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 Intrinsically disordered proteins (IDPs), protein regions (IDRs), and protein 

complexes continue to emerge at the forefront of protein science. Proteins and protein 

regions lacking specific structure are found in all organisms, and often have vital 

roles in numerous biological processes. Breaking the well-known structure-function 

paradigm, the understanding of disorder-based functionality is constantly expanding. 

In addition to their structural plasticity and dynamic conformational flexibility, 

IDPs/IDRs often interact with their binding partners multivalently to serve regulatory 

purposes.   

This thesis reports on two example systems analyzing the impact of disorder 

and complex assembly on regulation while also showcasing why the context in which 

we study these systems really matters. Four chapters of original work include one 

protocol book chapter and three primary research reports. The book chapter, chapter 

2, serves as a guide in using NMR to probe interactions of IDPs, using dynein 

intermediate chain (IC) as a model example. Chapters 3 and 4 report on a domain of 

the transcription factor, ASCIZ, and interactions with its own product, dynein light 

chain (LC8). Chapter 3 classifies the domain of study as a predominantly in-register 

binder of LC8 while chapter 4 further explores how binding motif specificity and the 

linker length between binding sites impact complex assembly. This work serves as a 

foundation and model system for more intricate cases, such as the focus of chapter 5, 



 

 

 

dynein IC subcomplexes. In chapter 5, a regulatory mechanism involving 

autoinhibition via long range intramolecular interactions that is relieved by 

multivalent complex assembly is presented. IC is studied and biophysically 

characterized, for the first time, in context of its entire N-terminal domain, in the 

reconstitution of subcomplexes, and in the full-length protein. Finally, chapter 6 

summarizes the impact and highlights of the reported work and presents suggestions 

for work moving forward. These studies provide detailed description of two various 

multivalent and disordered protein assemblies that together serve as a blueprint for 

studying these systems in context for both the IDP and dynein fields.      
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Intrinsically Disordered Proteins 

 

Overview  

 Proteins lacking any specific fold and structure have been termed intrinsically 

disordered proteins (IDPs). The abundance and functional importance of these IDPs 

and proteins with disordered regions (IDRs), is revolutionizing protein science fields1. 

IDPs/IDRs are found in all proteomes, across organisms and kingdoms2–5. In 

eukaryotes, it’s estimated that 30% of all proteins contain IDRs >30 amino acids in 

length6. Prevalent even in enzymes, the protein class at the height of structure-

function relationships, IDRs are truly everywhere7. Recognition of the prevalence of 

IDPs/IDRs and their roles as biologically active proteins rapidly grew, to the point 

now where they are no longer considered exceptions but rather a fact of existence1.  

   IDPs and IDRs are characterized by low sequence diversity, few 

hydrophobic residues, an abundance of charged residues, and areas of sequence 

repeats. These features culminate in a plethora of benefits over their structured 

protein counterparts. For example, a lack of folding and structure make IDRs highly 

assessable and thus ideal locations for post-translational modifications and numerous 

binding interactions6. Due in part to their high charge state, as well as their abundance 

of short linear binding motifs, disordered regions are promiscuous in their binding 

interactions, and have been found to facilitate the formation of many large, complex 

protein assemblies8. While ordered proteins are constrained by the requirement to 

conserve their 3-D structure, disordered proteins are under no such evolutionary 

pressures and therefore display much higher mutation rates, providing efficient means 

for adaptability9.  

In addition to their many benefits, IDPs/IDRs are also extremely functionally 

diverse. IDPs/IDRs are most commonly found in signaling pathways10 and regulatory 

processes6 partially due to their high prevalence in kinases that conduct protein 

phosphorylation and play important roles in the regulation of cell proliferation, 

growth, and apoptosis11. IDPs/IDRs are also commonly found in scaffolding 

assemblies that bring together a specific set of proteins to participate in molecular 
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pathways12. Due to their diverse set of vital cellular functions, IDP misregulation and 

aggregation result in a number of diseases such as Alzheimer’s disease13 and breast 

cancer14. Surprisingly, despite their prevalence and importance to biology, IDPs 

remain mechanistically poorly understood due to inherent difficulties with their 

structural characterization. 

 While some IDPs adopt structure upon binding to a partner protein, others 

retain their disorder adding flexibly and “fuzziness” to protein complexes15. Such 

characteristics often interfere with traditional structural methods such as x-ray 

crystallography and cryo-electron microscopy (cryoEM). Luckily, other biophysical 

methods such as circular dichroism (CD), analytical ultracentrifugation (AUC), 

isothermal titration calorimetry (ITC), nuclear magnetic resonance (NMR) 

spectroscopy, and native mass spectrometry (MS) can be used in combination to 

effectively study IDPs. All such methods were employed in the work presented in this 

thesis and are covered more thoroughly later and within individual chapters.  

 

Multivalency  

In addition to their structural plasticity and dynamic confirmational flexibility, 

IDPs/IDRs often interact with their binding partners multivalently, a property crucial 

to the work presented in this thesis. Compared to monovalent interactions, in which 

ligands bind a single location of a partner, multivalent interactions involve linked 

associations of ligands binding to multiple sites and often confer increased binding 

affinity16–18.  

Multivalent IDP assemblies can be categorized as binary complexes, IDP 

single chain scaffolds, IDP duplex scaffolds, higher order IDP associations, and IDP 

multi-site collective binding ligands17. Binary complexes contain an IDP chain with 

multiple recognition motifs that specifically interact with different sites on one folded 

partner and upon binding, adopt 3D structure17,19–23. IDP scaffolds have a series of 

recognition motifs along their sequence for multiple partners and when bound, are 

incorporated into the secondary structure fold of the partner while linker regions 

between sites remain disordered. Single chain scaffolds are incredibly abundant and 
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well described in the literature12,24–26. Duplex scaffolds are composed of two IDP 

chains connected by one or more dimeric partners with two symmetrical binding sites 

and/or by self-association interactions within the chain16,17. Higher order IDP 

associations are composed of self-associated complexes that can reversibly 

incorporate other functional proteins27–29. Finally, IDP multi-site collective binding 

ligands occur when multiple sites of a polyvalent ligand engage a single site on a 

partner30. 

Duplex scaffolds represent a particularly unique category of IDP assemblies 

as the biological functions they serve are vast and diverse. Cases in which many of 

the same or multiple dimeric ligands bind multiple sites across disordered chains is 

common for partners of the hub protein, LC8, with notable examples: 1) ASCIZ, the 

transcription factor for LC8 that binds up to 11 LC8 dimers in its human form and 2) 

dynein intermediate chain, that binds LC8 and many additional dimeric proteins. 

Further discussion of these assemblies is presented below.  

    

Dynein Light Chain 1 

 

Overview  

 Dynein light chain 1 (LC8) was first described as a component of axonemal 

dynein31, and was later identified as a subunit of the cytoplasmic motor proteins, 

dynein 1 and 232,33. LC8 forms a stable 21 kDa dimer under normal cellular 

conditions with an association constant of ~80 nM34. LC8’s dimeric structure contains 

two, five-stranded anti-parallel β-sheets and opposite of the dimer inface, a pair of α-

helices35–43 (Figure 1.1). Upon phosphorylation at reside Ser8844 or when exposed to 

a pH below 4.834, LC8 is known to exist in its monomeric form, however because the 

binding groove is localized to the dimer interface, monomeric versions are inactive44. 

Within the LC8 homodimer, two symmetrical binding grooves are housed that allow 

for LC8’s primary function as a dimerization engine of its intrinsically disordered (or 

regions thereof) binding partners17,18,45 (Figure 1.1). LC8 is a highly conserved 

protein across species46 and is present in all examined eukaryotes47, including plants 
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lacking dynein47,48. Together these properties pointed at expanded functional roles for 

LC8 and it is now known as a ubiquitously expressed and essential hub protein with 

numerous binding partners that represent a wide variety of cellular functions49,50.    

 

 

Figure 1.1 LC8 dimer structure and binding groove. A ribbon diagram of the LC8 

dimer (monomer units in dark and light green) bound to two chains of an IDP peptide 

(pink) (PDB code 2P2T). The IDP peptide adopts β-strand structure upon binding in 

LC8’s central binding groove. Secondary structural elements are labeled on LC8 

monomer B (light green). This LC8/IDP bound structure is representative of all LC8 

partner complexes.  

 

Out of LC8’s over 100 confirmed partners, IDPs preforming functions such as 

intracellular transport51,52, nuclear pore formation53, viral interactions54–56, and 

transcription57–60 are represented. Overall, LC8 binders fall into 9 generalized 

categories: neurotransmission, viral infection, transcription, tumor suppression, cell 

death, development, cell division, cell transport, and cell signaling. LC8 and its 

partners are broadly expressed and distributed throughout the cell49, however LC8’s 

precise role in many cellular functions is unknown due to the fact that LC8 knockouts 

are lethal in mice61. More studies using the newly generated limb bud mesoderm-

restricted conditional knock-out of LC8, the first available animal and cell-line model 

of its kind61, are needed to continue to expand the understanding of LC8 

functionality.  
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LC8 is a non-enzymatic protein, meaning its main role in its many assemblies 

is structural in nature. LC8-facilitated duplex assemblies can be functionally and 

structurally categorized as those that include 1) self-association formation50,52, 2) 

coiled-coil formation62–64, 3) conformational ensemble restriction55, and 4) protein 

regulation via multivalency16,53,59,65,66.  Examples of all such assemblies are illustrated 

in Figure 1.2. Some of these categories are straight forward and have been well 

described, as is the interaction of LC8 with the Drosophila protein, Swallow. Upon 

binding LC8, Swallow forms a coiled-coil 17 residues away that is 7-fold stronger 

than in the absence of LC863,64. However, other categories remain more ambiguous, 

namely multivalent assemblies including LC8. In some instances, one or more other 

bivalent partners will bind the LC8 IDP duplex65,66, while in others the multiple 

binding sites are all occupied by LC843,53,59. Regardless of their type, the specific 

downstream functions of these multivalent complexes remain variable and, in some 

cases, unknown.  
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Figure 1.2 LC8-facilitated IDP duplex assemblies. Binding interactions between 

IDP ligands (grey) and LC8 dimers (green) lead to a variety of assemblies. Some 

ligands have a self-association or coiled-coil region near the LC8 motif, and upon 

binding form such structure (top and top middle). As seen with RavP55, LC8 binding 

restricts the conformational ensemble (faded) of disordered linkers and ordered 

domains (red) instead (bottom middle). Finally, multivalent ligands with more than 

one LC8 motif bind to multiple LC8 dimers by means of regulation (bottom). Across 

these categories IDP/LC8 duplex result in stabilization of a complex, often facilitating 

downstream interactions with additional protein partners (not shown).   
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Binding Recognition Motif 

 LC8 partner proteins share a short (8 amino acid) linear recognition motif that 

mediate their binding to LC855 (Figure 1.3). The motif lies within intrinsically 

disordered regions of proteins, however upon binding to LC8 form a single β-strand 

structure that is integrated into an LC8 anti-parallel β-sheet35. The binding motif 

contains some level of variation, however is typically anchored by a threonine-

glutamine-threonine (TQT) sequence43.  This TQT anchor is highly enriched upon 

known LC8 binders and as such, these residues are known within the larger motif as 

positions -1, 0, and +1, respectively43,62 (Figure 1.3). The LC8 binding interface is 

dynamic62,67,68, thus allowing for sequence variation within binders, although at the 

same time steric and enthalpic restrictions do apply. One such restriction includes the 

fact that the side chains of residues in the -1 and +1 positions are entirely buried and 

thus propose a strong preference to branched side chains that are either hydrophobic 

or participate in hydrogen bonding. Although past motif prediction analyses provided 

initial information of the LC8 binding motif38,69,via the recent creation of an LC8 

binders database and subsequent open access LC8 binding prediction algorithm, the 8 

amino acid motif has been more thoroughly characterized49.   

 

 

Figure 1.3. LC8 recognition motif. LC8 partner proteins (black) share an 8 amino 

acid linear recognition motif (green) that mediate LC8 binding. The motif is anchored 

by a highly enriched TQT sequence. Figure adapted from Jespersen et al. Life Sci. 

Alliance (2019)49. 
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Distinct preferences and exclusions for positions within the LC8 binding motif 

outside of the anchor include -4 positions capable of hydrogen binding, -3 positions 

with larger positive side chains, and strand breaking +2 positions. Also of important 

consideration, pre-anchor prolines, a high concentration of charges, or bulky 

hydrophobic groups at the -2 position all negatively impact the likelihood that a 

sequence will bind to LC849. In line with the dynamic nature of LC8’s binding 

grooves, thermodynamic analyses of tight binders indicate that a wide range of 

entropy and enthalpy compensations are sampled among binding sequences and that 

entropic factors modulate LC8 binding to accommodate the variation seen in partner 

sequences49,68.  

 

LC8’s Transcription Factor: ASCIZ  

 One extremely unique LC8 partner is the transcription factor, ASCIZ 

(ATMIN-Substrate Chk-Interacting Zn2+ finger)38,58, that not only has an 11 LC8 

recognition motifs in its human version, but also interacts with LC8 via a dynamic 

ensemble of low occupancy LC8 bound complexes59.  Human ASCIZ is 88 kDa and 

contains an N-terminal zinc finger domain followed by a 600 amino acid disordered 

tail (Figure 1.3). In vivo knockouts of ASCIZ impose consequences similar to LC8 

knockouts, although with slight attenuation, indication that a vital ASCIZ function is 

to regulate the cellular concentrations of its own gene product, LC857,61,70. In vivo 

experiments also demonstrated that overexpression of LC8 causes a decrease in LC8 

transcription via an ASCIZ-mediated pathway58. A current model suggests ASCIZ 

acts as a sensor of LC8 concentrations and is able to fine-tune LC8 transcription 

accordingly59.   

Biophysical characterization of Drosophila (7 LC8 sites) and human ASCIZ, 

show that ASCIZ/LC8 interactions display both positive and negative cooperativity. 

Also, unlike Nup159 from yeast with 5 LC8 binding sites, ASCIZ does not form rigid 

stacked complexes but instead more heterogenous complexes by negative-stain EM 

analysis59 (Figure 1.3). This may be due to the disordered linkers between LC8 

binding sites in ASCIZ that vary considerably in length (3 to 30 residues). Unique to 
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Drosophila ASCIZ, one of the binding motifs contains a TMT rather than the 

canonical TQT anchor. Cooperativity, linker length, and motif specificity are all 

important ASCIZ/LC8 regulation properties further explored in chapters 3 and 4.  

 

 

 

Figure 1.4. ASCIZ forms heterogenous complexes with LC8. A) Domain 

architecture diagrams of human and Drosophila ASCIZ. ASCIZ contains an N-

terminal zinc finger domain (orange box), and a disordered C-terminal domain 

housing multiple LC8 binding motifs (teal boxes). B) An SV-AUC experiment of the 

LC8 binding domain of Dros. ASCIZ with LC8 (1:10 molar ratio ASCIZ:LC8). Even 

at this oversaturating amount of LC8, the fully bound 1:7 complex is not favored, but 

rather a low occupancy filled 1:3 complex. C) Illustration representing the complexes 

formed for human ASCIZ and LC8. Only low occupied complexes were seen by 

negative stain EM. This figure is adapted from Clark et al. eLife (2018) 59.  

 

 

Dynein Intermediate Chain 

 

Cytoplasmic Dynein Subunits 

 Cytoplasmic dynein 1 is a 1.4-MDa microtubule-based motor protein complex 

responsible for all minus-end-directed transport of cargos such as membranes, RNAs, 

proteins, and viruses71. Dynein has been proven as an essential gene, as mutations in 

the dynein transport machinery have been linked to neurological and 

neurodevelopmental diseases such as Perry syndrome, spinal muscular atrophy-lower 
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extremity predominant (SMA-LED), Charcot-Marie-Tooth disease, and 

lissencephaly72. Furthermore, a single dynein performs functions that it takes ~40 

kinesins (plus-end directed motors) to do71, underscoring dynein’s significance and 

also suggesting a high level of intricate regulation processes and interactions within 

and between dynein subunits.   

Dynein is composed of heavy, intermediate, light intermediate, and light chain 

subunits (Figure 1.5). The heavy chain (HC) of dynein contains a C-terminal motor 

domain and an N-terminal tail domain. The motor domain houses ATP binding sites 

and connect to microtubules via a microtubule binding domain (MTBD)73–76. The 

intermediate chain (IC) of dynein can also be thought of as having a distinct N- and 

C-terminus with the C-terminal WD40 domain serving as the attachment point to HC 

and the extended N-terminal disordered domain housing binding sites for the three 

dynein light chains: Tctex, LC8, and LC7. Two copies of IC bind HC, and the light 

chains exist as homodimers, binding across both copies of IC52,77–81. The light 

intermediate chain (LIC) is connected to HC via its RAS-like domain as well as N- 

and C-terminal helices. Again, two copies of LIC bind to HC and the LIC also 

contains an extended disordered chain, however C-terminally73,82,83. Work presented 

in this thesis will focus on the interactions of IC and the light chains, as well as how 

the IC/light chain subcomplex interacts with other non-dynein partner proteins.  
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Figure 1.5. Cytoplasmic dynein subunits and configuration. Cartoon model of 

cytoplasmic dynein. The two dynein heavy chains (HC) contain a C-terminal motor 

domain and an N-terminal tail domain (blue). The motor domain connects to 

microtubules (green) via a microtubule binding domain (MTBD)73–76. The 

intermediate chain (IC) of dynein has a C-terminal WD40 domain that attaches to HC 

and a disordered N-terminal domain that is extended (grey). N-IC binds the three 

dynein light chains: Tctex (orange), LC8 (red), and LC7 (yellow). The light chains 

are homodimers, bringing together two copies of IC52,77–81. The light intermediate 

chain (LIC) is connected to HC via its RAS-like domain and contains an extended C-

terminal tail (purple)73,82,83.  

 

IC Subcomplex: A Polybivalent Scaffold 

Much of dynein has been well characterized thanks to advancements in 

techniques such as cryo-electron microscopy (cryoEM), however IC contains almost 

300 amino acids of disorder that remain missing from resolved dynein 

structures73,82,84. This disorder makes up almost the entire N-terminal half of IC and is 

the location of binding interactions with dynein light chain subunits (Figure 1.5). The 

subcomplex formed by IC, Tctex, LC8, and LC7 is best described as a polybivalent 
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scaffold, where the first binding event will pay the entropic cost for subsequent 

bivalent binding events16,17,52,81,85.  

Some IDPs fold upon being incorporated into complexes86, while others retain 

their disorder. The IC/light chains assembly represents a new class of IDP complexes, 

identified in the Barbar lab as IDP duplex complexes16, where tight 3-D packing 

occurs only at the protein interfaces formed by linear IC motifs that adopt structure 

when bound to the dimeric light chains which bring together two chains of IC to form 

a duplex. The linkers connecting these motifs remain completely 

disordered16,17,52,81,85. Each homodimeric light chain has a corresponding recognition 

motif on IC that alone has propensity to form β-strands (motifs for Tctex and LC8) or 

α-helices (motif for LC7), yet only forms such secondary structure when bound and 

incorporated into the fold of their respective ligand. The IC/light chain subcomplex is 

best described as a polybivalent scaffold as the linking of two IC chains results in a 

duplex containing multiple other bivalent sites. The first binding event pays the 

entropic cost thus reducing the entropic penalty of subsequent ligand binding16,81. 

This type of binding enhancement is thought to be modulated by the length of 

disordered linkers separating binding sites. Such a mechanism has already been 

observed for the IC/Tctex/LC8 ternary complex in Drosophila, in which a 50-fold 

binding enhancement was measured for the second light chain, separated by a 3-

reside linker81.  Binding enhancement is expected to be much less so with a longer 

linker, such as is seen in both the linker between LC8 and LC7 binding sites as well 

as the linker between the biding site for Tctex and more N-terminal helices involved 

in the binding of non-dynein partner proteins85,87. 

 

Interactions with p150Glued and NudE 

 To date, the best characterized regulator of dynein is dynactin, another large, 

multiprotein complex. Dynactin contains 11 different subunits88 and connects to IC 

via its largest subunit, p150Glued 89 (Figure 1.6A). p150Glued contains an N-terminal 

cytoskeleton-associated protein, glycine-rich (CAP-Gly) domain that is involved with 

the binding of microtubules and two coiled-coil domains (CC1 and CC2)88 (Figure 
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1.6B). A section of the second coiled-coil region, CCB1, of p150Glued binds to the 

single α-helix (SAH) domain of IC, a domain well conserved across various 

species85,90–93. This interaction is essential for processivity along microtubules, 

correct spindle formation, and proper cellular division88,89,94–96. Studies using proteins 

from Drosophila have identified a short, second helix in IC (following the SAH 

domain) to be involved in binding p150Glued in addition to the SAH90,91. This is further 

supported by work done on small fragments of IC from a thermophilic fungus that 

show that binding of p150Glued is stronger than that for mammalian counterparts, and 

binding is weakened when the short helix (H2) following the SAH region is absent97.  

 

 

 

Figure 1.6. Dynactin p150Glued and NudE structure and domain architecture. A) 

Cartoon model of dynactin. Dynactin is built around an eight-actin filament (Arp1, 

red) with proteins p62 (green), p27 (pink), p25 (pink), actin monomer (purple), and 

actin related protein (Arp11, yellow) at one end and capping proteins (CapZ, orange) 

at the other. Extending from the shoulder domain (teal) is the p150Glued subunit, with 

two coiled-coil regions (grey), an intercoil domain (blue), and Cap-Gly domains. B) 

p150Glued from Chaetomium thermophilum is predicted to have a Cap-Gly domain 

near the N-terminus, and two coiled-coil domains, CC1 and CC2, that are separated 

by an intercoil domain (ICD). CC1 is further divided into two regions called CC1A 

and CC1B. p150Glued binds to dynein IC via the CC1B domain. p150478-680 (p150CC1B) 
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is the construct used in this work. C) Cartoon model of full-length NudE. The N-

terminus is a coiled-coil (CC) domain while the C-terminus is disordered. D) NudE 

from Chaetomium thermophilum is predicted to have an N-terminal coil-coiled (CC) 

region followed by a long tail of disorder. NudE1-190 (NudECC) is the construct used in 

this work.   

