stable cores from the center of mammalian SGs that were surrounded by a less 

concentrated shell.  The stable cores hint at a more solid phase organization.  The presence of LCRs 

forming more solid fibrils is supported by mass spectrometry protection assays done by the McKnight lab.  

They find that purified hnRNPA2 from cells has a protection pattern more similar to the hydrogel state 

than the LLPS state of hnRNPA2 in vitro (Xiang et al., 2018).   

Crystallography on LARKS has a fundamental limit that it cannot prove the state of LCR organization in 

cells, but we argue that LARKS are consistent with the needs of the cell in a solid-state organization of 

LCRs.  Uncontrolled aggregation through β-sheets is inherently dangerous to the cell (Richardson & 

Richardson, 2002).  Irreversible protein aggregation through β-sheets is the basis of amyloid disease.  

LARKS offer a compromise to allow β-sheet mediated aggregation while protecting against the risks 

associated with it.  First, LARKS are sufficient to form labile fibrils (Figure 14) that are far less stable than 

disease related amyloid and polymerization is easily reversed.  Second, LARKS interrupt the continuous β-

strands found in disease related amyloid (Figure 23) by creating mis-matched zippers that must form kinks 

to pack (Figure 20).  Third, LARKS are consistent with ideas of negative design with exposed β-strands in 

cells having interruptions in their regularity to avoid templating aggregation of other β-strands in the cell 

(Figure 24) (Richardson & Richardson, 2002).   

Despite the protections that LARKS offer against uncontrolled protein aggregation in the cell, stress 

granules seem to be centrally linked to some amyloid diseases (Li et al., 2013; Aguzzi and Altmeyer, 2016).  

SG proteins with LCRs FUS, hnRNPA1, hnRNPA2, TDP43 are all found in protein inclusions in disease 

(Molliex et al., 2015; Farrawell et al., 2015; Shorter & Taylor, 2013).  There is a fine line between reversibly 

aggregating in a manner beneficial to the cell (e.g. SGs bolstering the cell’s ability to deal with stress) and 

irreversibly aggregating in disease.  There are many known disease related mutations in LCRs of SG 

proteins that favor irreversible fibril formation (Murakami et al., 2015; Patel et al., 2015; Molliex et al., 

2015).  Mutations in LCRs may disrupt LARKS and favor steric zipper formation, changing labile interactions 

into pathologically stable interactions.  The idea of LARKS being mutated to form more stable interactions 

related to disease is explored in chapter 2.  If steric zippers act as molecular glue in stable amyloid 

structures, then LARKS act as molecular Velcro in labile hydrogels. 
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Chapter two 

Atomic structures of TDP-43 LCD segments and insights into reversible or pathogenic aggregation 
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Appendix I 

Atomic structures of low-complexity protein segments reveal kinked β sheets that assemble networks 
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Appendix II 

Materials and methods 
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Frequency of amino acids in predicted structures 

The frequency of amino acids found in LCRs, steric zippers, and LARKS was found by summing the total 

number of residues in each category and dividing by the number of residues in the minimal human 

proteome (Table 1.1).  This gave the following probabilities: 

P(LCR) = 0.0208 

P(LARKS) = 0.1021 

P(zipper) = 0.1471 

P(LCR∩LARKS) = 0.0036 

P(LCR∩zipper) = 0.0008 

Expected probabilities were calculated in the following way from the values above: 

P(LCR) ∙ P(LARKS) = 0.0208 ∙ 0.1021 = 0.0021 

P(LCR) ∙ P(zipper) = 0.0208 ∙ 0.1471 = 0.0031 

 

Cα measurements 

Cα distances were measured between every 4th residue in a structure.  Images and distance shown in 

Figures 1.23 A and B were made using PyMol.  Measurements for the distances plotted in Figure 1.23 C 

were measured by a custom python script, each measurement is represented by a circle.   

LARKS structures: SYSGYS, GYNGFG, STGGYG, SYSSYGQS, GFGNFGTS 

Steric zipper structures: GGVLVN, GNNQQNY, GSSSQS, IFQINS, LVEALYL, NKGAII, NNQNTF, NNQQNY, 

SSTNVG, SSTSAA, VQIVYK.   

Tau: PDB ID 5O3L 

FUS: PDB ID 5W3N 

Negative design strands were chosen from two examples of non-regular β-strands from structures 

described by Richardson and Richardson (2002): immunoglobulin binding protein from Streptococcus 

(PDB ID 1IGD) and human sex hormone-binding globulin protein (PDB ID 1D2S).  The exposed strands 

with sharp kinks were chosen as examples of negative design, and an adjacent buried strand was chosen 

as a control comparison.   

Amino acid size variance 

Amino acids were assigned numerical values based upon their size according to the table below: 

Value Amino acids 

0 G 

1 A,P 

2 C,S 
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3 V,T 

4 D,N,I,L 

5 M,K,Q,E 

6 Y,F,H 

7 R,W 

 

Each amino acid in a sequence was assigned its corresponding amino acid size value from the above 

table.  The mean and variance were computed for each sequence based on the values assigned to their 

amino acids, and then plotted for figure 1.22.  Each point in the plots in figure 1.22 represents a 

structure.  Mean and variance was computed for each category.   
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