 

Also binding IC at its SAH domain is the nuclear distribution protein (NudE), 

a protein required for a diverse set of functions. NudE has been shown to aid in 

kinetochore and chromosome migration, Golgi complex organization, centrosome 

duplication, mitotic spindle positioning, and membrane transport98–102. NudE contains 

a long, N-terminal coiled-coil domain followed by a disordered C-terminal domain103 

(Figure 1.6C-D). The binding site of NudE has been previously mapped to the SAH 

domain of mammalian and Drosophila ICs with a binding affinity similar to that 

exhibited by p150Glued 65,92.  

IC partnering with either p150Glued or NudE impacts IC regulation and the 

dynein complex as they dictate interactions with activating adaptors, impact the 

selection of cargo attachment, and aid in determining how the dynein complex orients 

for microtubule binding71. Despite the importance of these interactions, the details of 

the molecular basis for which regulator is bound at any given time is still unclear and 

remains a challenge in the field. Due to the disorder/flexibility of N-IC, a recurring 

theme in dynein studies is a lack of detail about IC structure and binding interactions. 

Although residue specific studies have been performed on IC, they are thus far 

limited to small regions of IC and to conditions far removed from native biological 

systems.  

We recently introduced Chaetomium thermophilum (CT), a thermophilic 

filamentous fungus, as a new system for dynein studies97. The CT IC1-260 (residues 1-

260) construct predominantly used in the work presented in chapter 5, is far longer 

than previously studied CT, Drosophila, and rat constructs 65,77,81,85,90,92,93,99,100. 

Utilizing almost the entire N-terminus domain of IC allows, for the first time, 

characterization of IC interactions in the context of its assembly with the light chains, 

as has been shown vital for other disorder-driven systems 104.  
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Biophysical Techniques 

 

 To probe the interactions of the disordered, multivalent proteins and 

assemblies presented in this thesis, I have employed numerous biochemical and 

biophysical techniques. As one would expect when characterizing such complex 

systems, many different proteins and constructs were a part of this work. I was 

fortunate to inherit some of these constructs from fellow lab members and 

collaborators, while others I engineered myself. Most of the proteins were expressed 

in Escherichia coli cell lines, except for full-length CT IC that was instead expressed 

using baculovirus methods. In all cases, proteins were purified via 6xHis tag affinity 

purification followed by anion exchange and/or size exclusion chromatography.  

 As IDPs, proteins with a mix of order and disorder, and macromolecular 

assemblies often require, data was obtained through a combination of complementary 

biophysical techniques. The main techniques used in this work are described below.  

 

Circular Dichroism (CD) 

CD is a technique that relies on the principle that molecules differentially absorb right 

vs. left-handed circularly polarized light. This absorption manifests in either positive 

or negative CD signal and for proteins, the signal within the wavelength range of 

~180-250 nm has implications of specific secondary structure (α-helices, β-strands, 

and random coils). CD is also a simple technique that requires very little sample, is 

fast and inexpensive, and implements no size restrictions. CD was useful when 

determining the helical content of different protein constructs, confirming protein 

disorder, and measuring protein stability across a temperature range (measured in loss 

or retainment of secondary structure). My first step in protein characterization was 

often CD.  

 

Analytical Ultracentrifugation (AUC) 

AUC is a method used to analyze hydrodynamic properties of molecules in solution 

via measurement of optical density/refractive index across a centrifuge cell over time. 
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Relying on mass and fundamental laws of gravity, quantitative analysis of 

biomolecules and their interactions in their native states is possible. In an AUC 

experiment, centrifugal force is applied at either a high (sedimentation velocity) or 

low (sedimentation equilibrium) speed for applications such as the determination of 

molecular weight, association state, and association or dissociation constants of 

protein samples. AUC is also a relatively inexpensive method that requires moderate 

amount of sample. I was able to utilize both equilibrium (SE) and velocity (SV) type 

experiments to confirm expected protein association states and monitor binding 

interactions of many different samples.  

 

Isothermal Titration Calorimetry (ITC) 

ITC is the go-to technique used to determine the thermodynamic parameters of 

biomolecular interactions. Although ITC requires much higher sample concentrations 

than CD or AUC, the information provided is tenfold.  By measuring the heat change 

associated with reactions in solution, ITC provides binding affinity (Ka or kd), 

reaction stoichiometry (N), enthalpy (ΔH), entropy (-TΔS), and Gibbs free energy 

(ΔG) values for a binding interaction. Proven vital for comparing the binding 

interactions between QT mutants and LC8, ITC was also useful in characterizing IC 

interactions, although it quickly became clear that they contained a level of 

complexity better suited to other methods.  

 

NMR Spectroscopy  

From the moment I had my photo taken with our 800 MHz NMR during my 

recruitment visit, I hoped that it would be an instrument I used often. Joining the 

Barbar lab practically ensured this, as there is no better technique for the 

characterization of IDPs and to specifically map binding sites on proteins. Using 

radio waves in the presence of a strong magnetic field to excite NMR-active nuclei, 

signals arise that are sensitive to chemical environment. The 2D HSQC type 

experiment provides a ‘protein fingerprint’ in which every peak corresponds to each 

protein residue. Following assignment via 3D experiments, protein structure, 
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dynamics, and binding interactions can be investigated. A wide variety of NMR 

experiments were utilized in the work presented within this thesis. Of special note, 

perdeuteration methods proved essential for study of QT/LC8 complexes and study of 

the IC subcomplexes served as an example of the power of NMR as disordered 

regions were still visible in complexes up to 200 kDa.   

 

Dissertation Contents 

 This dissertation includes four chapters of original work, all of which are 

either published or represent a manuscript in preparation for submission. Chapter 2 is 

a book chapter accepted for publication in a Dynein specific edition of the lab 

protocol series, Methods in Molecular Biology, published by Springer Nature. The 

chapter serves as a guide in using NMR to probe interactions of intrinsically 

disordered proteins (IDPs) with IC as a model example. I present our routinely used 

methodology in a simple, easy-to-follow format that could be of use to those 

interested in implementing NMR into their own research. The chapter concludes with 

an overview of how to couple NMR results with various other biophysical techniques 

depending on the desired research outcome, thus setting up chapters 3-5 which all 

incorporate data from ITC, AUC, and MALS in addition to NMR.  

 Chapter 3 is a research article published in the Journal of Biological 

Chemistry that shows that LC8 forms a predominantly in-register complex when 

bound to an IDP domain of the multivalent transcription factor, ASCIZ. The domain 

used, QT2-4, houses three LC8 binding sites that vary in their motif specificity as well 

as in the length of the linkers between sites, thus serving as a model system for 

studying multivalency and disorder in complex assembly.  

 Chapter 4 is a research article that follows up on the work presented in chapter 

3 and is in preparation for submission. In this work, mutant constructs were created, 

abolishing either one or two LC8 binding motifs at a time to better understand the 

contribution each site has on complex formation. Analyzing binding by ITC and AUC 

shows that in every case, independent of motif specificity or linker length, two LC8 

binding sites are better than one and behave cooperatively while the cooperativity of a 



19 

 

 

third site is location dependent. Furthermore, longer linker lengths between binding 

sites disrupts LC8/IDP duplex assembly formation.   

 Chapter 5 is a research article in preparation for submission that illuminates a 

regulatory mechanism for dynein IC. We identify autoinhibition within IC caused by 

strong, long range intramolecular interactions that cover IC’s N-terminal single α-

helix. Reconstitution of IC subcomplexes demonstrate that this autoinhibition is 

regulated by both multivalency and disorder and underlies selection between multiple 

binding partners at the same site. Utilizing almost the entire N-terminus domain of IC 

allowed, for the first time, characterization of IC interactions in the context of its 

assembly with the light chains. We describe how assembly with the light chains 

relieves IC autoinhibition and regulates binding of IC to p150Glued and NudE and 

show that autoinhibition, and the regulatory model we propose persist in the full-

length CT IC protein. 

 Chapter 6 summarizes the important findings from these studies and their 

impact on both the dynein and multivalent/disordered protein fields. The importance 

of context is highlighted, and I conclude by discussing my suggestions for future 

directions for the work presented. 
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Chapter 2 

 

NMR analysis of the interactions and conformational plasticity of the dynein 

intermediate chain 

 

Kayla A. Jara and Elisar J. Barbar 
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Abstract 

 

Cytoplasmic dynein complexes play crucial roles in intracellular transport of cellular 

organelles. While the motor domain of dynein is well characterized by techniques 

such as X-ray crystallography and cryo-electron microscopy (Cryo-EM), structural 

representations of dynein usually include only the more packed and easily resolved 

regions, and omit the long flexible and poorly structured regions. One such flexible 

region is the N-terminal half of the intermediate chain (IC), which contains almost 

300 amino acids that are predicted to be disordered. This level of disorder makes IC 

very challenging to study by X-ray crystallography and Cryo-EM, but amenable to 

study by solution nuclear magnetic resonance (NMR), a powerful technique that can 

elucidate residue-specific information in dynamic structure, and transient binding 

interactions of associated proteins. Here we describe the methods we use to 

understand flexible and disordered proteins including protein expression, purification, 

sample preparation, and NMR data acquisition. 
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Introduction 

 

Dynein is a large complex composed of numerous protein subunits that 

function in the cellular processes of motility and cargo attachment. The dynein motor 

domain is situated in the heavy chains (HCs), and houses sites for ATP binding and 

hydrolysis. Each tail of the HC binds to one copy of the intermediate chain (IC), a 

subunit that plays key roles in modulating dynein interactions and activity 51,71,85,90,105. 

The IC has two separate domains: a mostly disordered N-terminal domain (N-IC), 

and a well-ordered C-terminal domain (C-IC). The degree of disorder in N-IC is 

conserved amongst a variety of species 97 and is consistently predicted by structure 

algorithms such as PSIPRED and AlphaFold 106,107, whereas C-IC folds into a β-

propeller and contains the binding site for the HC 73,82 (Figure 2.1A-B). 

 

 

 

Figure 2.1. Dynein intermediate chain architecture, disorder, and assembly. A) 

A generalized domain architecture diagram for IC. Notable features of N-IC are a 

single α-helix (SAH), second helix (H2), and linker regions of disorder. C-IC contains 

the well folded WD40 domain. B) AlphaFold structure prediction for Cytoplasmic 
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dynein 1 intermediate chain 2 from Homo sapiens. Varying coloration depicts model 

confidence, dark blue (very high), light blue (confident), yellow (low), and orange 

(very low). Orange regions are indicative of unstructured regions.  C) Apo, 

monomeric N-IC (left) with binding sites for coiled-coil regions of p150Glued and 

NudE noted. The addition of dynein light chains, Tctex (blue), LC8 (green), and LC7 

(purple) cause the formation of a dimeric IC complex with disorder in-between 

binding sites remaining.  

 

A small amount of structure within N-IC is attributed to the N-terminal single 

alpha helix (SAH), and a short helix (H2; Figure 2.1B) 106,108,109.  Although the N-

terminal residues of dynein from yeast were originally thought to form a coiled-coil, 

they lack the characteristic hydrophobic seam found in coiled coils. Instead, the first 

~30 residues are rich in highly charged residues (~65% Arg, Lys, and Glu), 

suggesting helix stabilizing electrostatic interactions between residues i and i +4 and i 

and i + 3, which are characteristic of a single α-helix (SAH) domain 85,110. Over the 

last decade we have characterized the SAH and contiguous H2 regions by NMR in 

yeast, Drosophila, fungal, and mammalian variations of IC 65,85,90–92,97.  Of note, H2 

forms a fully ordered helix in some species but is only a nascent helix in others, and 

this structural variation is correlated with its importance in contributing to its binding 

affinity with dynactin p150Glued; necessary for binding when a nascent helix, and does 

not contribute to binding when folded 97.   

Apo-IC (unbound) from metazoa is monomeric and interacts with the three 

dynein light chain subunits and with many non-dynein partner proteins. N-IC binds to 

the coiled-coil regions of non-dynein regulatory proteins such as dynactin p150Glued 

and nuclear distribution protein (NudE) with its SAH and H2 domains 

65,85,89,90,92,97,111. Downstream from this binding site, metazoan IC interacts with 

homodimeric dynein light chain subunits (LCs; Tctex, LC8, and LC7) to form a 

dimeric subcomplex that is best described as a polybivalent intrinsically disordered 

duplex scaffold (8-13). The structure of this scaffold is such that, when assembled, 

tight packing occurs only at the protein-protein interfaces 77,81 leaving linker regions 

completely disordered 52,87,91 (Figure 2.1C). These attributes of N-IC make it 

extremely challenging to characterize by X-ray crystallography and cryo-EM but an 

excellent candidate for study by NMR. Although these other techniques are extremely 
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useful in determining structures of the many well-ordered dynein subunits, and for 

providing an overall picture of the organization of the dynein complex, disordered 

regions and subunits often evade detection in both techniques due to their inherent 

flexibility.  

NMR has long been used to characterize proteins and protein-protein 

interactions. Every protein will generate a unique, 2D 1H-15N heteronuclear single 

quantum coherence (HSQC) “fingerprint” spectrum, as the chemical shift for each 

HSQC peak is dependent on the structural and chemical environment that each 

protein residue experiences 112. Disordered proteins exhibit a characteristic narrow 

chemical shift dispersion, while well-structured proteins show much more dispersion 

(Figure 2.2A-B). 2D NMR experiments are an improvement upon 1D 1H-NMR, as 

they produce protein spectra that are incredibly complex and crowded (Figure 2.2C). 

The same drawback can be a feature of 2D spectra, especially for large proteins and 

proteins containing significant disorder, as residues with similar environments 

generate overlapping peaks. Thus, acquiring 3D spectra is often necessary to 

accurately assign peaks in a 2D experiment. In experiments such as 1H-15N-13C 

HNCO, HN(CA)CO, HNCACB and HN(CO)CACB, each peak can be described by 

three frequencies and thus distinguished from the others in order to assign a protein 

backbone. Additional experiments such as a TOCSY-HSQC or HCCH-TOCSY are 

used to effectively assign side chains. Data collected from a suite of 3D experiments 

can be pieced together like a puzzle as the information obtained from each is 

complementary.  

 



26 

 

 

 

 

Figure 2.2. NMR spectra comparison. A) 15N-HSQC of IC1-88 (residues 1-88) from 

Chaetomium thermophilum (CT). The narrow chemical shift dispersion seen is 

indicative of a disordered protein, matching the structural ensemble above of 10 

overlaid solved structures, aligned by the N-term (blue). B) 15N-HSQC of full-length 

LC8 from Drosophila. The wide chemical shift dispersion is indicative of a well 

folded protein, matching the structure above. C) Domain architecture of CT IC1-260 

(residues 1-260) with corresponding 1D (1H) and 2D (15N-TROSY) NMR 

experiments below.  

 

Perhaps the primary limitations of solution NMR are those exacerbated by 

increasing protein size. With the introduction of transverse relaxation-optimized 

spectroscopy (TROSY), studies on proteins as large as 900 kDa have been reported 

113,114. TROSY based experiments select slowly relaxing components to significantly 

enhance signal sensitivity and thus have narrower lines than HSQC spectra. TROSY 

experiments are crucial to our study of IC complexes due to both the numerous 

binding sites that can be captured by a single IC construct, and the dimeric nature of 

IC complexes with masses ranging from ~60-200 kDa 52,65,85,87,90–92,97.  

Once a 2D fingerprint of a protein is assigned, residue specific information 

can be obtained of both unbound and bound protein samples. For example, in our 

studies of multiple IC constructs from multiple species, NMR has permitted us to map 

binding sites on IC, determine structural propensity (including transient helices), 
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analyze dynamics of unbound and bound IC, map a self-association domain, 

determine effects of mutations on protein dynamics and binding interactions, create a 

model representing the structural ensemble of IC bound to LCs, and characterize 

transient tertiary structures of IC 52,65,85,87,90–92,97. In many cases, the results listed 

above were jointly analyzed with data from other biophysical methodologies such as 

circular dichroism (CD), isothermal titration calorimetry (ITC), and analytical 

ultracentrifugation (AUC). Although it is important to confirm results from disparate 

techniques, it is also notable that NMR alone is able to provide atom- and residue-

level information about the structure and dynamics of biomolecules in solution. 

Examples include residue specific average structure, transient intermediate structure, 

and intermolecular interactions. 

Protein-protein interactions can be monitored by adding non-isotopically 

labeled protein into the sample of an appropriately labeled target protein. Upon 

binding, peaks for residues that are involved in the interaction shift and/or lose 

intensity as their chemical environment and/or structure and size are impacted. 

Therefore, binding sites may be effectively mapped by tracking chemical shifts and 

decreases in intensities. Protein dynamics are measured using (1H)-15N heteronuclear 

nuclear Overhauser effect enhancements (NOEs), T1 and T2 relaxation, and 

CLEANEX experiments. The heteronuclear NOE experiment, measuring movement 

of N-H vectors, provides information concerning which parts of the protein are 

undergoing movement the most rapidly when compared to the overall tumbling of the 

molecule. Measurements of T1 and T2 relaxation provide information about the 

overall tumbling rate, and this relaxation is rapid for a free, disordered protein, and 

decreases if bound in a larger and more structured complex. T2 relaxation also gives 

information about conformational heterogeneity where multiple different 

conformations interconvert on microsecond to millisecond time scales giving rise to 

broad peaks. The CLEANEX experiment, a way of measuring rapid amide hydrogen 

exchange with water, confirms which residues are disordered and exposed, as their 

amide backbones are available for rapid exchange as opposed to those that are well-

folded or buried. Comparison of free and bound dynamics will reveal what structural 



28 

 

 

changes are occurring upon complex formation and will pinpoint exact regions of 

retained disorder post assembly. Information about a protein’s secondary structure 

can be achieved through secondary chemical shift analysis, pinpointing regions of α-

helicity (positive values), β-strand (negative values), and disorder (values close to 

zero). Additionally, three-bond HN-Hα scalar coupling constants can be used to 

validate secondary chemical shift analysis as coupling constants in the range of 4-6 

Hz imply α-helical secondary structure, 3 Hz or less imply β-strands, and 6-8 Hz 

imply regions of disorder.  

Numerous experiments, each collecting specific and complementary data, are 

necessary for structure determination. For example, NOE restraints, chemical shift-

based backbone dihedral angle restraints, residual dipolar coupling (RDC) restraints, 

and scalar coupling restrains were combined to create a model of the structural 

ensemble for an N-terminal construct of IC from Chaetomium thermophilum 97. 

Additionally, paramagnetic relaxation enhancement (PRE) experiments can be 

employed, especially when transient tertiary interactions are suspected 91. 

Traditionally used to probe long-range contacts, PRE-experiments involve 

introducing a single cysteine mutation to attach a paramagnetic spin-label (MTSL) 

115. The spin label causes relaxation enhancement to residues nearby in sequence as 

well as residues that are otherwise spatially proximate 116,117. Residues that participate 

in binding or are otherwise spatially close to the spin label will be identified by 

diminished peak intensities in 2D spectra. Once the necessary distance restraints have 

been collected, they are entered into structure calculation software to find satisfactory 

structures that are void of energy violations.  

Our lab has made tremendous progress in studying and characterizing N-IC 

structure and dynamics as well as its interactions with dynein light chains and non-

dynein proteins from multiple species (rat, Drosophila, yeast, fungus).  Our findings 

have provided a new appreciation of the importance of bivalency in dynein assembly, 

and of how NudE and p150Glued can compete for the same site of binding on IC 

52,65,85,87,90–92,97. Our methods, described herein, can be applied universally to any 

disordered protein or region within a larger complex.  
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Materials 

 

Protein Expression  

1. E. coli Rosetta (DE3) cells containing expression plasmid. When designing the 

plasmid there are general guidelines and recommendations to keep in mind (see 

Note 1).  

2. Luria-Broth (LB) Media: 10 g NaCl, 10 g Bacto-Tryptone, 5 g yeast extract in 

1 L dIH2O. Autoclave to sterilize and store at 25°C. 

3. 100 ml, 0.1 g/ml MgSO4 stock. Autoclave to sterilize and store at 25˚C.  

4. 1,000× trace metal mix: 2 mM H3BO3 , 2 mM CuSO4 , 2 mM CoCl2 , 10 mM 

MnCl2 , 2 mM NiSO4 , 2 mM (NH4)6Mo7O24. Filter sterilize and store at 25°C. 

5. MJ9 minimal media: 1.0 g 15NH4Cl, 9.0 g KH2PO4, 6.0 g K2HPO4, 0.5 g 

NaC6H7O7 in 1 L dIH2O. pH adjust to 7.2-7.4 and autoclave to sterilize. Post 

autoclave add in 10.0 ml of MgSO4 stock, 400 µL of trace metal mix, 650 µL 

MEM Vitamins, and a sterile filtered  0.3% glucose (w/v) and 0.0005% (w/v) 

thiamine solution. Media should be made with 15NH4Cl as the sole nitrogen 

source in order to obtain uniformly 15N labeled sample. However, it is 

recommended that preliminary test expressions with 14NH4Cl are performed to 

ensure optimal protein expression and solubility (see Note 2). 13C glucose may 

also be added post-autoclave depending on desired experiments  

6. 1 M stock solution of Isopropyl β-D-1-thiogalactopyranoside (IPTG) in dIH2O, 

sterile filtered, stored in 1 ml aliquots at -20˚C.  

7. 50 mg/ml stock solution of Kanamycin in H2O, sterile filtered, stored in 1 ml 

aliquots at -20˚C. Substitution of a different antibiotic may be necessary, 

depending on the plasmid used. 

 

Protein Purification  

1. 1,000× Phenylmethanesulfonylfluoride (PMSF) (0.17 mg/ml) and Pepstatin 

(0.30 mg/ml) stock solution in 100% ethanol. Store at -20°C. 
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2. Lysis/Equilibration Buffer: 50 mM phosphate, 300 mM NaCl, 5 mM C3H4N2, 

1 mM NaN3, pH 8, store at 25˚C.  

3. Wash Buffer: Same as Lysis/Equilibration buffer but with 10 mM imidazole 

(C3H4N2).  

4. Elution Buffer: Same as Lysis/Equilibration buffer but with 350 mM 

imidazole.   

5. Final Wash Buffer: Same as Lysis/Equilibration buffer but with 500 mM 

imidazole.   

6. TALON Metal Affinity Resin 

7. 2× Loading dye: 40% (w/v) glycerol, 125 mM Tris–HCl, pH 6.8, 100 mM 

DTT, 2% (w/v) sodium dodecyl sulfate (SDS), 0.025% (w/v) bromophenol 

blue. 

8. ~100 µM TEV protease stock, stored in 1 ml aliquots at -20˚C.  

 

NMR Sample Preparation 

1. NMR buffer: A stock of working NMR buffer (see Note 3) such as 500 ml of 

50 mM NaCl, 50 mM phosphate, 1mM NaN3, pH 6.5. Stored at 25˚C.  

2. NMR tube: Use a clean, dry NMR tube. Conventional, shigemi, or shaped 

tubes are all acceptable (See Note 4).    

3. D2O 

4. 1 ml, 100 mM stock of 2,2-dimethylsilapentane-5-sulfonic acid (DSS) in 

dIH2O. Store at 4˚C.  

5.  cOmplete protease inhibitor cocktail, stored in 20 µL aliquots at -20˚C.  

 

NMR Data Acquisition/Processing 

1. Pulse Sequences: dependent on desired information. 15N-TROSY or 15N-

HSQC experiments are suggested for initial validation, whereas triple 

resonance sequences (HNCO, HN(CA)CO, HNCACB, HN(CO)CACB) 

should be used for backbone assignment. CLEANEX, T1, T2, and HetNOE 

experiments are also often commonly used to detect the most flexible residues 
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and conformational dynamics information. NOESY, HCCH TOCSY, and 

HNHA are additional possible experiments (see Note 5).  

2. High field NMR spectrometer, 700-MHz or higher. We utilize an 800-MHz 

Bruker Avance III HD NMR spectrometer equipped with a 5-mm triple 

resonance (HCN) cryogenic probe.  

3. Data processing: any processing software can be used for post-acquisition 

processing of the NMR spectra collected. Examples include TopSpin 4.0.7 

(Bruker) and NMRPipe 118. Peak assignment and relaxation analysis can be 

performed using CCPN Analysis 2.5.0 119 and/or nmrviewJ 120. For 3D 

experiments that employ nonuniform sampling, spectra should be 

reconstructed using SCRUB 121. Backbone dihedral angle restraints may be 

generated using TALOS-N 122. Structure calculations may be done using 

software such as ARIA 2.3 123.   

 

Methods 

 

In our experience with the methods below, “target protein” refers to the dynein IC 

while “binding proteins” are proteins such as p150Glued, NudE, Tctex, LC8, and LC7. 

We’ve chosen to be more general in our descriptions so that they may easily be 

applied to other protein subunits and regions within dynein, as well as the numerous 

dynein binding proteins in existence.  

 

Protein Expression  

Prior to following the steps below, prepare and autoclave all necessary media (LB and 

isotopically labeled MJ9) and the proper containers (test tube and flasks). The 

container used in each growth step should be three to five times the volume of the 

media for proper aeration to take place. All post-autoclave additives to the MJ9 media 

should also be added. See Figure 2.3 for a simplified procedural diagram.  
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Figure 2.3. Methods for protein expression and purification. A) Schematic of 

protein expression beginning with inoculation and growth of E.coli cells in a 5 ml LB 

culture. Cells are then pelleted after ~7-12 hrs and resuspended in the 50 ml, 

isotopically labeled MJ9 intermediate culture. After ~10-12 hrs, cells are transferred 

into the final, full-sized culture and growth continues until OD600= 0.6-0.8. Cells are 

then induced with IPTG and harvested 6-16 hrs later. B) Harvested cells are 

resuspended in lysis buffer, lysed, and cell debris is pelleted. Metal affinity 

chromatography serves as the first round of purification and collected fractions are 

ran on SDS-PAGE. Further purification includes tag cleavage, gel filtration and/or 

ion exchange chromatography in order to reach ~95% sample purity. Sample purity is 

verified by SDS-PAGE and mass spectrometry to ensure there is no aggregation 

and/or degradation. Portions of this figure were created with Biorender.com.   

 

1. Using a frozen glycerol stock or single colony from an LB plate with 

appropriate antibiotic, inoculate 5 ml of LB media containing the appropriate 

antibiotic. Incubate the 5 ml culture at 37˚C in a shaking incubator at 200 rpm 

until cloudy (~7-12 hrs). We find it is most convenient to start this growth in 

the morning/early afternoon, and let the growth proceed throughout the day.  

2. Once 5 ml starter is grown (significantly cloudy), pellet the cells at 1,000 x g 

for 10 min at 20˚C. Decant off the LB media into the waste and resuspend the 
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cells in 50-100 ml of the MJ9 media. Grow the 50-100 ml starter culture at 

37˚C in a shaking incubator at 200 rpm for 10-12 hrs. We find it convenient to 

let this starter grow overnight.  

3. Following the growth of this starter culture, either place the starter at 4˚C to 

pause growth, or transfer the starter culture directly into the full-sized MJ9 

growth media (typically 1 L; see Note 6). When transferring the starter culture 

to the larger volume, make sure to take an initial OD600 measurement to track 

cell growth.  

4. The full-sized MJ9 growth (typically 1 L) is achieved at 37˚C in a shaking 

incubator at 200 rpm until OD600 = 0.6 – 0.8 is reached. At this point, 0.4 mM 

IPTG is added. Expression may be continued at 37˚C for 4-6 hrs, or the 

incubator temperature may be dropped to 26˚C for overnight expression (12-

16 hrs).  

5. Harvest cells at 3,000 x g for 20 min at 4˚C.  Cell pellets may be used directly 

for protein purification, or stored at -20˚C or -80˚C.  

 

Protein Purification  

There are many useful methods of protein purification. Briefly described below is our 

workflow using metal affinity chromatography as an initial step, followed by His6 tag 

cleavage. See Figure 2.3 for a simplified procedural diagram. 

 

1. Resuspend the cell pellet in 20-25 ml of lysis buffer. At this time, also add the 

appropriate amount of protease inhibitor stock solution. Once cells are 

thoroughly resuspended, sonicate the slurry until cells are properly lysed. 

Clarify the lysate via centrifugation at 17,500 x g for 30 min at 4˚C.  

2. Prepare and equilibrate the affinity chromatography gravity column. A bed 

volume of 3-5 ml is appropriate and should be equilibrated with 5x the bed 

volume of lysis buffer. Add the clarified lysate supernatant onto the column 

and collect the flow through.  
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3. Proceed to wash the column with wash, elution, and then final wash buffer. 

Visualize each collection via SDS-PAGE to verify protein expression and 

purification. The target protein should predominantly be in the elution 

collection.  

4.  Cleave off the His6 tag using TEV protease. Purification of the cleaved target 

protein from TEV and the His6-tag may be done in a variety of ways (see Note 

7) 

 

Often, further purification steps will be needed in order to reach the desired 95% 

purity. We suggest methods such as ion exchange chromatography and/or size 

exclusion chromatography (SEC). Sample purity should always be assessed via SDS-

PAGE gel and mass spectrometry (the latter for first time samples) at the end of the 

purification prior to final NMR sample preparation. Avoiding issues such as sample 

aggregation and degradation are imperative to the collection of high-quality data.  

 

NMR Sample Preparation 

1. Protein sample concentration can be variable; however, a more concentrated 

sample is often desired. We suggest a concentration in the range of 200-500 

µM.  

2. Following complete protein purification, prepare a sample of appropriate 

volume in the chosen NMR buffer, for the type of NMR tube that will be 

used. The sample should also contain appropriate protease inhibitors, 5-10% 

D2O (for the NMR lock), 0.2 mM DSS (for calibration), and 1-5 mM of 

reducing agent if necessary (see Note 8).  

 

NMR Data Collection  

Data collection is highly dependent on the quality of the sample and the desired 

information. See our suggested flow chart for an order of experiments and possible 

paths of data collection (Figure 2.4).  
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Figure 2.4. NMR data collection flow chart. Different NMR experiments organized 

by desired information. Where appropriate, alternatives and troubleshooting measures 

are listed. Complimentary biophysical techniques are listed at the bottom.   

 

A brief outline and special considerations: 

1. Begin by collecting a 2D 15N-TROSY or 15N-HSQC spectrum (see Note 

5), being sure to test a variety of temperature conditions in order to find an 

optimal temperature for future experiments. The optimal temperature will 

be that in which the most peaks possible are visible and of similar 

intensity (see Note 9).  

2. Unless assignments for the target protein have already been obtained, 3D 

assignment spectra will be required. Since these experiments vary in 

sensitivity, it’s important to process the spectra along the way to ensure 

parameters have been set properly, so that the data are useable. We 

recommend continually taking 15N-TROSY or 15N-HSQC experiments to 

access sample stability and check for degradation (appearance of new and 

usually less intense peaks). If complications arise preventing adequate and 
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accurate assignment of the 2D spectrum, a “divide and conquer” method is 

suggested (see Note 10) and/or protein perdeuteration (see Note 11).  

3. After assignments are obtained, additional experiments will depend on 

desired information (Figure 2.4).  

4. To assess protein interactions, perform a titration of non-isotopically 

labeled binding protein into an appropriately labeled target protein 

solution, with the goal of achieving maximum binding (~100% bound; see 

Note 12). If many peaks shift dramatically, as would be the case for a 

disordered to structured transition, assignment spectra may need to be 

repeated on a bound sample. For an alternative method see Note 13.  

5. To measure protein dynamics, collect data from heteronuclear NOE, T1 

and T2 relaxation, and CLEANEX experiments. 

6. Secondary structure determination is achieved from chemical shift 

analysis of the backbone (HNCO, HN(CA)CO, HNCACB, 

HN(CO)CACB experiments) and side-chain resonance assignments (15N-

TOCSY-HSQC and HCCH-TOCSY experiments). In addition, three-bond 

HN-Hα scalar coupling constants can be found by measuring the intensity 

ratio between the cross-peaks and the diagonal peaks in a 3D HNHA 

experiment and also imply the type of secondary structure present.  

7. Numerous experiments are necessary for structure determination. Nuclear 

Overhauser effect spectroscopy (NOESY), chemical shift-based backbone 

dihedral angle restraints, residual dipolar coupling (RDC) restraints, and 

scalar coupling restrains are combined to create a model of the structural 

ensemble.  

8. Paramagnetic relaxation enhancement (PRE) experiments can be 

employed to probe long-range contacts.  
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Notes 

 

1. A variety of expression cell lines are appropriate, and we recommend 

examining available strains and selecting whichever provides the best 

expression/yield of soluble protein.  We design our plasmids using pET type 

vectors that include an N-terminal His6 tag followed by a tobacco etch virus 

(TEV) protease cleavage site. The His6 tag allows purification via metal 

affinity chromatography, and TEV cleavage allows tag removal, to minimize 

the concern of additional residues in NMR spectra. At the plasmid design 

stage, it may also be best to mutate cysteine residues, especially if the target 

protein contains many. Cysteine residues should be mutated to either alanine 

or serine depending on the predicted structural environment of the native 

cysteine. Finally, if the target protein has a low extinction coefficient (low 

A280), adding a tryptophan will aid in successful protein concentration 

determination by A280. If a low A280 is unavoidable, we suggest using A205 as 

an alternative 124.  

2. We recommend carrying out test expressions in non-isotopically labeled MJ9 

prior to a 15N- MJ9 expression. Test expressions can be scaled down to any 

size, however we recommend a 50 ml minimum. Test expressions can also be 

used to determine the best expression conditions for induction (temperature 

and timing).  

3. A variety of NMR buffers are appropriate and will depend on the target 

protein and protein binding partners to be used. Finding appropriate buffer 

conditions in which the target protein and any binders are soluble is critical. 

We recommend screening multiple buffers to achieve this 125. Once a buffer is 

chosen, making a 500 ml or larger stock is recommended to continually use 

for final buffer exchange prior to NMR, as doing so allows for greater 

consistency between samples.  

4. Clean, dry, 5-mm NMR tubes should be used. Regular NMR tubes require 

more volume (~400-600 µL) but often are easier to shim once in the 
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instrument. To aid in concentration concerns, we often use Shigemi tubes as 

they only require ~300 µL of volume. For higher salt containing samples, 

shaped tubes should be considered.   

5. Band-selective excitation short transient (BEST) and TROSY variants of 2D 

and 3D experiments can be advantageous for large, disordered protein 

samples 126,127. If the unbound protein is better suited for HSQC type 

experiments, but there is a desire to study binding with large or multiple 

partners, it is advantageous to use TROSY experiments instead, as they will 

likely become necessary as total mass increases.  

6. Pausing the intermediate MJ9 starter in the 4˚C is recommended if post-

induction expression is to be carried out overnight.  

7. One quick and effective way to purify the cleaved target protein away from 

TEV protease and the His tag is by the use of “reverse” metal affinity 

chromatography. Ensure that the sample is in a low imidazole buffer prior to 

following the same protocol steps for the initial affinity purification. During 

this “reverse” purification the target protein should be present in the flow-

through while undesired products (i.e., the His tag) remain in the bound 

fraction.  Other purification methods include those mentioned (SEC or ion 

exchange). These methods are only appropriate if target protein characteristics 

are amenable (size, charge, etc.).  

8. Any reducing agent may be chosen (e.g., TCEP, DTT, βME). To ensure that a 

high enough concentration is being used to adequately reduce disulfides, run 

“reduced” vs. “non-reduced” samples on SDS-PAGE. The non-reduced 

sample should be made with loading dye void of reducing agent.   

9. In general, matching the temperature of other techniques/experiments (ITC) is 

advantageous for cohesive data analysis. In some cases, one ideal temperature 

does not exist or is not feasible. When this occurs, it is likely due to having a 

mixture of disorder and structure, in which peaks for the disordered residues 

are best observed at a lower temperature, and the structured residues are only 
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visible at higher temperatures. In such cases, experiments at multiple 

temperatures become necessary.  

10. A “divide and conquer method” refers to the process of breaking up one long 

protein construct into two or more smaller constructs. This method often 

works well with long, disordered protein fragments as the 2D spectra for 

fragments will overlay well with that of the full-length protein as the residues 

experience the same structure and chemical environment independent of 

fragment length. Smaller proteins exhibit relaxation rates that are more 

suitable to 3D experiments and thus can circumvent issues that are 

encountered with larger protein fragments.  

11. Perdeuteration requires protein expression be done in MJ9 media made in 

D2O, and the use of deuterated glucose as the 13C source. Expect cultures to 

grow much slower and take care to include gradual introduction of D2O; start 

with the regular 5 ml LB starter, progress to a 25 ml LB D2O starter, then 

continue on to the 100 ml and full-sized culture of D2O MJ9.  

12. The number of titration points will depend on many factors, including binding 

affinity. The goal is to have enough data points to accurately track gradual 

peak change over the course of binding. It’s common to collect five or more 

titration points along the way to achieving maximum binding.  

13. Saturation-transfer difference (STD) experiments. STD experiments work best 

when ligands are in fast exchange with binding partners. In an STD 

experiment, peak intensity is caused by the transfer of magnetization from the 

ligand to the binding partner 128,129. Significant STD effects indicate direct 

transfer of saturated magnetization. 
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Chapter 3 

 

The dynein light chain 8 (LC8) binds predominantly “in-register” to a 

multivalent intrinsically disordered partner 
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Abstract 

 

Dynein Light Chain 8 (LC8) interacts with intrinsically disordered proteins (IDPs) 

and influences a wide range of biological processes.  It is becoming apparent that, of 

the numerous IDPs that interact with LC8, many contain multiple LC8 binding sites. 

While it is established that LC8 forms parallel IDP duplexes with some partners, such 

as nucleoporin Nup159 and dynein intermediate chain, the molecular details of these 

interactions, and LC8’s interactions with other diverse partners, remain largely 

uncharacterized. LC8 dimers could bind in either a paired “in-register” or in a 

heterogeneous “off-register” manner to any of the available sites on a multivalent 

partner. Here, we show using NMR chemical shift perturbation, analytical 

ultracentrifugation, and native electrospray ionization mass spectrometry, that LC8 

forms a stable “in-register” complex when bound to an intrinsically disordered 

domain of the multivalent regulatory protein ASCIZ. Using saturation transfer 

difference NMR, we demonstrate that at sub-stoichiometric LC8 concentrations there 

is preferential binding to one of the three LC8 recognition motifs, showing for the 

first time that the binding process is “in-register”. Further, the dynamic behavior for 

the three sites and the size of the fully bound complex confirm an “in-register” 

complex. Dynamics measurements also reveal that coupling between sites is 

dependent on the linker length separating these sites. These results identify linker 

length and motif specificity as drivers of “in-register” binding in multivalent complex 

assembly.  
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Introduction 

 

LC8 is a highly conserved protein found across nearly all eukaryotes. First 

identified as a component of cytoplasmic dynein48, LC8 is now recognized as a hub 

protein that interacts with >100 different proteins involved in numerous cellular 

processes as diverse as synaptic signaling, virus replication, and apoptosis50,130,131. 

LC8 is a homodimer of 10kDa subunits, with symmetrical binding grooves for 

binding an eight amino acid motif in intrinsically disordered protein (IDP) 

clients132,62,35. Thus LC8 promotes higher order complex formation by dimerizing 

client proteins binding on each LC8 protomer.  

The short linear recognition sequence includes highly conserved TQT amino 

acids in the C-terminal half of the motif that are essential for binding62,78,133. High 

resolution structures show that this characteristic TQT forms critical interactions that 

anchor the peptides to LC8 and support high affinity binding43. The residues flanking 

the TQT anchor are less conserved, but contribute significantly to the overall binding 

affinity and correct orientation of the motifs in the binding grooves, supporting the 

formation of  parallel IDP dimers49. While the majority of identified LC8 binding 

motifs have the TQT anchor, some variations in these core residues occur in natural 

sequences36,49.  

A number of LC8 client proteins display multiple LC8 binding motifs that are 

thought to play an important role in their biological functions17,59,134,135. Nup159 from 

Saccharomyces cerevisiae exhibits five such motifs53,136, separated by short linker 

regions that are generally only two or three amino acids in length. Characterization by 

negative stain electron microscopy (EM) of the LC8/Nup159 complex shows that the 

protein forms a rigid stacked structure. In contrast, another multivalent LC8 binding 

partner, ASCIZ, has eleven LC8 binding motifs spaced throughout a ~460 amino acid 

intrinsically disordered region58,59,137. The disordered linkers between LC8 binding 

sites in ASCIZ vary considerably in length, from 3 to 27 amino acids, and could 

contribute to the heterogeneous population of the LC8/ASCIZ complexes observed by 

negative stain EM analysis59.  
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To date, ASCIZ is the only known regulator of LC8 transcription138. ASCIZ 

has the highest number of LC8 binding sites of any protein identified in either 

humans or D. melanogaster57,137. ASCIZ from D. melanogaster has six predicted 

binding sites which were confirmed using short synthetic peptides59. A seventh site 

(called QT3), which contains a TMT instead of the canonical TQT, does not bind as a 

synthetic peptide, but larger constructs containing QT3 support binding. Interestingly, 

ASCIZ binding to LC8 forms heterogenous complexes of varying LC8 occupancy, 

suggesting that the multiple interaction motifs may act as a sensor for LC8 

concentration inside the cell58,59.  

The presence of multiple LC8 binding sites on a given IDP raises important 

mechanistic questions about LC8 binding. For proteins that present a single IDP 

binding site, interaction with a multivalent client results in decoration of the IDP with 

the binding protein (Figure 3.1A). The situation for LC8 is more complicated, 

because LC8 is a homodimer and presents two parallel binding groves. In IDP clients 

with only one binding site, LC8 dimer interacts with each of two copies, resulting in 

formation of an IDP duplex (Figure 3.1B). It is tempting to extrapolate this 

mechanism to IDPs with multiple binding sites, where the LC8 dimers interact with 

the sites on the client IDPs in a paired or “in-register” fashion, as shown in Figure 1B. 

However, this is not the only possible model for LC8 binding to multivalent IDPs. 

LC8 could bind to any of the available sites resulting in “off-register” binding, as 

shown in Figure 3.1B. A second factor that could influence the formation of LC8/IDP 

complexes is the differences in the linker length between LC8 binding sites. Indeed, 

the closely spaced LC8 binding sites in Nup159 appear to yield a relatively “in-

register” and rigid structure, while the more varied spacings in ASCIZ yield a more 

flexible and dynamic structure. These differences in overall flexibility could underlie 

the functional differences in the respective complexes, where one functions as an 

assembly scaffold, while the other as a molecular sensor. 
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Figure 3.1. Diagram of LC8 interaction models. A) Model of a protein with one 

recognition motif interacting with an IDP client.  Interaction with a monovalent IDP 

results in a 1:1 complex.  Interaction with a multivalent IDP results in decoration of 

the IDP with the binding partner. B) Models of homodimeric LC8 interacting with an 

IDP client.  Interaction of LC8 with a monovalent (single site) IDP results in 

dimerization of the IDP. “In-Register” binding model for LC8 interaction with 

multivalent IDP clients. A given LC8 dimer interacts with the equivalent binding site 

on each IDP client, resulting in dimerization of the IDP client with multiple bound 

LC8’s. “Off-Register” binding model for LC8 interaction with multivalent IDP 

clients.  A given LC8 dimer interacts with non-equivalent binding sites resulting in 

the formation of dimers and higher order oligomers.  For B, only two LC8 binding 

sites are shown for clarity. 

 

In this study, we address the mechanism of assembly using a multivalent 

domain of ASCIZ containing the QT2, QT3 and QT4 recognition motifs, referred to 

as QT2-4 (Figure 3.2)59. This construct was designed to contain 1) multiple LC8 

binding sites, 2) varying linker length between motifs, and 3) the QT3 site whose 

binding to LC8 has not been directly observed. Our study provides the first evidence 

of “in-register” binding during complex assembly, and suggests a role for linker 
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lengths in modulating flexibility and LC8 occupancy in multivalent LC8/IDP 

complexes in general.  

 

 

 

Figure 3.2. Proteins used in this study. Top left panel, Ribbon diagram of LC8 

showing each monomer in the LC8 homodimer (blue and green).  Bound peptides are 

shown in red and pink.  The coordinates were obtained from PDB 2P2T. LC8 graphic 

was generated in Chimera139. Top right panel, Schematic diagram of ASCIZ showing 

the location of the LC8 binding sites and the constructs used in this study, including 

AAA variants that abolish each recognition motif one at a time. Bottom panel, Amino 

acid sequence of QT2-4.  QT2 and QT4 are shown in red.  QT3 is shown in blue.  

Core binding site residues (TQT or TMT) are indicated by grey boxes.   
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Results 

 

Complex Formation Monitored by Sedimentation Velocity Analytical 

Ultracentrifugation (SV-AUC) and Native ESI-MS 

SV-AUC analysis of the complex shows that the proteins are in a dynamic 

equilibrium at ratios of QT2-4:LC8 up to 1:3 (Figure 3.3). At a 1:1 molar ratio of 

QT2-4 to LC8, the sedimentation coefficient is shifted to ~2.9 S, larger than the ~2.5 

S observed for LC8 alone and consistent with binding to QT2-4. Higher LC8 

concentrations further shift the sedimentation coefficient towards the fully bound 

state, consistent with incorporation of additional LC8 dimers. We also note that at 

ratios of 1:2 and greater, we observe a distinct population of unbound LC8. Titrating 

with a ratio of 1:4 QT2-4:LC8 results in the formation of a fully occupied complex 

having a sedimentation coefficient of ~4.5 S. Importantly, we found that the complex 

is stable, exhibiting the same sedimentation coefficient after purification with size 

exclusion chromatography. We did not detect larger order aggregates or oligomers. 

To isolate the contribution of each binding motif to complex formation, we 

performed SV-AUC on mutant QT2-4 proteins bound to LC8 (see Figure 3.2 for the 

mutant constructs). QT2-4-AAA4 bound to LC8 exhibited a relatively narrow c(S) 

distribution with a sedimentation coefficient of ~3.2 S, lower than the LC8 saturated 

wild type QT2-4 and consistent with a lower molecular weight complex. QT2-4-

AAA3 and QT2-4-AAA2 bound to LC8 exhibited a broader c(S) profile, with 

maximum S values at ~2.8 S and ~2.7 S, respectively. Increased broadness in the c(S) 

plot suggests that the complexes formed by QT2-4-AAA3 and QT2-4-AAA2 are 

more heterogeneous than the complex formed by QT2-4-AAA4. The lower 

sedimentation coefficients are also consistent with dynamic complexes that average to 

lower molecular weight complexes when compared to wild type or QT2-4-AAA4. 
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Figure 3.3. Sedimentation velocity analytical ultracentrifugation of ASCIZ QT2-

4 bound to LC8.  Populations corresponding to free LC8 are labeled.  Experiments 

were performed at four molar ratios of WT QT2-4 to LC8.  For the highest ratio (1:4) 

data are shown with and without purification using size exclusion chromatography to 

remove excess LC8. Results for mutant QT2-4 are shown after mixing with excess 

LC8 and purification with size exclusion chromatography. The dashed line is centered 

on the main peak for the 1:1 sample. 

 

Using native electrospray ionization mass spectrometry (native ESI-MS) 

measurements of the individual protein subunits along with the mass of the 

complex(es) allows identification of complex stoichiometries for those formed by 

QT2-4 bound to LC8. Masses of monomeric QT2-4 (8645.84 ± 0.05 Da) and 
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monomeric LC8 (10638.5 ± 0.2 Da) were determined first and closely matched the 

expected masses calculated from each protein sequence (Table 3.1). Further native 

mass spectra of both QT2-4 and LC8 acquired at a series of diluted concentrations, 

(Figures A1.1 and A1.2, respectively) confirmed that QT2-4 remains monomeric 

while LC8 can form dimers in solution. 

 

Table 3.1. Expected and measured masses for all proteins and complexes identified 

by native mass spectrometry.  

 
ACCURATE MONOMER MASSES 

Protein, z+ Sequence mass (Da) Measured mass (average ± 

standard deviation, Da) 

QT2-4, 4-7+ 8592.37 8645.84 ± 0.05 

LC8, 3-7+ 10770.31 10638.52 ± 0.20 

MASSES OF QT2-4/LC8 SPECIES 

Species/Complex, z+ Expected mass (Da) 

based on measured 

masses (above) 

Measured average mass (Da) 

LC8 monomer, 3-8+ 10638.52 ± 0.20 10753 ± 2 

LC8 dimer, 8-10+ 21277.0 ± 0.4 21503 ± 1 

QT2-4 monomer + 1 LC8 dimer 29922.9 ± 0.4 30154.2 ± 0.9 

QT2-4 monomer + 2 LC8 dimers 51200 ± 1 51765 ± 8 

QT2-4 dimer + 3 LC8 dimers 81123 ± 1 81925 ± 21 

QT2-4 dimer + 4 LC8 dimers 102400 ± 2 103497 ± 15 

 

Native ESI-MS of the QT2-4/LC8 complex identified six different species, the 

associated peaks of which are labeled in Figure 3.4. Two of these six correspond to 

the LC8 monomer and dimer, which are expected to be present upon dilution of the 

reconstituted complex. The others include QT2-4/LC8 complexes with masses that 

correspond to QT2-4 monomer bound by one LC8 dimer, QT2-4 monomer bound by 

two LC8 dimers, QT2-4 dimers bound by three LC8 dimers and QT2-4 dimer bound 

by four LC8 dimers (Table 3.1). Detected complex abundances are shown alongside 

calculated Poisson probability distributions in Figure 3.4. The two smaller complexes 

of QT2-4 monomer bound by one or two LC8 dimers are detected at higher 

abundances than predicted by Poisson distributions to the lowest concentration 

studied and thus may represent complex assembly intermediates. The stoichiometry 

of the largest complexes identified were confirmed via collision-induced dissociation 

(CID). Of the two larger complexes, (QT2-4)2(LC8 dimer)3 was consistently detected 
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at higher abundance than (QT2-4)2(LC8 dimer)4. Dilutions of the purified complex (1 

µM to 100 nM) show that (QT2-4)2(LC8 dimer)3 is more stable than (QT2-4)2(LC8 

dimer)4, with the larger complex not observed at the lowest concentration (Figure 

3.4). Taken together, we consider the fully-formed complex to primarily be the more 

stable (QT2-4)2(LC8 dimer)3 complex. 

 

 

 

Figure 3.4. Native mass spectra and abundance distributions of QT2-4/LC8 

species at a concentration of 1 µM (A, B), 500 nM (C, D), and 100 nM (E, F). 

Insets in mass spectra panels (A, C, E) show the m/z 3300-6000 region of the 

corresponding mass spectrum within each panel. Peaks associated with each of the six 

species identified are labeled in the legend. Distribution panels (B, D, F) display the 

calculated Poisson probability for 0-10 protein molecules in a droplet of 100 nm 

radius (striped bars) and the experimentally detected abundances of the six QT2-

4/LC8 species (solid bars with colors matching the legend on the left). Probabilities 

and abundances in each main distribution panel were normalized to the most probable 
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or abundant state. Insets in distribution panels provide clarity for comparison of the 

relative calculated Poisson probabilities and abundances of the two largest species 

detected. For experimentally detected abundances, the six identified species are 

represented by the number of protein molecules as follows: LC8 monomer (1), LC8 

dimer (2), QT2-4 monomer + LC8 dimer (3), QT2-4 monomer + 2 LC8 dimers (5), 

QT2-4 dimer + 3 LC8 dimers (8), QT2-4 dimer + 4 LC8 dimers (10). 

 

Structural Characterization of QT2-4/LC8 Complex 

Having determined that the complex composed of two chains of QT2-4 bound 

by three LC8 dimers (mass of ~80 kDa) is the most populated and stable complex, we 

assigned its backbone resonances using triple labeled (2H, 13C, 15N) protein and a 

suite of TROSY-based 3D NMR experiments. Structural characterization of LC8 

bound to IDP with multiple LC8 binding sites using NMR spectroscopy has been 

hampered by the disappearance of resonances corresponding to residues associated 

with LC8 binding53,59,87. Overall peak attenuation is caused by a reduction in global 

tumbling time, resulting in increased relaxation. To observe these peaks, we used 

perdeuteration due to its favorable impact on T2 relaxation140. The spectrum of 

deuterated QT2-4 bound to LC8 shows that many of the QT2-4 resonances remain 

observable and the bound spectrum exhibits a large number of chemical shift 

perturbations when compared to the spectrum of unbound QT2-4 (Figure 3.5 and 

Figure A1.3). Assignments for ~78% of the backbone amide resonances of QT2-4 

bound to LC8 are shown in Figure 3.5.  
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Figure 3.5. Characterization of LC8 bound to QT2-4.  A) Assigned TROSY-

HSQC spectrum of ASCIZ QT2-4 bound to LC8.  B) (top) ΔCa-ΔCb chemical shift 

indexing for ASCIZ QT2-4 bound to LC8.  Regions of contiguous negative values 

indicate beta-strand, contiguous positive values indicate alpha helix and values near 

zero indicate disorder.  NMR based dynamics analysis of QT2-4 bound to LC8.  

Heteronuclear NOE (middle) and R2/R1 (bottom) are shown. LC8 binding sites are 

indicated by the green lines.  Gaps are due to unassigned residues or residues that 

could not be accurately fit due to overlap. C) Cross saturation transfer difference 

spectrum of ASCIZ QT2-4 bound to LC8 at 1:1 molar ratio of QT2-4 to LC8.  

Resonances that are saturated by irradiation on the LC8 appear as negative peaks 

(red). Amino acid labels correspond to residues in QT2.   

 

Chemical shift indexing of QT2-4 bound to LC8 reveals that the chemical 

shifts for the resonances corresponding to the three LC8 binding sites are 

characteristic of beta-strand structure (Figure 3.5). This observation is consistent with 

crystal structures of LC8 bound to short peptides containing an LC8 binding site, 
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where the peptide also adopts beta-strand like structure37,43,62. Residues located 

between QT3 and QT4, such as G308 and T317, exhibit chemical shifts consistent 

with a random coil and show modest or no chemical shift perturbations upon binding, 

indicating that the region between QT3 and QT4 remains unstructured and that their 

local chemical environment remains largely unchanged by LC8 binding.  

It is interesting to note that binding of the QT3 peptide to LC8 was not 

detected using isothermal titration calorimetry (ITC)59, but the QT2-4 construct binds 

LC8 with a stoichiometry of 3 and a mass consistent with binding at all three sites. 

These somewhat contradictory results raise the open question: is QT3 an LC8 binding 

site? Here we show beyond doubt that QT3 binds LC8 in the context of QT2-4 and 

adopts a beta-strand in the bound complex. We identified two glycine residues (G289 

and G292) in QT3 that undergo significant chemical shift perturbations upon LC8 

binding when compared to unbound QT2-4 (See Figure A1.3), while G308, which is 

not located in an LC8 binding site, does not undergo any chemical shift perturbation 

upon addition of LC8, confirming that changes in the spectra are at or near the LC8 

binding regions. QT3 residues T287, T293 and T295 shift significantly in the LC8 

bound spectrum, further demonstrating that LC8 interacts with QT3 in context of the 

QT2-4 construct. While QT3 lacks the canonical TQT, having TMT instead, binding 

of TMT has been previously reported36.  

 

Early Binding Events Identified by Cross Saturation Transfer Difference  

 Cross saturation transfer difference NMR141 utilized perdeuterated and 15N 

labeled QT2-4 mixed with unlabeled LC8 to probe the interface between LC8 and 

QT2-4. At a molar ratio of 1:1 QT2-4 to LC8, resonances corresponding to residues 

R278, D279, I280 and E281 showed reduced intensity by saturation on the methyl 

resonances of LC8, indicating that these residues are in close proximity to LC8. In the 

absence of LC8, the on-resonance saturation pulse did not result in saturation of any 

QT2-4 resonances, indicating that any residual protonated QT2-4 that may be present 

does not significantly influence the spectrum. Interestingly, at this molar ratio, the 

majority of residues with reduced intensity from the saturation pulse are from QT2, 
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demonstrating that, of the three binding sites in QT2-4, QT2 is most likely to be 

occupied at sub-stoichiometric LC8 concentrations (see Figure 3.5). This suggests 

that the LC8 binding sites in ASCIZ are not equivalent and that LC8 preferentially 

occupies QT2 over the other sites in QT2-4, even though the affinity for the QT2 

linear peptide is only modestly (~2-fold) tighter than the QT4 linear peptide59. Bound 

state peak intensities are generally highest in the QT2 motif at the lower LC8 ratios, 

consistent with more stable interaction at this site (Figure A1.4). 

 

Dynamics Analysis of QT2-4 Bound to LC8 

At a saturating concentration of LC8, where all three sites are fully occupied, 

R2 increases at each recognition motif while R1 decreases, consistent with increased 

apparent rotational correlation time and LC8 binding (see Figure A1.5). A plot of 

R2/R1 conveys this trend, with a dramatic increase in R2/R1 at each of the LC8 

binding regions relative to the linker (Figure 3.5). In contrast to the binding regions, 

the linker exhibits R2/R1 ratios consistent with unstructured protein. Heteronuclear 

NOE analysis confirms that all three binding regions become structured upon 

interaction with LC8, with peak intensity ratios approaching 1 (Figure 3.5). The 

linker region remains unstructured with peak intensity ratios near or below zero. 

Interestingly, the R2/R1 ratio of residues in QT2 and QT3 are similar in magnitude 

and both much larger than the R2/R1 ratio of residues in QT4. This observation 

indicates that QT2 and QT3, and the associated LC8 dimers, exhibit similar restricted 

global correlation times and likely tumble as a single unit. In contrast, the lower R2/R1 

ratio observed in QT4 suggests that the unstructured linker between QT3 and QT4 

decouples motion between these binding sites and allows QT4 to tumble 

independently of QT2 and QT3. 

 

Discussion 

 

Macromolecular complexes involving IDPs have been implicated in a wide 

range of biological processes. Key to the function of these complexes is the 
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mechanism by which they form and the overall architecture of the resulting 

complexes. Our study examined the mechanism and architecture of the complex 

formed between dimeric LC8 and multivalent QT2-4 with 3 sites of varying motif 

specificity and linker lengths separating them. We show the first evidence for 

preferential binding to one motif that drives “in-register” complex formation and 

identify both compositional and conformational heterogeneity as common features of 

LC8/ASCIZ complexes. 

 

“In-register” vs. “Off-register” Binding 

As illustrated in Figure 3.1, LC8 interacting with a multivalent binding partner 

could do so either “in-register” or “off-register”. To date, there has been little 

evidence that differentiates between these two models. Our data support “in-register” 

binding and lead to an overall binding model that is illustrated in Figure 3.6A. “In-

register” binding is consistent with our observation of a single fully bound complex in 

sedimentation velocity and a single set of resonances in the 15N TROSY NMR 

spectrum. The saturation transfer difference experiment showed that the majority of 

saturation transfer is localized to a single binding site at a low ratio of LC8 to QT2-4, 

an observation that is consistent with “in-register” binding, as “off-register” binding 

would result in saturation transfer at all of the binding sites due to lack of client site 

differentiation by LC8. Finally, native ESI-MS shows that the predominant species in 

the fully bound complex consists of two monomeric QT2-4 chains and three LC8 

homodimers, as expected from the “in-register” binding model. While other 

complexes are observed by native ESI-MS, the detected populations indicate that they 

are minor populations when compared to the “in-register” complex. Furthermore, we 

did not observe evidence for these complexes by SV-AUC, consistent with them 

being lower population states in solution when compared to the “in-register” 

complex. 
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Figure 3.6. LC8/QT2-4 complex assembly. A) Model of LC8 binding to QT2-4 

showing compositional heterogeneity.  The blue ovoids represent LC8, while the 

black lines represent QT2-4. Binding sites on QT2-4 are shown in red (QT2), cyan 

(QT3) and magenta (QT4). Binding is initiated by interaction of LC8 with QT2, 

binding to either one chain of QT2-4 or to two chains forming a duplex of QT2-4.  

Subsequent LC8 homodimers interact with the newly formed duplex.  The close 

proximity of the dimerized QT2-4 chains promote “in-register” binding.  At high 

concentrations of LC8, a stable complex is formed, with all LC8 binding sites 

occupied. B) Model of QT2-4 bound to LC8 showing conformational heterogeneity.  

The black lines represent ASCIZ QT2-4.  The red arrows indicate the extent of 

motion imparted by the disordered linkers.  Motion between QT2 and QT3 is 

relatively modest due to the short linker and increase steric constraint between LC8 

dimers.  Motion between QT3 and QT4 is larger due to the conformational freedom 

provided by the long disordered linker. C) Atomistic model of the relative motional 

freedom of QT2-4.  Models aligned on LC8 bound to QT3.  Blue shaded area 

emphasizes the freedom of QT2, red shaded area emphasizes the freedom of QT4. 

The model was generated by fixing the interaction motif and LC8 coordinates to 

those observed in pdb file 2P2T and performing molecular dynamics in XPLOR-NIH. 

The model is an illustration of the possible variation in motion between binding sites, 

not an explicit ensemble structure. 
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The R2/R1 data also support “in-register” binding. If binding were “off-

register” each LC8 monomer would bind a different LC8 site on QT2-4, resulting in 

linkers of differing length between each LC8 dimer. In turn, this is expected to give 

rise to similar R2/R1 values for each binding site, as motion between each binding site 

would be the result of a mixture of the different possible binding modes. Instead, we 

see different R2/R1 behavior for QT2 and QT3, vs QT4, as predicted for “in-register” 

binding.  

“In-register” binding of stable complexes is observed with electron 

microscopy (EM). Negative stain EM on the cytoplasmic pore filaments of the 

nuclear pore complex from yeast shows a rigid, ladder like assembly of the light 

chain, Dyn2 (LC8 in yeast), supporting “in-register” binding142. Another recent cryo-

EM structure of the dynein-2 complex suggests that LC8 forms a complex that is 

architecturally similar to an “in-register” complex, having the same ladder-like 

structure, despite significant sequence differences in the binding motifs143. With 

negative stain EM, it is only possible to image LC8 and not the IDP partner and 

therefore “in-register” binding is inferred and not directly observed. Our work 

presents direct evidence that LC8 preferentially binds at one site and forms “in-

register” complexes with multivalent ASCIZ QT2-4. 

 

Step-wise Dynamic Binding 

We propose a step-wise model for LC8 interaction with multivalent ASCIZ 

QT2-4 that is initiated at the QT2 site of highest affinity, as determined from 

saturation transfer, dimerizing the client protein and orienting the client for “in-

register” binding (Figure 3.6A). Subsequent addition of LC8 is supported by the close 

proximity of the dimerized chains, with weaker binding sites, such as QT3, 

experiencing enhanced affinity from nearby LC8 interaction. Previous studies on 

model systems have shown that tethering recognition motifs to binding proteins 

enhances the interaction by increasing the effective concentration144,145. LC8 affinity 

enhancement due to bivalency has been fully characterized when other light chains 
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interact with a nearby site81. Additional intermediate complexes having only a single 

QT2-4 chain are also possible, as indicated by our native ESI-MS data. 

Interestingly, while LC8 initiates binding to QT2-4 by interacting with QT2, 

subsequent interaction with the other sites appears to be more complicated. We note 

that the fully bound complex between QT2-4 and LC8 is stable and does not rapidly 

dissociate, indicating that the overall off-rate must be slow. Importantly, if a stable 

fully bound complex is formed, we would expect to detect the complex in SV-AUC, 

as the overall off-rate would be slow on the sedimentation timescale. However, we do 

not observe the fully bound complex in the 1:3 or lower ratio complexes, suggesting 

that the fully bound complex is not formed until high levels of LC8 are present.  

The exact nature of the intermediates remains to be fully determined, but our 

results provide additional insight. SV-AUC analysis of the binding motif mutants 

show that each site does not contribute equally to overall complex formation. In QT2-

4-AAA4, the presence of QT2 and QT3 supports formation of a stable complex, 

consistent with increased occupancy of the binding sites. This result indicates that 

close proximity between QT2 and QT3 enhances binding at QT3. In contrast, 

mutation of either QT2 or QT3 results in a dynamic mixture of complexes with 

average lower molecular weight. Taken together, these results provide evidence that 

linker length plays an important role in multivalent interactions with a longer linker 

resulting in complexes with more heterogeneous dynamic equilibrium. 

The sedimentation coefficients for the mutant QT2-4 proteins bracket the wild 

type QT2-4 sedimentation coefficient at the 1:1 ratio, suggesting that wild type QT2-

4 bound to LC8 at the 1:1 ratio is a mixture of complexes that averages between one 

and two LC8 homodimers bound to QT2-4. The complexes could consist of a mixture 

of LC8 bound at any of the binding sites, but QT2 is likely more stably occupied 

based on the saturation transfer results. In the context of the full length ASCIZ, we 

also observe a complex dynamic set of intermediates, which tune ASCIZ transcription 

activity, rather than behaving like a simple on/off switch59. A set of partially occupied 

stable complexes also observed in the shorter QT2-4 confirms that a dynamic 
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complex of multiple partially occupied LC8/ASCIZ complexes is a feature of ASCIZ 

and possibly other multivalent partners. 

 

Complex Flexibility 

In addition to the compositional heterogeneity that is observed during the 

titration, the fully occupied LC8/QT2-4 complex has significant conformational 

heterogeneity, as it is a mixture of flexible and rigid regions, illustrated in Figure 

3.6B and C. The short linker between QT2 and QT3 greatly constricts the overall 

motion between LC8 homodimers bound at these locations, as inferred from the large 

R2/R1 values, and forces them to behave as a unit. The long disordered linker between 

QT3 and QT4 enables QT4 to move more freely with respect to QT3 and QT2. Thus, 

differences in disordered linker length dictate the relative conformational freedom of 

the complexes formed by multivalent LC8 binding proteins. Finally, the increased 

rigidity at QT2 and QT3 may further support “in-register” binding by limiting 

interactions between sites flanking the QT2 and QT3 unit. Results with the Rabies 

virus protein, RavP, also show that LC8 binding can alter the conformational space 

sampled by a protein, and limit interactions between sites separated by LC855. With 

Nup159, LC8 binding forms a rigid structure that is proposed to enhance the 

cytoplasmic accessibility of Phe-Gly repeats to nuclear transport proteins. Nup159 

has short disordered linkers separating the LC8 binding sites, similar to the linker 

between QT2 and QT3 in QT2-4, and thus would have similar restricted mobility. In 

contrast to Nup159, QT2-4 retains IDP-like behavior in the region between QT3 and 

QT4, suggesting that LC8 bound ASCIZ would not adopt a fully rigid structure. 

Therefore, the mechanism of action for ASCIZ does not rely on formation of a fully 

rigid structure, as is the case with Nup159, and this added flexibility could offer 

another layer of regulatory control that contributes to the buffered transcriptional 

activity observed for ASCIZ. 
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Conclusions 

Here we show that binding of LC8 to a multivalent partner results in 

formation of an “in-register” complex. Such “in-register” binding guides the 

formation, structure and function of higher order complexes. The dynamic behavior 

of multivalent LC8 complexes is linked to the binding affinity of the individual sites 

and the length of the intervening disordered linkers. Longer disordered linkers 

introduce increased flexibility between regions with bound LC8, resulting in both 

compositional and conformational heterogeneity, while shorter linkers can lead to 

enhanced binding of nearby weaker sites and reduced flexibility in the complex. The 

combination of motif affinity and specificity, along with variation in disordered linker 

length in a multivalent partner, is a promising emerging mechanism for an exquisitely 

tunable system of binding and regulation. We anticipate this mechanism to be general 

across many biological processes, given the growing number of multivalent LC8 

client proteins and the essential role of LC8 in nearly all cellular functions. 

 

Experimental Procedures 

 

Cloning, Protein Expression and Purification 

Cloning of Drosophila ASCIZ QT2-4 (ASCIZ residues 271-341) (Figure 3.2) 

with various mutations of recognition motifs was performed using QuickChange 

Lightening Mutagenesis kit (Agilent). Resulting constructs verified by sequencing are 

QT2-4-AAA2, QT2-4-AAA3, and QT2-4-AAA4 where the number indicates the LC8 

recognition motif whose TQT was replaced with AAA and thus has lost binding at 

this particular site. Proteins were expressed and purified according to previously 

published procedures59. For perdeuteration, Escherichia coli Rosetta DE3 cells, 

transformed with a pET2Zt2-1a vector with a sequence encoding QT2-4, were grown 

in Luria Broth prepared in 99.9% D2O overnight. Modified M9 minimal media 

prepared with 99.9% D2O was inoculated from the overnight culture. 13C and 15N 

were supplied with uniformly labeled 2H-13C-glucose (0.01 M) and 15N ammonium 

chloride (0.02 M), respectively. Cultures were grown at 37° C to an optical density of 
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0.6 at 600 nm, induced by adding IPTG to a final concentration of 0.4 mM, and 

harvested after 6 hours of induction. Proteins were purified under denaturing 

conditions using TALON His-Tag Purification protocol (Clontech), then dialyzed into 

20 mM Tris-HCl, 5 mM β-mercaptoethanol, 1 mM sodium azide, pH 8.0 affinity tag 

cleavage buffer. Complete cleavage of the His-Tag required incubation with in-house 

produced His-tagged TEV protease (1:100) for 4 hours at room temperature and 

confirmed on SDS-PAGE. Further purification using anion exchange Macro-Prep 

High Q Support resin (Bio-Rad, Hercules, California) was followed by size exclusion 

chromatography on a Superdex 75 column (GE Healthcare) in a buffer composed of 

20 mM Tris-HCl, 50 mM NaCl, 5 mM β-mercaptoethanol, 1 mM sodium azide, pH 

7.5 yielded protein with >95% purity as determined by SDS-PAGE. Protein 

concentrations were determined by absorbance measurements at 280 nm with 

extinction coefficients for LC8 of 14,440 M-1 cm-1 and QT2-4 of 2,980 M-1 cm-1. 

When estimating a concentration for SEC purified complexes, absorbance at 280 nm 

was still used along with the assumption that the majority of formed complex in 

solution followed the expected stoichiometry of 1:3 (QT2-4 monomer: LC8 dimer) 

and that very little excess of either free protein would be present.  

 

Analytical Ultracentrifugation  

Sedimentation velocity analytical ultracentrifugation (SV-AUC) was 

performed using a Beckman Coulter Optima XL-A analytical ultracentrifuge, 

equipped with absorbance optics. LC8 was mixed with QT2-4 at ratios of 1:1, 1:2, 1:3 

and 1:4 (molar ratio of QT2-4:LC8). An additional sample of QT2-4 was mixed with 

LC8 at a 1:4 molar ratio then re-purified using gel filtration chromatography on a 

Superdex 200 column (GE Healthcare). SV-AUC of the QT2-4 AAA complexes was 

performed on reconstituted complexes purified by gel filtration chromatography. The 

concentration of protein complex in the final samples was estimated to be 10 µM. 

Buffer conditions for SV-AUC analysis were 20 mM Tris-HCl, 50 mM NaCl, 5 mM 

Tris(2-carboxyethyl)phosphine, 1 mM sodium azide, pH 7.5. The complexes were 

loaded into standard, 12 mm pathlength, 2-channel sectored centerpieces and 
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centrifuged at 42,000 rpm and 20° C. 300 scans were acquired at 280 nm with no 

interscan delay. Data were fit to a c(S) distribution using the software SEDFIT146. 

Buffer density was calculated to be 1.0009 g/ml using Sednterp147. 

 

Native Electrospray Ionization Mass Spectrometry (Native ESI-MS) 

 Purified samples of the individual proteins (QT2-4 and LC8) and of the QT2-

4/LC8 complex were flash-frozen in liquid nitrogen and stored at -80 °C until further 

use. A 50 µL aliquot of each sample was buffer exchanged into 200 mM ammonium 

acetate, pH 7.50, using Micro Bio-Spin™ columns (Bio-Rad Laboratories, Inc.). All 

native mass spectra were collected using a Waters Synapt G2-Si time-of-flight mass 

spectrometer with a nanoelectrospray ionization (nanoESI) source. A volume of 3-5 

µL of sample was loaded into borosilicate capillaries (i.d. 0.78 mm) pulled to a fine 

tip using a Flaming-Brown P-97 micropipette puller (Sutter Instruments). A platinum 

wire was placed in electrical contact with the solution, and a voltage of +0.5-0.7 kV 

was applied to the wire to initiate electrospray. Data were acquired with the source at 

ambient temperature, Trap collision energy at 10 V, Transfer collision energy at 5 V, 

and Trap gas flow at 10 mL/min. A sampling cone with a small aperture and backing 

pressure of 1.37 mbar was used in all experiments, and the sampling cone was 

operated at 25 V (for accurate mass determination), and 50 V (for complex dilution 

series). Spectra shown were generated by summing data scans collected over 1 min 

(accurate mass) or 7 min (complex dilution series). A mass calibration profile was 

generated using cesium iodide clusters prior to acquiring data for accurate mass 

determination. Complex stoichiometry of the two largest complexes identified was 

confirmed via collision-induced dissociation (CID) and detected abundance 

distributions of QT2-4/LC8 complexes were assessed in the context of Poisson 

probability distributions148. In addition to acquiring data of  individual proteins at an 

initial concentration of 25 µM and of the mixed sample (QT2-4/LC8) at 1 µM, 

spectra were also acquired for a dilution series of each sample at 10 µM and 1 µM 

(individual proteins ), 500 nM, 100 nM, and 10 nM (individuals and complex). 

Poisson probabilities of observing 0 to 10 protein molecules as non-specific 
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oligomers were calculated for each of these concentrations using a droplet diameter of 

200 nm. Mass spectral peaks were fitted to Gaussian distributions using IGOR Pro, 

and the resulting areas of each species’ charge state peaks were summed to determine 

abundances for each different species observed. Oligomers and complexes detected 

with relative abundances well above those expected for non-specific, Poisson-like 

association occurring during the nanoESI process were determined instead to 

originate in solution. 

 

NMR Experiments 

NMR experiments were carried out on an 800 MHz Bruker Avance III HD 

NMR spectrometer equipped with a 5 mm triple resonance (HCN) cryogenic probe. 

All NMR data on the complex were collected at 40° C, as this led to the best overall 

spectrum of the complex. NMR samples were prepared in 10 mM sodium phosphate, 

10 mM NaCl, 1mM sodium azide, 10 mM Tris(2-carboxyethyl)phosphine, pH 6.5 

buffer at a final QT2-4 concentration of 0.5 mM. Samples also contained a protease 

inhibitor mixture (Roche Applied Science, Madison, WI), 10% D2O, and 0.2 mM 2–2 

dimethylsilapentane-5-sulfonic acid for 1H chemical shift referencing. Backbone 

assignments were obtained using a suite of three-dimensional NMR experiments, 

including HNCA, HNCACB, HNCOCACB, HNCO, and HNCACO. All three-

dimensional experiments used TROSY, deuterium decoupling, and non-uniform 

sampling (NUS). Recycle delays were set to 2.5 s for all experiments except HetNOE, 

which used a recycle delay of 8 s. For the saturation transfer difference 

experiments141, saturation was applied during the relaxation delay of a 2D 15N-

TROSY-HSQC for 4 s using a 50 ms gaussian pulse with a B1 field strength of 50 Hz. 

On resonance and off resonance saturation was applied at 0.7 ppm and -40 ppm 

respectively. Subtraction of the on and off resonance spectra is incorporated into the 

phase cycle. T1 and T2 experiments incorporated temperature compensation. 

Relaxation delay times for the T1 experiments were 0.02, 0.06, 0.1, 0.2, 0.4, 0.6, 0.8, 

and 1.2 s. Relaxation delays times for the T2 experiments were 0.0169, 0.0339, 

0.0509, 0.0678, 0.0848, 0.1357, 0.1696, 0.2374 s. Triplicate time points were 
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collected in T1 and T2 experiments for error estimation. NMR data were apodized, 

zero-filled, Fourier transformed, phased, and baseline corrected using nmrPipe118. 

Data were apodized with a shifted sine squared function and zero filled to twice the 

original size. Artifacts from NUS data collection were removed using SCRUB121. 

Data were visualized and analyzed in nmrviewJ or CARA120. Chemical shift indexing 

was performed using the ΔCα-ΔCβ method149,150. 
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Abstract 

 

The ubiquitous hub protein, LC8, is known to bind over 100 different intrinsically 

disordered protein (IDP) partners involved in a wide variety of cellular functions.  

LC8/IDP complexes commonly form as duplex scaffold assemblies and cases 

continue to emerge in which the IDP ligand contains multiple binding sites for LC8. 

Although the LC8 binding motif has been well characterized, properties surrounding 

the context of these multivalent binding sites are not fully understood. Variability in 

both motif specificity and linker lengths separating motifs are well represented in 

Drosophila ASCIZ, especially within a subdomain termed QT2-4. Serving as a model 

system, past studies utilizing QT2-4 provided the first evidence of in-register binding 

during LC8/IDP complex assembly and showcased the role that linker length plays in 

modulating the flexibility of such complexes. Work presented here expands on these 

results determining how the interplay of linker length and motif specificity regulate 

the propensity and compositional heterogeneity of dynamic, multivalent LC8 

duplexes. We show that a short linker between sites results in stable LC8/IDP duplex 

assemblies that are readily formed in solution compared to constructs with longer 

linkers that have a greater propensity for the formation of single chain complexes. 

Comparison of constructs with similar linker lengths, but variability in motif 

specificity emphasize that both properties regulate IDP/LC8 complex assembly.   
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Introduction 

 

 Recognition of the prevalence of intrinsically disordered proteins and protein 

regions (IDPs/IDRs) and their roles as biologically active proteins has rapidly grown1. 

IDPs and IDRs are characterized by low sequence diversity, a lack of hydrophobic 

residues, an abundance of charged residues, and areas of sequence repeats. Due in 

part to their high charge state, as well as their abundance of short linear binding 

motifs, disordered regions are promiscuous in their binding interactions, and facilitate 

the formation of many large, complex protein assemblies8. IDPs/IDRs are also 

extremely functionally diverse, and in addition to their structural plasticity and 

dynamic conformational flexibility, they often interact with their binding partners 

multivalently.  

 Compared to monovalent interactions, in which ligands bind a single location 

of a partner, multivalent interactions involve linked associations of ligands binding to 

multiple sites16–18. Multivalent IDP assemblies are considered to belong to one of the 

following groups; binary complexes, IDP single chain scaffolds, IDP duplex 

scaffolds, higher order IDP associations, and IDP multi-site collective binding 

ligands17. Of focus in this work, assemblies termed “duplex scaffolds” are composed 

of two IDP chains connected by one or more bivalent partners with two symmetrical 

binding sites and/or by self-association interactions within the chain16,17. Cases in 

which the same dimeric ligand binds multiple sites across disordered chains are 

incredibly common for partners of the hub protein, LC8 (Figure 4.1)17,49,131.  
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Figure 4.1. LC8 dimer, binding motif, and multivalent assembly. A) Ribbon 

diagram of the LC8 dimer showing each monomer (light and dark green) bound to 

disordered peptides (pink and red) that adopt β-strand structure upon binding in 

LC8’s binding groove (Protein Data Bank code 2P2T). B) amino acid enrichment for 

each position within the LC8 binding motif. The TQT anchor is boxes in gray. C) A 

model depicting duplex complex assembly of a multivalent IDP and LC8. Both in-

register and off-register conformations are shown.   

  

Within the LC8 homodimer, two symmetrical binding grooves are housed that 

allow for LC8’s primary function as a dimerization engine of its intrinsically 

disordered (or regions thereof) binding partners (Figure 4.1A)17,18,45. Out of LC8’s 

over 100 confirmed partners, IDPs preforming functions such as intracellular 

transport51,52, nuclear pore formation53, viral interactions54–56, and transcription57–60 

are represented. LC8 partner proteins share a short (8 amino acid) linear recognition 

motif that mediate their binding to LC855. The binding motif contains some level of 

variation, however is typically anchored by a threonine-glutamine-threonine (TQT) 

sequence (Figure 4.1B)43. Although it is common for LC8 partners to contain multiple 

LC8 binding motifs, one extremely unique example is the transcription factor, ASCIZ 

(ATMIN-Substrate Chk-Interacting Zn2+ finger)38,58, that has an astonishing 11 LC8 

recognition motifs in its human version59.  
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 Prior in vivo and biophysical studies have characterized ASCIZ functionally 

as a regulator of the cellular concentrations of its own gene product, LC857,61,70. 

ASCIZ is thought to act as a sensor that fine-tunes LC8 transcription by interacting 

with LC8 via a dynamic ensemble of low occupancy bound complexes59.  Drosophila 

(7 LC8 sites) and human ASCIZ studies, show that ASCIZ/LC8 interactions display 

both positive and negative cooperativity. Also, unlike Nup159 from yeast, (5 LC8 

binding sites) ASCIZ does not form rigid stacked complexes but instead more 

heterogenous complexes by negative-stain EM analysis59. Such heterogeneity may be 

due to the disordered linkers between LC8 binding sites in ASCIZ that vary 

considerably in length (3 to 30 residues). Unique to Drosophila ASCIZ, one of the 

LC8 binding motifs contains a TMT rather than the canonical TQT anchor (Figure 

4.2). A multivalent domain of Drosophila ASCIZ, termed QT2-4 for containing the 

second, third, and forth LC8 binding sites, serves as a model system of study as this 

construct contains both the shortest and longest linker lengths between sites and 

variability in LC8 motifs (Figure 4.2). Our recent studies utilizing QT2-4 provided 

the first evidence of in-register binding during LC8/IDP complex assembly and 

suggested that linker length plays a role in modulating the flexibility and LC8 

occupancy in multivalent LC8/IDP complexes in general60. Work presented here 

expands on these results with special attention to the interplay of linker length and 

motif specificity in the regulation of dynamic, multivalent LC8 complexes.    
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Figure 4.2. ASCIZ domain architecture and constructs. A) Schematic diagram of 

full-length Drosophila ASCIZ with LC8-binding sites denoted. B) The constructs 

used in this study including the wild type QT 2-4 (top) and AAA variants that 

systematically abolish either one (left) or two (right) LC8 recognition motifs from QT 

2-4 at a time. Construct nomenclature denotes the binding sites present in each 

construct. C) Amino acid sequence of each construct is shown with the QT2 and QT4 

binding shown in red and QT3 shown in blue. Anchor binding site residues (TQT or 

TMT) are boxed and are listed as AAA when mutated. 
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Results 

 

Thermodynamics of QT2-4 Single Site Constructs Interactions with LC8 

  Previous experiments have documented the binding affinity of QT2-4 and 

LC8 with a Kd ~ 5 µM (reproduced here in Figure 4.3A) and explored the binding 

affinities of each LC8 binding motif in QT2-4 individually using short peptide 

sequences151. Here, we created three mutant constructs (QT2, QT3, and QT4) in 

which two out of three native LC8 recognition motifs in the QT2-4 construct were 

abolished by replacing the three TQT anchor residues with AAA, so that each binding 

site could be studied individually, but also in the context of the longer, disordered 

chain (Figure 4.2B).  

ITC experiments of QT2 (Figure 4.3B) and QT4 (Figure 4.3D) with LC8 yield 

modest dissociation constants (Kd) of 9.3 µM and 15.4 µM respectively. The 

similarity of these dissociation constants is expected as the QT2 and QT4 LC8 

binding sites share the canonical TQT motif anchor, and the slight affinity preference 

for the QT2 site supports previous results that indicate the site as the first to bind in 

the context of QT2-4152.  As expected, the interaction of QT3 with LC8 (Figure 4.3C) 

yields a much weaker binding affinity (Kd of 35.6 µM) supporting previous data151. 

Interestingly, the ΔH and TΔS values for QT4 (-16.1 and -9.5 kcal/mol) vary from 

those recorded for QT2 (-10.7 and -3.9 kcal/mol) and QT3 (-8.4 and -2.3 kcal/mol). 

Especially when compared to QT2, the ΔH and TΔS variability seen for QT4 suggests 

that the composition of the motif outside of the TQT anchor and/or the distance the 

center of the anchor lies from the closest terminus, 9 versus 15 residues for QT4 and 

QT2, respectively, impact the thermodynamics of LC8 binding. In all cases, the ΔG 

values are between -6 and -7 kcal/mol (Table 4.1). 
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Figure 4.3. LC8-ASCIZ interactions monitored by ITC. A-G) Representative 

thermograms of the titration of LC8 into QT constructs corresponding to WT QT2-4 

(A), the single-site constructs QT2 (B), QT3 (C), and QT4 (D), and the double site 

constructs QT2,3 (E), QT3,4 (F), and QT2,4 (G). Data were fit to a single site 

bonding model using Origin software. 
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Table 4.1. Thermodynamic parameters of the QT-LC8 interactions. 

  

Construct N 
Overall 

Kd (µM) 

Overall ΔH 

(kcal/mol) 

Overall TΔS 

(kcal/mol) 

Overall ΔG 

(kcal/mol) 

QT 2-4 2.7 4.8 ± 0.2 -13.9 ± 0.7 -6.6 ± 0.3 -7.3 ± 0.4 

QT 2 1 9.3 ± 0.5 -10.7 ± 0.5 -3.9 ± 0.2 -6.9 ± 0.3 

QT 3 1 35.6 ± 2 -8.4 ± 0.4 -2.3 ± 0.1 -6.1 ± 0.3 

QT 4 1 15.4 ± 0.8 -16.1 ± 0.8 -9.5 ± 0.5 -6.6 ± 0.3 

QT 2,3 1.9 6.3 ± 0.3 -9.2 ± 0.5 -2.1 ± 0.1 -7.1 ± 0.4 

QT 3,4 1 5.0 ± 0.3 -13.2 ± 0.7 -6.0 ± 0.3 -7.2 ± 0.4 

QT 2,4 1.4 1.8 ± 0.1 -13.2 ± 0.7 -5.4 ± 0.3 -7.8 ± 0.4 

 

 

Thermodynamics of QT2-4 Double Site Constructs Interactions with LC8 

ITC experiments using the double site QT2-4 constructs (QT2,3, QT3,4, and 

QT2,4) (Figure 4.2B) were applied to identify how abolishing each individual LC8 

binding motif, one at a time, impacts binding of the overall construct (Figure 4.3E-G). 

Since each construct has at least two available LC8 binding motifs, and all display a 

single binding step, the reported Kd and stoichiometry values are effective values 

representing overall binding of assembly formation (Table 4.1).  

When abolishing any of the three LC8 recognition motifs the binding 

stoichiometry expectedly decreases compared to that of the wild-type QT2-4 

construct, however differences between the mutants were observed (Figure 4.3, Table 

4.1). When abolishing the QT4 site (QT2,3) the N value drops to 1.9, indicating that 

binding is still occurring at the QT2 and QT3 sites (Figure 4.3E). Interestingly, when 

abolishing either QT2 or QT3 (QT3,4 and QT2,4) the N value decreases even further. 

In the case of QT3,4, the overall stoichiometry decreases to 1.0, suggesting that only 

a single LC8 motif is binding (Figure 4.3F).  This aligns well with previous data that 

indicated QT3 binding to be weak and cooperative with QT2151,152. It is likely that 

without the binding of QT2, QT3 is simply unable to bind under these conditions. 

QT2,4/LC8 binding does not support that the reverse is true however, as an overall 

stoichiometry of 1.4 was seen, indicating that on average between 1 and 2 LC8s are 

binding per QT2,4 monomer (Figure 4.3G).   
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Overall binding affinities of the double site constructs are all stronger than 

those measured for the single sites, indicating that each combination of double sites is 

binding cooperatively (Table 4.1). However, dissociation constants do vary between 

the constructs, and most notably, for the QT2,4/LC8 interaction. It appears that by 

removing the weakest binding site, the construct binds with the greatest affinity (Kd = 

1.8 µM) (Fig 4.3G, Table 4.1).  

 

Complex formation monitored by sedimentation velocity analytical 

ultracentrifugation (SV-AUC)  

 To further identify the possible heterogeneity of formed complexes between 

the QT2-4 double site constructs and LC8, we used SV-AUC to track QT/LC8 

complex assembly. SV-AUC analysis of the double site constructs in complex with 

LC8 show that the proteins are in dynamic equilibrium at molar ratios of QT:LC8 up 

to 1:3 (Figure 4.4) and that the final complexes formed at saturating LC8 conditions 

vary in their sedimentation coefficients. Complexes formed with QT3,4 have 

sedimentation coefficients of ~2.5, ~3.75, and ~4 S at ratios of 1:1, 1:2, and 1:3 

respectively (Figure 4.4A). Complexes formed with QT2,4 have sedimentation 

coefficients of ~2.75, ~4, and ~4 S across the increasing ratios of LC8 (Figure 4.4B). 

Finally, complexes formed with QT2,3 have sedimentation coefficients of ~3.25, 

~3.5, and ~3.75 S (Figure 4.4C).  

The sizeable shift in sedimentation coefficient for QT3,4 complexes between 

the ratios of 1:1 and 1:2 is indicative of the difference between binding 1 versus 2 

LC8 dimers, while the much smaller shift between the ratios of 1:2 and 1:3, coupled 

with the large excess LC8 peak (~2.5 S), likely correspond to shifting the equilibrium 

such that a fully bound complex with 2 LC8 dimers is favored (Figure 4.4A). 

Complex formation appears accelerated for QT2,3 as at the lowest ratio of LC8, the 

largest sedimentation coefficient is seen. Furthermore, even though the complex peak 

for QT2,3/LC8 at the 1:2 ratio has a slightly smaller sedimentation coefficient than 

those seen for QT3,4 and QT2,4, the peak is more well defined from the free LC8 

peak (Figure 4.4C). Together, these results indicate that QT2,3 and LC8 form less 

heterogeneous complexes that are in less of a dynamic equilibrium. Conversely, the 
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broadest peak with the worst definition between complex and LC8 peaks is seen for 

QT2,4 at the 1:2 ratio, indicating more complex heterogeneity (Figure 4.4B). These 

results compare well to the difference in linker lengths in each construct, with QT2,3 

having a very short linker between the available binding sites and QT2,4 having the 

longest linker between binding sites. We did not detect larger order aggregates or 

oligomers in any of the experiments for any construct.  

 

 

 

Figure 4.4. Sedimentation velocity analytical ultracentrifugation of double site 

ASCIZ constructs bound to LC8. SV-AUC titrations of QT3,4 (A), QT2,4 (B), and 

QT2,3 (C) with LC8 at three separate molar ratios of QT:LC8 (1:1, 1:2, 1:3). When 

applicable, populations corresponding to free LC8 are labeled. The dashed line is 

centered on the complex peak with the lowest sedimentation coefficient for each 

molar ratio.  

 

Complex formation monitored by native ESI-MS 

 Using native electrospray ionization (ESI)-MS, measurements of the 

individual protein subunits along with the masses of coordinating QT/LC8 complexes 

allows for identification of complex stoichiometries for those formed by the double 

site QT constructs. These experiments are very similar to those used previously to 

study the complex formation of QT2-4 with LC8152. As was observed previously, 

accurate mass determination for LC8 and the QT constructs match closely with the 
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expected masses calculated from each protein sequence (Table 4.2) and upon 

conducting a dilution series, QT3,4, QT2,4, and QT2,3 remain monomeric while LC8 

is dimeric in solution.  

 

Table 4.2. Expected and measured masses for all proteins and complexes identified 

by native ESI-MS 

Protein Charge states 
Sequence mass 

(Da) 

Measured mass 

(average ± s.d., Da) 

LC8 6-10+ 10639.11 10638.75 ± 0.04 

QT2,3 3-7+ 8475.26 8452.77 ± 0.07 

QT2,4 4-7+ 8472.2 8510 ± 1 

QT3,4 3-7+ 8475.26 8452.47 ± 0.27 

Species/complex Charge states 
Expected mass 

(Da) 

Measured mass 

(average ± s.d., Da) 

LC8 monomer 6-9+ 10638.75 ± 0.04 10638.82 ± 0.04 

LC8 dimer 8-11+ 21277.51 ± 0.07 21278.3 ± 0.5 

LC8 tetramer 11-14+ 42555.01 ± 0.15 42558 ± 2 

QT3,4 monomer 5-7+ 8452.5 ± 0.3 8452.4 ± 0.5 

QT3,4 monomer + LC8 dimer 9-13+ 29729.98 ± 0.28 29732.52 ± 0.21 

QT3,4 monomer + 2 LC8 dimers 13-16+ 51007.49 ± 0.31 51013 ± 7 

QT3,4 dimer + 2 LC8 dimers 13-20+ 59460.0 ± 0.6 59464 ± 16 

QT3,4 dimer + 3 LC8 dimers 16-20+ 80737.5 ± 0.6 80766 ± 20 

QT2,4 monomer 5-7+ 8510 ± 1 8508 ± 6 

QT2,4 monomer + LC8 dimer 9-13+ 29788 ± 1 29788.1 ± 0.2 

QT2,4 monomer + 2 LC8 dimers 15-18+ 51065 ± 1 51073 ± 4 

QT2,4 dimer + 2 LC8 dimers 14-21+ 59576 ± 2 59576 ± 21 

QT2,4 dimer + 3 LC8 dimers 16-20+ 80853 ± 2 80854 ± 11 

QT2,3 monomer 5-7+ 8452.77 ± 0.07 8452.63 ± 0.3 

QT2,3 monomer + LC8 dimer 10-12+ 29730.28 ± 0.10 29732.01 ± 0.33 

QT2,3 monomer + 2 LC8 dimers 12-16+ 51007.78 ± 0.16 51036 ± 22 

QT2,3 dimer + 2 LC8 dimers 13-20+ 59460.56 ± 0.20 59510 ± 31 

QT2,3 dimer + 3 LC8 dimers 15-20+ 80738.06 ± 0.26 80804 ± 54 

 

Further native mass spectra acquired for samples of LC8 mixed in a 2:1 molar 

ratio with each QT2-4 double site construct identified the same complex 

stoichiometries with LC8 (Table 4.2, Figure 4.5). The four detected complex 

stoichiometries correspond to one LC8 dimer bound to a single QT subunit (1:2 

QT:LC8), two LC8 dimers bound to a single QT subunit (1:4), two LC8 dimers 

bound to two QT subunits (2:4), and three LC8 dimers bound to two QT subunits 
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(2:6). These results mimic those determined for wildtype QT2-4/LC8 complexes, as 

both the expected “in-register” complex (2:4) and an “off-register” complex (2:6) are 

present. Of note, in-register complexes are always detected at a greater abundance 

than the off-register complex, for all QT double site constructs, and the persistence of 

the in- and off-register complexes at low concentrations indicates they are both 

native, rather than spurious, complexes (Figure 4.5).  

 

 

 

Figure 4.5. QT/LC8 complex species and abundance distributions determined by 

ESI-MS. Native mass spectra of A) QT3,4 (blue), B) QT2,4 (red), and C) QT2,3 

(gray) at 25 µM are shown with individual and complex species labeled. The 

abundancy distributions of species detected at 25 µM (D-F) and 5 µM (G-I) are 

shown. 

 

While QT3,4, QT2,4, and QT2,3 all form the same complex stoichiometries 

with LC8, there are slight differences with respect to their relative detected 

abundances and abundances upon dilution (Figure 4.5D-I). Considering only the four 

hetero-oligomeric complexes detected, the 2:4 in-register complex is the most 

abundant species formed by QT2,3 with LC8 at nearly all concentrations studied 

(Figure 4.5F and I). By contrast, for both QT2,4 and QT3,4, the intermediate 1:2 
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complex is the most abundant species detected across all total protein concentrations 

tested (Figure 4.5D-E and G-H). In general, the off-register 2:6 complex is detected at 

a low abundance for all three double site constructs. Together, these results suggest 

that the complexes formed by QT2,3 are more stable than those formed by QT2,4 or 

QT3,4. This is in alignment with QT2,3 containing the shortest linker between 

binding sites and echoes the ITC and SV-AUC results presented above.  

The QT/LC8 species identified with native ESI-MS also provide evidence for 

the general mechanism of complex formation. First, an LC8 dimer binds to a single 

QT subunit, forming the 1:2 complex. This is followed by binding a second LC8 

dimer, resulting in a 1:4 complex. Finally, a second QT strand is recruited to form the 

expected in-register 2:4 complex. Misalignment of the second QT strand would allow 

a third LC8 dimer to bind, resulting in an off-register 2:6 complex. These data would 

also support a model whereby the second QT strand is already bound by an LC8 

dimer before binding to the intermediate complex in an off-set manner. It is also 

possible that some proportion of the 2:4 complex population could also represent the 

binding of two 1:2 complexes, rather than being formed by sequential binding of LC8 

dimers to a single QT subunit. This mechanism of assembly and the ensemble of 

complexes formed by the QT double site constructs are depicted in Figure 4.6.  

 

 

Figure 4.6. Ensemble models of complex species detected for LC8/QT double site 

constructs. Two monomeric chains of each QT double site construct are shown (far 

left) with QT2 (red), QT3 (blue), and QT4 (pink) sites color coded. Upon addition of 

LC8 (green) complexes with 1:2, 1:4, 2:4, and 2:6 stoichiometry form. Models for 

each construct at each complex stoichiometry are shown, with the most abundant 

complex species for each QT construct boxed. 
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Discussion 

 

LC8 commonly forms duplex scaffold assemblies with its many multivalent IDP 

partners17,49,131 and cases in which the IDP ligand contains multiple binding sites for 

LC8 continue to emerge. However, the properties surrounding the context of 

multivalent LC8 binding sites are not fully understood. Variability in both motif 

specificity and linker lengths between motifs are well represented in Drosophila 

ASCIZ, especially within the QT2-4 subdomain. Serving as a model system of study, 

this construct contains both the shortest and longest linker lengths between sites as 

well as TQT and TMT anchored LC8 motifs. Recent studies utilizing QT2-4 provided 

the first evidence of in-register binding during LC8/IDP complex assembly and 

showcased the role that linker length plays in modulating the flexibility of such 

complexes60. Work presented here expands on these results determining how the 

interplay of linker length and motif specificity regulate the propensity and 

compositional heterogeneity of dynamic, multivalent LC8 duplexes.    

 

Two LC8 binding sites are better than one and the cooperativity of a 3rd site is 

location and motif dependent  

ITC experiments of single site QT constructs provide motif specific binding 

affinities in the context of the QT2-4 disordered chain for QT2, QT3, and QT4 

(Figure 4.3B-D). Expectedly, QT2 and QT4 show similar solo binding affinities (9.3 

and 15.4 µM, respectively) while QT3 is considerably weaker (35.6 µM). This is 

consistent with the TMT anchor of QT3 compared to the TQT anchors for QT2 and 

QT4, and the slight favorability for QT2 supports prior evidence of it as the initial 

sight of LC8 binding within QT2-4. Upon reintroduction of a binding site into each 

single site construct, forming the double site constructs, ITC experiments indicate 

variability in LC8 binding cooperation (Figure 4.3E-G). When a third binding site 

containing a TQT motif is introduced in a flanking position, outside the pair of 

double-sites, affinity is increased, and positive cooperativity occurs. This positive 

cooperativity is seen in the binding thermograms and dissociation constants for QT2-

4 compared to those of QT3,4 and QT2,3 (Figure 4.3). In contrast, when introducing 
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a third binding site containing a TMT motif that interrupts two existing sites, as in the 

difference between the QT2,4 and QT2-4 constructs, negative cooperativity occurs. In 

the QT2-4 system we are unable to distinguish if location or motif specificity plays a 

larger role in imparting negative cooperativity in a triple site, multivalent IDP 

compared to a double site. However, because of the sizeable decrease in affinity 

shown here, we conclude that it’s likely that both properties play a role.  

 

QT2,3 forms stable complexes with LC8 more readily than QT3,4 and QT2,4 

Although the double site QT constructs have the same occupancy for two LC8 

dimers, it’s clear that the constructs vary in their complex assembly. ITC experiments 

report stoichiometries that vary between 1 and 2, indicating a discrepancy in the 

number of LC8 dimers binding each construct. With stoichiometries below the 

expected 2, both QT3,4 and QT2,4 display a decreased ability for complex assembly 

with LC8 (Figure 4.3, Table 4.1). We attribute this to the increased linker length of 30 

and 41 residues, respectively, compared to the very short linker in QT2,3. These 

results are supported by ESI-MA experiments that detected much higher abundance 

of the expected 2:4 complex (2 QT monomers, 2 LC8 dimers) for QT2,3 compared to 

QT3,4 and QT2,4 that remains upon complex dilution (Figure 4.5).  

SV-AUC titration experiments tracking QT/LC8 complex formation (Figure 

4.4) also show that QT2,3 forms a complex with LC8 more readily compared to 

QT3,4 and QT2,4, evident by a larger sedimentation coefficient for the complex at a 

sub-saturating molar ratio of LC8. Furthermore, at a 1:2 molar ratio of LC8, QT2,3 

forms a complex with LC8 that is more homogeneous than those for QT3,4 and 

QT2,4, evident by better definition between the QT2,3/LC8 complex and free LC8 

peaks that is lacking for the other constructs (Figure 4.4). The sedimentation 

coefficient for the QT2,3/LC8 complex doesn’t increase between a 1:2 and 1:3 molar 

ratio of LC8, indicating that QT2,3 had already formed a fully bound complex at the 

lower ratio. This contrasts with QT3,4 and QT2,4 complexes that increase in 

sedimentation coefficient, suggesting that both require over-saturating amounts of 

LC8 to shift the equilibrium towards a fully bound complex. Interestingly, the 
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complexes formed at over-saturating amounts of LC8 have larger sedimentation 

coefficients than that of the QT2,3/LC8 complex. This can be explained by either a 

difference in mass or overall shape of the fully bound complexes, as sedimentation 

coefficient is determined by both. Lower N values for QT3,4 and QT2,4 ITC binding 

experiments make it unlikely that a mass difference exists and is further supported by 

complex species determined for the double site constructs by native ESI-MS (Tables 

4.1-4.2). It is therefore likely that the extended, disordered tail following the QT2,3 

LC8 binding sites causes a more extended duplex confirmation thus increasing the 

frictional coefficient of the QT2,3/LC8 complex resulting in a smaller sedimentation 

coefficient. 

 

Linker length and motif specificity determine the propensity for duplex formation  

Although the double site QT constructs all form the same complex species in 

solution determined by ESI-MS; one LC8 dimer bound to a single QT subunit (1:2 

QT:LC8), two LC8 dimers bound to a single QT subunit (1:4), two LC8 dimers 

bound to two QT subunits (2:4), and three LC8 dimers bound to two QT subunits 

(2:6), they vary drastically in their detected abundance (Table 4.2, Figure 4.5). Single 

chain complexes (1:2 and 1:4) are more abundant for long linker containing 

constructs, QT3,4 and QT2,4, than the short linker containing QT2,3. These single 

chain complexes are also more abundant than the duplex species, even at the highest 

concentration tested (Figure 4.5). This indicates that an increased linker length 

between LC8 binding sites disrupts duplex formation of IDP multivalent complexes. 

Further, the higher propensity for single chain complexes explains decreased N values 

for QT3,4 and QT2,4 binding interactions with LC8 by ITC and the increased 

complex compositional heterogeneity seen in SV-AUC experiments (Figure 4.3-4.4). 

Notably, motif specificity remains important to complex formation the weak-binding 

LC8 motif in QT3,4 causes a lower overall LC8 binding stoichiometry by ITC 

compared to QT2,4 with a similar length linker (Figure 4.2C, Table 4.1). Together, 

these results highlight the importance of both linker length and motif specificity and 



83 

 

 

determine their interplay as a regulation mechanism for IDP/LC8 multivalent 

complex assembly.  

 

Conclusions 

Here we show that binding of LC8 to multivalent QT2-4 constructs is 

complex and governed by factors such as LC8 motif specificity and the length of 

disordered linkers between LC8 binding sites. Cooperativity between multivalent 

sites can be positive or negative depending on site location and individual LC8 

binding affinity. QT constructs with only two binding sites are all cooperative and 

upon addition of a flanking third site with strong individual affinity remain so. 

However, interruption of two binding sites by a third, weaker site results in negative 

cooperativity instead. Additionally, the multivalent construct with the shortest linker 

between sites resulted in stable LC8/IDP duplex assemblies that are readily formed in 

solution compared to constructs with longer linkers that showed a greater propensity 

for the formation of single chain complexes. Comparison of constructs with similar 

linker lengths, but variability in motif specificity emphasize that both properties 

regulate IDP/LC8 complex assembly.    

 

Experimental Procedures 

 

Cloning, Protein Expression, and Purification  

Cloning of Drosophila ASCIZ QT2–4 (residues 271–341) with various 

mutations of recognition motifs was performed using either the QuikChange 

Lightening mutagenesis kit (Agilent) or the Q5 site-directed mutagenesis kit (New 

England Biolabs). The resulting constructs verified by sequencing are QT2, QT3, 

QT4, QT2,3, QT2,4, and QT3,4, where the number(s) following ‘QT’ indicate which 

LC8 recognition motif(s) remain and have not been mutated to AAA. Proteins were 

expressed and purified according to previously published protocols151,152. 
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Isothermal Titration Calorimetry  

Binding thermodynamics of the QT/LC8 interactions were obtained with a 

MicroCal VP-ITC microcalorimeter (Malvern Panalytical, Malvern, United 

Kingdom). All experiments were obtained at 25˚C and with protein samples in a 

buffer composed of 50 mM sodium phosphate, 50 mM sodium chloride, 1 mM 

sodium azide, 5 mM β-mercaptoethanol, pH 7.5. Each experiment was started with a 

2 µL injection, followed by 27 to 33 injections of 10 µL. Experiments were 

conducted with QT in the sample cell at concentrations ranging from 20-50 μM and 

LC8 in the syringe at concentrations ranging from 400-500 μM. Experiments for the 

single site constructs resulted in calculated Brandt parameter values (c values) of 5.4, 

1.4, and 3.2 for QT2, QT3, and QT4, respectively, indicating that the thermodynamic 

parameters for each interaction are almost out of an acceptable range for reliability. 

The data were processed using Origin 7.0 and fit to a simple, single-site binding 

model; however, these systems are indeed more complicated because LC8 is a dimer 

binding two IDP chains. Reported data are from two independent experiments. In all 

cases, the data was reproducible, and the model fits were very good, therefore the 

reported error is based on a 5% uncertainty in protein concentrations that were 

determined by absorbance measurement at 280 nm.  

 

Analytical Ultracentrifugation  

SV-AUC was performed using a Beckman Coulter Optima XL-A analytical 

ultracentrifuge, equipped with absorbance optics. LC8 was mixed with each double 

site QT construct at ratios of 1:1, 1:2, and 1:3 (molar ratio of QT:LC8). Buffer 

conditions for SV-AUC analysis were 20 mM Tris-HCl, 50 mM NaCl, 5 mM Tris(2-

carboxyethyl)phosphine, 1 mM sodium azide, pH 7.5. The complexes were loaded 

into standard, 12-mm pathlength, two-channel sectored centerpieces and centrifuged 

at 42,000 rpm and 20 °C. 300 scans were acquired at 280 nm with no interscan delay. 

The data were fit to a c(S) distribution using the software SEDFIT(33). Buffer density 

was calculated to be 1.0009 g/ml using Sednterp(34). 

 



85 

 

 

Native Electrospray Ionization Mass Spectrometry (Native ESI-MS) 

Purified individual protein samples were first diluted to a concentration of 25 

µM with 200 mM ammonium acetate, pH 7.4, and a 50 µL aliquot of each was 

exchanged into this same buffer using Micro Bio-Spin™ 6 columns (Bio-Rad 

Laboratories, Inc.). A small volume of sample (~3-5 µL) was loaded into a 

borosilicate glass capillary (i.d. 0.78 mm) pulled to a fine tip (~1-2 µm in diameter) 

with a Flaming-Brown P-97 micropipette puller (Sutter Instrument), and a platinum 

wire was placed in electrical contact with the sample solution. Electrospray was 

initiated by applying a voltage of +1.0 kV to this wire, after which this voltage was 

lowered to a threshold value, typically +0.6-0.8 kV, to maintain electrospray. All 

native mass spectra were acquired on a Waters Synapt G2-Si time-of-flight mass 

spectrometer equipped with a nano-electrospray ionization (nano-ESI) source. Prior 

to native mass spectrometric analysis of these protein samples, a mass calibration 

profile was created using cesium iodide cluster ions produced by nano-ESI from 

aqueous cesium iodide solution. 

The instrumental settings used were as follows: source at ambient 

temperature, sample cone collision energy of 25 V, trap collision energy of 25 V, 

transfer collision energy of 5 V, and trap gas flow rate of 7-7.5 mL/min. Spectra 

shown represent the summation of data scans acquired over a period of 5 minutes. A 

native mass spectrum was acquired for each 25 µM buffer-exchanged individual 

protein sample and used to determine accurate monomer masses. Complexes were 

formed by mixing LC8 with each QT2-4 mutant at a 2:1 LC8:QT molar ratio to 

achieve a final total protein concentration of 25 µM. After allowing complex 

formation to occur overnight at +4°C, native mass spectra were acquired for each 25 

µM sample, as well as for a dilution series of each at total protein concentrations of 

15 µM, 10 µM, 5 µM, 1 µM, and 500 nM. 

After peaks in the native mass spectra of LC8/QT complexes were assigned, 

the area of each peak was determined by integration with IGOR Pro 9. Detected 

abundances were calculated by summing the area of each species/complex’s charge 



86 

 

 

state peaks, and these were normalized to the detected abundance of LC8 dimer in 

each spectrum. 
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Multivalency, autoinhibition, and protein disorder in the regulation of 

interactions of dynein intermediate chain with dynactin and the nuclear 
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Abstract 

 

Cytoplasmic dynein plays crucial roles in the intracellular transport of organelles and 

other cargoes. Central to dynein function is the intrinsically disordered N-terminal 

domain of dynein intermediate chain (IC), which binds the three dimeric dynein light 

chains at multivalent sites, and dynactin p150Glued and nuclear distribution protein 

(NudE) at overlapping sites. The disorder in IC has hindered cryo-electron 

microscopy and X-ray crystallography studies of its structure and interactions. Here 

we use a suite of biophysical methods to reveal how multivalent binding of the three 

light chains regulate IC interactions with p150Glued and NudE. Using the N-terminal 

domain or the full-length IC from Chaetomium thermophilum, a tractable species to 

interrogate IC interactions, we identify a significant reduction in IC’s binding affinity 

for p150Glued and a loss of binding to NudE in contrast to the tight binding observed 

with small IC constructs. We attribute this difference to autoinhibition caused by 

strong long-range intramolecular interactions that cover IC’s N-terminal single α-

helix, the site for p150Glued and NudE binding. Reconstitution of IC subcomplexes 

demonstrate that autoinhibition is differentially regulated by light chains binding 

underscoring their importance both in assembly and organization of IC, and in 

selection between multiple binding partners at the same site. 
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Introduction 

 

Dynein intermediate chain (IC) plays key roles in modulating dynein 

interactions and activity51,71,85,90,105. For example, IC connects the three dynein light 

chains (Tctex, LC8, and LC7) to the heavy chain, and also serves as the primary 

binding site of multiple non-dynein proteins essential for dynein regulation, such as 

the p150Glued subunit of dynactin. Despite this level of importance, high resolution 

structural information of IC interactions is limited due to its highly disordered N-

terminal domain, which hinders studies by methods such as X-ray crystallography 

and cryo-electron microscopy (cryo-EM). 

The primarily disordered N-terminus of IC (N-IC)51 contains a single α-helix 

(SAH) and a short helix (H2), each of which is followed by disordered linker 

regions85, whereas the C-terminus of IC (C-IC) folds into a β-propeller and contains 

the binding site for the dynein heavy chain73,82 (Figure 5.1A). Apo-IC is monomeric 

but, upon binding the homodimeric dynein light chain subunits (Tctex, LC8, and 

LC7), it dimerizes to form a subcomplex that is best described as a polybivalent 

scaffold16,77–80,105. In the formation of this subcomplex, the first binding event pays 

the entropic cost for subsequent bivalent binding events16,52,81 and the enhancement of 

subsequent binding events is modulated by the length of the disordered linkers 

separating the binding sites81,152. Such a mechanism has been well-described for the 

IC/Tctex/LC8 complex, for which a three-residue linker separates the Tctex and LC8 

binding sites. In this complex, binding of one light chain to IC results in a 50-fold 

enhancement in the affinity for binding the other light chain81. Each homodimeric 

light chain has a corresponding binding site on IC that is initially disordered but 

forms β-strands (for Tctex and LC8) or an α-helix (for LC7) when bound and 

incorporated into the fold of their respective ligand. The assembly of monomeric IC 

and the homodimeric light chains is such that, when bound, folding occurs only at the 

protein-protein interfaces77,81 while the remaining linker regions stay completely 

disordered52,87,91. In this work, we demonstrate the importance of the flexibility of 
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these disordered linker regions separating the three dimeric light chains in regulating 

interactions of IC with non-dynein binding partners. 

N-IC binds non-dynein regulatory proteins including dynactin and nuclear 

distribution protein (NudE)65,85,89,90,92,97,111. Dynactin is a multisubunit complex that 

binds dynein with its largest subunit, p150Glued, and this interaction is required for the 

recruitment of cargo, dynein processivity, and correct spindle formation in cell 

division74,88,89,94,95,153,154. NudE, on the other hand, regulates dynein recruitment to 

kinetochores and membranes, centrosome migration, mitotic spindle orientation, and 

binds LIS195,98–100,155–158. It is well recognized that IC partnering with either p150Glued 

or NudE impacts the regulation of the dynein complex as this dictates its interactions 

with adaptors and cargo71. However, the molecular processes underlying which 

regulator is bound at any given time are still unclear. Previously, we showed that in 

multiple species (rat, Drosophila, yeast) the coiled-coil domains of p150Glued and 

NudE from the respective species each bind IC at the same site (the SAH 

region)65,90,92 but that in a filamentous fungus (Chaetomium thermophilum) binding of 

IC and p150Glued also involves binding of the H2 region97.  

With advancements in cryo-EM, the overall picture of dynein structure and 

activity is beginning to emerge. For example, cryo-EM images show that dynactin 

causes the motor domains of dynein to reorient to become parallel to microtubules 

prior to binding82,84. Additionally, adaptors can recruit a second dynein to dynactin 

for faster movement73. Dynein is seemingly a perfect candidate for structural 

characterization by cryo-EM, as the motor domains are large and symmetric. 

However, a recurring theme in these studies is that the flexibility of N-IC limits 

details of its structure and binding interactions with multiple regulators. Although 

residue specific studies have been performed on IC, they are thus far limited to short 

fragments and to conditions far removed from native biological systems. Using the 

combined data from EM structures and in vitro studies, we have made a model to aid 

in visualizing the assembled N-IC subcomplex bound to either p150Glued or NudE thus 

providing context for the work presented here (Figure 5.1B).  
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The interactions of short fragments of N-IC with dynein light chains and non-

dynein proteins from multiple different species (rat, Drosophila, yeast) demonstrate 

that NudE and p150Glued compete for the same binding site, however a mechanism for 

IC partner selection and the importance of bivalency in IC subcomplex assembly have 

remained elusive 65,77,81,85,90,92,93,99,100. We recently introduced Chaetomium 

thermophilum (CT), a thermophilic filamentous fungus, as a new system for dynein 

studies97. The CT IC1-260 (residues 1-260) construct used in this work is far longer 

than our previously studied CT, Drosophila, and rat constructs (Figure 5.1, A2.1). 

Utilizing the entire N-terminal domain of IC allows, for the first time, 

characterization of IC interactions in the context of its assembly with the light chains, 

as has been shown vital for other disorder-driven systems17,59,104,159,160. However, 

none of the previously studied systems have the level of complexity (an assembly of 

five unique proteins) as the system explored here. From our studies of both IC1-260 as 

well as full-length IC, we 1) describe the first recombinant expression and 

reconstitution of the polybivalent scaffold formed from IC1-260 bound by all three light 

chains (Tctex, LC8, and LC7), as well as by coiled-coil domains of p150Glued or NudE 

(Figure 5.1), 2) we identify long range tertiary contacts between residues in the C-

terminal region (the LC7 binding site) and residues in the N-terminal region (SAH) 

that inhibit binding to non-dynein proteins 3) we show how assembly with the light 

chains relieves this autoinhibition and regulates binding of IC to p150Glued and NudE 

and 4) we demonstrate for the first time the essential role of light chains in both 

assembly and regulation of the full-length IC. 
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Figure 5.1. Domain architecture for dynein intermediate chain (IC), dynactin 

p150Glued, and nuclear distribution protein (NudE). A) Domain architecture 

diagrams for IC from Drosophila melanogaster (Dros. IC) and Rattus norvegicus (Rat 

IC2C) and constructs used in earlier work are provided for comparison. Proteins and 

constructs used in this work are from Chaetomium thermophilum (CT). All IC’s have 

an N-terminal single α-helix (SAH), followed by either a transient/nascent or folded 

second helix (H2). In CT, there is an additional helix (H3). The Tctex (orange), LC8 

(red), and LC7 (yellow) binding sites are well characterized in Dros. IC and Rat 

IC2C, and their position in CT was predicted based on sequence and structure 

comparison. The C-terminal domain is predicted to contain seven WD40 repeats. The 

CT constructs ICFL, IC1-88, IC37-88, IC1-260, IC100-260, IC140-260, IC216-260, and IC216-260 are 

used in this paper; the IC1-35 construct was used in prior work. CT p150Glued is 

predicted to have a Cap-Gly domain near the N-terminus, and two coiled-coil 

domains, CC1 and CC2, that are separated by an intercoil domain (ICD). CC1 is 

further divided into two regions called CC1A and CC1B. p150478-680 (p150CC1B) is the 

construct used in this work. CT NudE is predicted to have an N-terminal coil-coiled 

(CC) region followed by disorder. NudE1-190 (NudECC) is the construct used in this 

work. B) Contextual models of dynein (dark grey) with the IC subcomplex 

highlighted (light grey). The top model depicts the interaction between N-IC and the 

p150Glued subunit of dynactin (blue) while the bottom model depicts the interaction 

between N-IC and NudE (green). In both models, dynein is a processive motor 

traveling towards the minus end of a microtubule. For clarity, shown on a larger scale 

to the right is the IC subcomplex consisting of CT IC1-260 with the homodimeric 

dynein light chains: Tctex (orange), LC8 (red), and LC7 (yellow). 
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Results 

 

CT p150CC1B and NudECC are dimeric, while CT IC1-260 is monomeric  

Studies of interactions of IC constructs with light chains show that two 

monomeric IC chains are brought together by the dimeric light chains to create a 

‘ladder-like’ polybivalent scaffold16,52,81,91. Here we use a construct of IC that 

includes all the binding sites for the light chains and non-dynein proteins, the full-

length light chains, and coiled-coil domains of non-dynein proteins and employ 

multiple techniques to determine their association states. Sedimentation velocity 

analytical ultracentrifugation (SV-AUC), which gives information about a protein’s 

mass and shape in solution, was used to determine each protein’s heterogeneity and 

size. A larger sedimentation coefficient (S) indicates a protein with a larger mass 

and/or a protein with a smaller, shape dependent, frictional ratio161. SV-AUC reveals 

that IC1-260, the three light chains, and non-dynein proteins p150CC1B and NudECC all 

have similar sedimentation coefficients (in the 2-3 S range, Figure 5.2A). Further, 

each subunit shows a single sharp peak in the c(S) distribution, indicating that the 

proteins are homogeneous in solution. In comparison to the sedimentation 

coefficients for IC1-260 and the light chains, both p150CC1B and NudECC have smaller 

sedimentation coefficients than would typically be expected for globular proteins with 

their respective dimeric masses. However, as sedimentation coefficients also depend 

on shape, the smaller values observed for p150CC1B and NudECC are consistent with 

their predicted coiled-coil structures (which result in elongated, less-compact, rod-

like shapes) causing slower sedimentation than if they were globular. 

Sedimentation equilibrium analytical ultracentrifugation (SE-AUC) confirmed 

the dimeric coiled-coil state of p150CC1B and NudECC. SE-AUC data fit to a 

monomer-dimer binding model results in dimerization dissociation constants of 0.03 

μM and 0.20 μM for p150CC1B and NudECC, respectively, indicating that both are 

strong dimers and that, of the two, p150CC1B is the tighter dimer (Figure 5.2B). This 

result is underscored by circular dichroism (CD) spectra acquired at temperatures 

ranging from 5-60ºC (Figure 5.2C), which show that while both proteins have α-
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helical secondary structure162, they have different mechanisms of unfolding. Changes 

in the secondary structure for p150CC1B are most dramatic between 30 and 35ºC, 

whereas NudECC shows gradual unfolding across the 5-40ºC temperature range. Also 

of note, the coiled-coil structures of p150CC1B and NudECC are confirmed by their CD 

spectra which show helical structures and values for 222/208 ratios larger than 1 

(Figure 5.2C). 

To confirm our expectation that IC1-260 is a monomer in solution, we used size 

exclusion chromatography (SEC) with multi-angle light scattering (MALS) detection 

(Figure 5.2D). The measured mass of approximately 29.5 kDa based on the MALS 

data is consistent with the expected mass of 29.2 kDa for an IC1-260 monomer.  

 

 
 

Figure 5.2. CT p150CC1B, NudECC, and dynein light chains are dimeric, whereas 

CT IC1-260 is monomeric. A) SV-AUC profiles for LC8 (red), LC7 (yellow), and 

Tctex (orange) (top), and, IC1-260 (grey), p150CC1B (blue), and NudECC (green) 
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(bottom). All samples were at protein concentration of 30 µM. B) SE-AUC data for 

p150CC1B (blue) and NudECC (green) at three speeds (10,000, 14,000, and 18,000 

rpm). Data were fit to a monomer-dimer binding model. The quality of the fits to this 

model is reflected by the plots of the residuals on top. The monomeric masses 

determined by fitting this data compare very well to the masses expected based on the 

sequences for the constructs. The stoichiometry (N) values of 2 indicate that both 

p150CC1B and NudECC are dimers in solution. C) CD spectra of p150CC1B and NudECC 

acquired at temperatures in the 5 to 60ºC range. The shape of the spectra for both 

p150CC1B and NudECC indicate α-helical secondary structure, and the 222/208 ratios 

(1.04 and 1.00 for p150CC1B and NudECC, respectively) are consistent with coil-coiled 

structures. D) MALS of IC1-260 gives an estimated mass of 29.5 kDa, which indicates 

that on its own, IC1-260 exists as a monomer in solution (calculated mass of monomer 

is 29.2 kDa).  

 

CT IC1-260 is stabilized by long range contacts  

The N-IC from CT has a domain architecture with structural elements that are 

similar in all experimentally characterized ICs: an N-terminal single α-helix (SAH), a 

nascent helix 2 (H2), and long disordered linkers (Figure 5.1A). CT IC is unique, 

however, in also including a strongly predicted third helix (H3) corresponding to 

residues 170-200106,108,109,163–166 (Figure 5.3A, A2.2). To validate this predicted 

secondary structure, and determine its impact on global stability, we acquired CD 

spectra of various IC constructs: IC1-260, IC1-88 (containing SAH and H2), IC100-260 

(containing linker, H3, and the LC7 binding site), and IC160-240 (containing H3 and 

shorter linker). All the CD spectra show two minima around 208 and 222 nm, which 

is indicative of the presence of α-helical secondary structure162 (Figure 5.3B-E). The 

estimated fractional helicity167 values for these constructs at 5ºC is in the range of 

20%-35%, which matches the fraction of either NMR-determined or predicted helical 

residues in each construct (Figure 5.3A). Notably, the longest IC construct (IC1-260) is 

the most thermostable of the four, and resists unfolding until above 50ºC. 

Comparatively, IC1-88, IC160-240, and IC100-260 exhibit some loss in secondary structure 

significantly below 50ºC. In particular, IC100-260 appears to be the least stable of the 

three, with a gradual loss of secondary structure that begins around 25ºC and a 

complete loss of helical structure around 40ºC. From this, it is reasonable to 

hypothesize that some degree of tertiary contacts may exist only within IC1-260 and 

underlie the increase in its structural stability and cooperative unfolding.  
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Figure 5.3. Secondary structure and thermal stability of CT IC. A) Agadir 

prediction for IC1-260 showing the percent helicity by residue (purple). Shown above 

the plot is a schematic structure for IC1-260 with labels for SAH, H2 and H3 above the 

helical structure. The sites for lights chains binding are also indicated. The amino acid 

sequence under the schematic is colored by amino acid type: hydrophobic (grey), 

positive (red), negative (blue), neutral (orange). Variable temperature CD spectra of 

B) IC1-260, C) IC1-88, D) IC100-260, and E) IC160-240. The shapes of the spectra for all 

constructs indicates a mixture of α-helical secondary structure and regions of intrinsic 

disorder. Loss in structure, or lack thereof, over a temperature range of 5-50ºC (blue 

for lowest, red for highest) indicates how each construct varies in stability and 

indicates that IC1-260 is the most thermally stable. The fractional helicity (FH) of each 

construct at 5ºC was calculated based on the experimentally observed mean residue 

ellipticity at 222 nm as explained in the methods section. 

 

To further probe possible tertiary contacts within IC1-260, SV-AUC was 

employed to determine if there is binding between the IC1-88 and IC100-260 constructs 

(Figure A2.3 A). IC1-260 has a sedimentation coefficient of approximately 2.2 S, 

whereas IC100-260 has a smaller sedimentation coefficient of 1.5 S due to its lower 

mass and its expected elongation compared to IC1-260 (Figure A2.3 B). Upon addition 

of IC1-88 at a 1:2 molar ratio (IC100-260:IC1-88), a complex with a sedimentation 

coefficient of 2 S is formed, indicating a strong interaction between the two 

constructs; a peak for the excess of IC88 is not observed because IC1-88 does not 

absorb at 280 nm. The IC1-88/IC100-260 complex has a slightly smaller sedimentation 
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coefficient than that of IC1-260, which can be explained by a greater degree of 

elongation for this complex compared to IC1-260. SEC-MALS determined a mass of 

30.3 kDa for the IC1-88/IC100-260 complex which matches the expected mass of 30.6 

kDa for a 1:1 complex (Figure A2.3C). Together, these data confirm the presence of 

tertiary contacts within IC1-260 and explain the increase in its stability compared to 

smaller IC constructs (Figure 5.3). 

 

Identifying disordered domains of CT IC in the context of IC1-260 

To identify the disordered regions of IC1-260, we used nuclear magnetic 

resonance (NMR) spectroscopy to study isotopically-labeled protein samples. The 

limited chemical shift dispersion in the 1H-15N TROSY spectrum for IC1-260 at 10ºC 

(Figure 5.4B), along with appearance of the majority of the peaks in the CLEANEX 

experiment at this temperature (Figure 5.4C), indicate that the peaks observed in the 

spectra are for the disordered regions of the protein. Using triple resonance 

experiments on a 2H/13C/15N labeled sample, we assigned almost all of the observable 

peaks, corresponding to 37% (90 of 245) of the non-proline residues (Figure 5.4B). 

The handful of “unassigned” peaks in Figure 5.4B mainly correspond to side-chain 

amides or to peaks from minor conformers that arise due to the slow cis/trans 

isomerization of the peptide bond between prolines and the amino acid preceding 

them168. The assigned peaks all correspond to residues in disordered linker regions of 

IC1-260 and these peaks vary considerably in intensity (Figure 5.4A). 
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Figure 5.4. Identification of disordered linkers of CT IC1-260 using NMR 

spectroscopy. A) Plot showing the normalized peak volumes at 10ºC in the 1H-15N 

TROSY spectrum (grey) and in the CLEANEX spectrum (orange) of the amides that 

could be assigned. Assigned residues are in black in the sequence above the plot (and 

unassigned residues in grey); all assigned residues are from disordered regions of IC1-

260. B) 1H-15N TROSY spectrum of IC1-260 acquired at 800 MHz at 10ºC showing 

amide assignments. C) Overlay of a CLEANEX spectrum (orange) with the 1H-15N 

TROSY spectrum (grey) at 10ºC, shows that most of the assignable residues are in 

exchange with the solvent on the timescale of the CLEANEX experiment. D) At 

40ºC, 1H-15N TROSY spectrum (grey) shows new peaks appearing with greater 

chemical shift dispersion for IC1-260 in the 800 MHz. Overlaying a CLEANEX 

spectrum (orange) at this temperature reveals that most of the new peaks in the 1H-
15N TROSY spectrum are from amides that are slow to exchange with the solvent and 

therefore are not observed in the CLEANEX spectrum. 

  

By increasing the temperature to 40ºC, peaks with much greater chemical shift 

dispersion become visible in the 1H-15N TROSY spectrum (Figure 5.4D), while peaks 

corresponding to disordered regions of the protein disappear. Based on CD data 
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(Figure 5.3B), IC1-260 does not undergo significant secondary structural changes in the 

10 to 40ºC temperature range. Therefore, the newfound peak dispersion at higher 

temperature is not due to an increase in secondary structure. Rather, the appearance of 

peaks at elevated temperatures is most likely due to an increased rate of molecular 

tumbling causing peaks from more structured parts of the protein that were too broad 

to observe at lower temperatures to narrow and become visible. The conclusion that 

these peaks belong to residues in ordered regions is supported by their chemical shift 

dispersion and their absence in the CLEANEX spectrum at 40ºC (Figure 5.4D). Some 

additional peaks are observed in the CLEANEX spectrum at 40ºC that do not appear 

in the TROSY spectrum at this temperature; these correspond to amides in disordered 

regions of the protein that are in exchange with the solvent with exchange rates that 

makes them detectable in the CLEANEX experiment, but invisible in the TROSY 

experiment. Together, these spectra support the conclusion that IC1-260 contains both 

structured and disordered regions, with the most disordered regions resulting in peaks 

that are the most easily assigned by NMR at low temperature. Even with the use of 

deuterated samples and TROSY-based experiments, the peaks at 40ºC corresponding 

to more structured regions were, for the most part, not assignable as their rapid 

relaxation resulted in extremely low signal intensities in backbone assignment 

experiments. IC1-260 samples with salt concentrations of 20 mM and 250 mM were 

also explored at both 10ºC and 40ºC, to ensure that electrostatic interactions were not 

the cause for missing peaks (Figure A2.4). 

 

The compact structure of CT IC1-260  

To identify the residues involved in the tertiary contacts within IC1-260, we 

collected NMR data on smaller fragments of IC; IC1-88, IC100-260, and IC160-240 

(Figures 5.1, 5.5A). Based on the long-range interactions observed between IC1-88 and 

IC100-260 (Figure 5.3B, S5.3), we hypothesized that an intramolecular interaction 

between the SAH region (residues 1-30), and the H3 region (residues 170-200) could 

be contributing to the stability of IC1-260. To test this, we added unlabeled IC160-240 to 

15N-labeled IC1-88. Peak disappearances and peak shifts for the spectrum of IC1-88 
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upon addition of IC160-240 indicate some degree of interaction (Figure 5.5B-C). 

However, when conducting the same experiment with unlabeled IC100-260 instead of 

unlabeled IC160-240, the effects were much more pronounced (Figure 5.5B-C). In both 

cases, peaks corresponding to residues in the SAH and H2 regions of IC1-88 either lost 

intensity or disappeared completely, while peaks from linker region residues 

remained largely unaffected, especially those that are near the C-terminus of IC1-88.  

To continue to narrow down the location of the interaction, an additional IC 

construct, IC216-260, that does not include the H3 region, was 15N-labeled and 

completely assigned. Upon titration with 15N-labeled IC1-88, many of the IC216-260 

peaks disappear or shift (Figure 5.5D-E). From this, we conclude that the tertiary 

contacts within IC1-260 are largely between the SAH/H2 regions and a region near the 

C-terminus (residues 220-250) that overlaps with the LC7 binding site. We note that 

these interactions appear to be even stronger in the context of the longer disordered 

chain encompassing the Tctex and LC8 binding sites based on the more substantial 

disappearances of peaks from the SAH/H2 regions when 15N-labeled IC1-88 was 

titrated with unlabeled IC100-260 (Figure 5.5C).     
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Figure 5.5. Evidence of tertiary contacts between the N and C-termini within CT 

IC1-260. A) Domain architecture diagram for CT IC1-260 with bars shown below 

corresponding to the IC100-260, IC1-88, and IC160-240 constructs. B) 1H-15N TROSY 

overlays of free 15N-labeled IC1-88 (black) and 15N-labeled IC1-260 bound to unlabeled 
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IC160-240 (purple) and IC100-260 (green). Note, spectra are deliberately offset in the 1H 

dimension to help visualize overlapping peaks. C) Normalized peak heights in the 1H-
15N TROSY spectra for (top) 15N-labeled IC1–88 (grey) and 15N-labeled IC1–88 + 

IC160-240 (purple) and (bottom) 15N-labeled IC1–88 (grey) and 15N-labeled IC1–88 + IC100-

260 (green). D) 1H-15N HSQC overlay of 15N-labeled IC1-88 (black), 15N-labeled IC216-

260 (orange), and 15N-labeled IC216-260 bound to 15N-labeled IC1-88 (red). Arrows 

highlight some of the more significant peak disappearances for IC1-88 (grey arrows) 

and IC216-260 (orange arrows). Note, spectra are deliberately offset by 0.03 ppm in the 
1H dimension to help visualize overlapping peaks. E) Normalized peak volumes in 

the 1H-15N HSQC spectra for 15N-labeled IC216-260 (top, grey columns) and 15N-

labeled IC216-260 (bottom, orange columns) when free and when in the presence of the 

other protein (red columns). 

 

Interactions of p150CC1B and NudECC with CT IC 

The interaction between CT IC1-88 (a smaller IC construct IC1-88 that includes 

only the p150 and NudE binding domains) and p150CC1B has been previously 

reported97 and is shown here only for comparative purposes (Figure 5.6C, top left). 

Here, we explore the interaction between IC1-88 and NudECC under similar conditions. 

By SV-AUC, IC1-88 bound to p150CC1B shows a sedimentation coefficient of 3.7, 

whereas for IC1-88 bound to NudECC the coefficient is only 2.7 (Figure 5.6A). This is 

surprising considering that the two complexes have similar overall masses and 

binding stoichiometries, and suggests that the complex with NudECC is less compact 

than the complex with p150CC1B. ITC indicates that, like IC1-88 and p150CC1B (Figure 

5.6C, top left), IC1-88 and NudECC bind with a 1:1 molar ratio (Figure 5.6C, bottom 

left), which corresponds to one NudECC dimer binding two IC1-88 monomeric chains. 

IC1-88 binds to NudECC with a dissociation constant (Kd) of 0.3 μM, which is weaker 

than the nM affinity estimated for IC1-88 binding to p150CC1B
97. Previously published 

NMR titrations of unlabeled p150CC1B with 15N-labeled IC constructs that contain 

(IC1-88) or do not contain (IC37-88) the SAH region demonstrate that both the SAH and 

H2 regions bind to p150CC1B
97 (Figure 5.6B). IC1-88 binding to p150CC1B exhibits an 

unusual two-step ITC thermogram (Figure 5.7C, top left) whereas a one-step 

thermogram is seen when NudECC is titrated with IC1-88 (Figure 5.7C, bottom left), 

suggesting a difference in the mode of binding. We propose that the two step 

thermogram is due to binding to both the SAH and H2 regions of IC1-88 with 



104 

 

 

p150CC1B, while in contrast the single step thermogram is due to NudE binding only 

to the SAH region.  

 

 
 

Figure 5.6. Binding interactions of CT IC to p150CC1B and NudECC. A) SV-AUC 

profiles for samples containing p150CC1B (blue dashed line), NudECC (green dashed 

line), IC1-88/p150CC1B complex (blue solid line) and IC1-88/NudECC complex (green 

solid line) show that IC1-88 complexes have a larger sedimentation coefficient with 

p150CC1B than with NudECC. No data were collected for free IC1-88 because it has no 

absorbance at 280 nm. B) Normalized peak volumes in the 1H-15N HSQC spectra for 
15N-labeled IC37–88 (top) or 15N-labeled IC1–88 (bottom) when titrated with unlabeled 

p150CC1B (blue) and NudECC (green). “P” indicates proline residues. No peak 

disappearance for IC37-88 was observed when NudECC was added. C) ITC 

thermograms for p150CC1B titrated with IC1-88 (top left), IC1-150 (top middle), and IC1-

260 (top right), and for NudECC titrated with IC1-88 (bottom left), IC1-150 (bottom 

middle), and IC1-260 (bottom right), collected at 25ºC (pH 7.5). For IC1-260, reduced 

and endothermic binding is observed with p150CC1B whereas no binding is observed 

with NudECC. All results indicate that the H2 region of CT IC binds weakly to 

p150CC1B but does not bind NudECC. 

 

 

To identify if NudECC does indeed only bind to the SAH region or to both the 

SAH and the H2 regions, NMR titrations with unlabeled NudECC and 15N-labeled IC1-

88 or IC37-88 constructs were carried out. In contrast to the NMR titration with 
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p150CC1B, peaks for residues corresponding to the H2 region did not disappear upon 

titration of 15N IC37-88 with NudECC (Figure 6.6B, top), confirming our proposal that 

the IC H2 region does not directly bind to NudECC whereas this region does directly 

bind to p150CC1B. For both p150CC1B and NudECC, titration into 15N IC1-88 resulted in 

IC1-88 peaks disappearing for both the SAH and H2 regions (Figure 6.6B, bottom). 

The disappearance of IC1-88 peaks for both the SAH and H2 regions with NudECC can 

be explained by an interaction between the SAH and H2 regions91 that relays the 

change in correlation time of the SAH region upon binding to NudECC to the H2 

region. The difference in how IC binds p150CC1B and NudECC observed in the ITC 

experiment is conserved when a somewhat longer IC construct is used (IC1-150, Figure 

6.6C, center), whereas binding is severely diminished when using a construct 

containing the entire N-IC region (IC1-260, Figure 6.6C, right). Further data and 

discussion of these observations are presented below.  

 

Interactions using CT IC1-260 

SV-AUC was initially used to characterize complex formation between IC1-260 

and each of the other binding partners. The largest sedimentation coefficient was 

observed for the IC1-260/LC8 complex; for all other complexes, a less dramatic peak 

shift was seen, a possible indicator of weaker binding, a dynamic equilibrium 

between free and bound states, and/or a shift to a more elongated conformation 

(Figure 5.7A). For the IC1-260/NudECC complex, no significant change was observed 

in the SV-AUC data relative to unbound NudECC. However, the absence of a peak 

corresponding to free IC for the sample containing IC1-260 and NudECC indicates that 

some degree of binding takes place. This result along with our ITC (Figure 5.6C, 

bottom right) and NMR (Figure 5.7B, right) data for this complex indicates that 

binding of IC1-260 to NudECC is very weak and is thus only observed at high protein 

concentrations.  
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Figure 5.7. Binding characterization of binary complexes of IC1-260. A) SV-AUC 

of IC1-260/LC8, IC1-260/Tctex, IC1-260/LC7, IC1-260/p150CC1B, and IC1-260/NudECC. Data 

for the binary complexes is overlayed with data for each protein individually to better 

see shifts in the sedimentation coefficient of the binary complexes. B) 1H-15N 

TROSY overlays of free 15N-labeled IC1-260 (black) and 15N-labeled IC1-260 bound to 

unlabeled binding partners in a 1:1.5 molar ratio. The spectra were offset by 0.03 ppm 

in the 1H dimension to help illustrate changes in peak intensities. Changes in peak 

appearances/shifts/disappearances seem to be similar for LC8 (red) and Tctex 

(orange) versus changes seen for p150CC1B (blue), NudECC (green), and LC7 (yellow). 

Arrows indicate peaks that remain when LC8 and Tctex are added to IC1-260, but 

disappear when p150CC1B, NudECC, and LC7 are added. 

 

Although we were unable to assign the NMR spectrum of IC1-260 at 40ºC 

because of poor sensitivity and unfavorable relaxation times, overlays of 1H-15N 

TROSY spectra for free 15N-labeled IC1-260 and binary complexes of 15N-labeled IC1-

260 with unlabeled binding partners (Figure 5.7B) show distinct patterns of peak 

disappearances. Upon addition of Tctex or LC8 (Figure 5.7B, left), only a handful of 

IC1-260 peaks disappear and the patterns of disappearances are similar, as expected 

based on the proximity of the Tctex and LC8 binding sites. When either LC7, 
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p150CC1B, or NudECC is added, considerably more peaks disappear in the spectra for 

15N-labeled IC1-260 (Figure 5.7B, right) and, surprisingly, similar patterns of 

disappearances occur even though the LC7 binding site is at the C-terminus of IC1-260 

whereas the p150CC1B and NudECC binding sites are at the N-terminus. The similar 

patterns of peak disappearances suggests that regions of the N and C-termini of IC1-

260 interact in such a way that when one end of IC1-260 is bound it affects the peak 

intensities of the other end and vice versa. 

 

Multivalency relieves IC autoinhibition  

Following characterization of individual binding events, we sought to 

reconstitute full N-IC subcomplexes. Each individual subunit was first expressed and 

purified individually prior to dynein subcomplex formation (IC1-260/Tctex/LC8/LC7), 

achieved by mixing IC1-260 with the dynein light chains in a 1:1.5 (IC to LC) molar 

ratio. To this dynein subcomplex, p150CC1B or NudECC was added to create two larger 

subcomplexes. Each subcomplex was re-purified by size exclusion chromatography 

(SEC) to remove any excess of the binding partners (which elute at ~215 mL) and to 

assess their overall stability (Figure 5.8A). The shape and symmetry of the eluting 

SEC peak for the dynein subcomplex (~140 mL) indicates a weaker binding affinity 

than when either p150CC1B (~120 mL) or NudECC (~130 mL) was added. In all cases 

however, each expected subunit was detected by sodium dodecyl sulphate–

polyacrylamide gel electrophoresis (SDS-PAGE) of collected fractions (Figure 5.8B), 

thus validating successful assembly.  

Using SV-AUC, we show that when all dynein light and intermediate chains 

are present, the fully bound dynein subcomplex sediments as a single peak with a 

sedimentation coefficient of approximately 5 S (Figure 5.8C). Surprisingly, addition 

of NudECC, which adds approximately 45 kDa of mass, only slightly increases the 

sedimentation coefficient. In contrast, addition of p150CC1B increases the 

sedimentation coefficient to approximately 7 S. The difference in the SV-AUC data 

between the addition of p150CC1B and NudECC is surprising based on the similar 

expected masses of the complexes (201 and 198 kDa, respectively). This difference 
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may be explained by the overall shape of the two bound complexes, details of which 

need to be further examined. Also, important to note is that the shift in sedimentation 

coefficient for p150CC1B when added to the IC/light chains complex is significantly 

more pronounced than that with IC1-260 alone, suggesting that binding to IC1-260 is 

significantly enhanced in the presence of the light chains.  

 

 
 

Figure 5.8. Reconstitution and characterization of dynein subcomplexes. A) SEC 

traces of the dynein subcomplex (IC/light chains) (purple) and the dynein subcomplex 

with the addition of either p150CC1B (blue) or NudECC (green). B) SDS-PAGE gels of 

fractions collected from SEC for all complexes showing all expected proteins. C) SV-

AUC profiles of the dynein subcomplex (purple) bound to p150CC1B (blue) or NudECC 

(green). D) 1H-15N TROSY overlays of free IC1-260 (black) and the dynein 

subcomplex (purple). At 10ºC many peaks are still of high intensity in the 153 kDa 

complex, indicating that some regions remain disordered. The very few peaks at 40ºC 

of the bound is most likely due to the size and tumbling of the subcomplex and 

consistent with the fact that the majority of the peaks at this temperature are from 

ordered regions. 

 

NMR spectroscopy indicates that most of the peaks in the disordered regions 

observed at 10ºC for free IC1-260 (Figure 5.8D) remain in the spectrum for the dynein 

subcomplex (IC1-260/Tctex/LC8/LC7), indicating that there is still significant disorder 
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in the fully bound complex (153 kDa). In contrast, comparison of the spectra of free 

IC1-260 and the dynein subcomplex at 40ºC shows a drastic disappearance of peaks, 

indicating that the residues corresponding to these peaks have much longer 

correlation times in the bound state either due to their involvement in binding or due 

to the overall increase in weight of the entire subcomplex. Peaks from linker regions 

not involved in binding light chains that are observed at 10ºC but are not observed at 

40ºC likely disappear due to rapid exchange with the solvent at the higher 

temperature.  

 

Autoinhibition is retained in full-length CT IC 

 To determine if the autoinhibition seen in IC1-260 is also present in the full-

length construct, ICFL (residues 1-642) was produced using a baculovirus expression 

system. The estimated mass of 75.4 kDa for ICFL from SEC-MALS matches closely 

to the expected monomeric mass of 79 kDa (Figure 5.9A-B). Further, SV-AUC 

shows a single, homogenous peak with a sedimentation coefficient of 4.0 S, as would 

be expected for monomeric ICFL (Figure 5.9B top). This is the first study that shows 

full-length IC is a monomer in solution and requires the light chains for its 

dimerization. Adding either p150CC1B or NudECC to ICFL results in a negligible shift of 

the ICFL peak and, in both cases, a peak corresponding to unbound p150CC1B or 

NudECC was observed (Figure 5.9B). This lack of binding between ICFL and 

p150CC1B/NudECC shows that autoinhibition occurs in ICFL in a similar manner to 

what we have already observed in the IC1-260 construct. SV-AUC experiments on the 

dynein subcomplex interactions confirm that the autoinhibited state is released by the 

addition of the light chains. Full length IC bound to the three light chains 

(ICFL/Tctex/LC8/LC7) has a sedimentation coefficient of 7.0 S but shifts to values of 

7.5 and 8 S upon addition of NudECC and p150CC1B, respectively (Figure 5.9B 

middle). These results mimic those seen for the IC1-260 construct and indicate that the 

addition of the light chains allows p150CC1B or NudECC to bind by relieving IC 

autoinhibition. 
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 To further explore the role of each of the light chains in releasing IC 

autoinhibition, SV-AUC experiments with ICFL/Tctex/LC8 and ICFL/LC7 were 

conducted. The ICFL/Tctex/LC8 and ICFL/LC7 complexes show peaks with 

sedimentation coefficients of approximately 5.2 and 4.2 S, respectively (Figure 5.9B). 

Interestingly, the ICFL/Tctex/LC8 complex exhibits no shift upon the addition of 

NudECC but does shift to 6.2 S upon the addition of p150CC1B (Figure 5.9B). The 

ICFL/LC7 complex, on the other hand, exhibits a shift upon addition of either NudECC 

or p150CC1B to 4.5 or 5 S, respectively (Figure 5.9B). These data suggest that the 

addition of LC7 is sufficient to allow binding of p150CC1B and NudECC to ICFL, 

whereas the binding of Tctex and LC8 to ICFL only promotes p150CC1B binding to 

ICFL.  

 

 
 

Figure 5.9. Binding characterization of CT ICFL subcomplexes. A) The estimated 

mass of ICFL from MALS is 75.4 kDa, which indicates that ICFL is a monomer in the 

absence of binding partners. B) SV-AUC profiles of ICFL (black), ICFL mixed with 

p150CC1B (blue) or NudECC (green), and the subcomplexes: ICFL/Tctex/LC8/LC7 
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(gray), ICFL/Tctex/LC8/LC7/p150CC1B (blue), ICFL/Tctex/LC8/LC7/NudECC (green), 

ICFL/Tctex/LC8 (orange), ICFL/Tctex/LC8/p150CC1B (blue), ICFL/Tctex/LC8/NudECC 

(green), ICFL/LC7 (yellow), ICFL/LC7/p150CC1B (blue), and ICFL/LC7/NudECC (green). 

The black, dashed line is centered on unbound ICFL to help guide the eye. C) SDS-

PAGE gel of IMAC fractions (left to right: wash, elution, and final wash) with a band 

for ICFL migrating in accordance with the expected mass of ~79 kDa.  

 

 

Discussion 

The N-terminus of IC from a variety of species contains a stretch of about 300 amino 

acids that are primarily disordered, except for a few short α-helices. Within the first 

40 residues is a fully ordered helix (the SAH region), followed by a short disordered 

linker and another region (H2) that forms a fully ordered helix in some species but is 

only a nascent helix in others85,92,93,97. Prior work suggests that a more disordered H2 

is correlated with tighter IC/p150Glued binding and has shown that, for CT IC, the H2 

region binds directly to p150Glued (although mostly in a nonspecific manner)97. In this 

work, we use a construct of IC that encompasses almost its entire 300-amino acid N-

terminus to probe the interactions of CT IC with both p150CC1B and NudECC. This 

construct allows us to study the assembly of IC into a multivalent subcomplex with 

three dimeric dynein light chains and with its binding partners, p150Glued and NudE. 

Further, we demonstrate, using full-length IC, that the mechanisms at place in IC1-260 

remain in the context of the entire IC protein. A model that illustrates the importance 

of autoinhibition in dynein regulation and how the assembly of the multivalent IC 

subcomplex relieves this autoinhibition is presented (Figure 5.10).  

 

CT IC1-260 is a partially disordered compact monomer 

The primary CT IC construct (IC1-260) used in this work is, to date, the longest 

IC construct from any species made recombinantly and extensively studied by NMR, 

ITC, and SV-AUC65,77,81,85,90,92,93,99,100. IC1-260 far exceeds previously studied 

constructs from CT (res. 1-35, 37-88, and 1-88) as well as constructs from Drosophila 

(res. 1-60, 30-143, 84-143, 1-143, 92-260, and 114-260) and rat (res. 1-44, 1-96, and 

1-112). Similar to IC from Drosophila, apo CT IC1-260 is monomeric (Figure 5.2A, D) 

and contains significant disorder (Figure 5.4). However, unlike ICs from other 
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species, CT IC1-260 has a sequence-predicted third helix, H3, corresponding to 

residues 170-200 (Figure 5.3A, A2.2) that is highly consistent with fractional helicity 

values of IC1-260, IC160-240, and IC100-260 determined by CD spectroscopy (Figure 5.3B-

E). IC1-260 is the most thermostable construct, resisting unfolding at temperatures of 

up to 50ºC (Figure 5.3B), a feature that we attribute to long-range tertiary contacts 

between the N- and C-termini (Figure 5.5, A2.3). SV-AUC and SEC-MALS 

experiments confirm the presence of a binding interaction between IC1-88 and IC100-260 

(Figure A2.3). Further, NMR titrations with N- and C-terminal IC constructs identify 

a self-association interaction between residues in the SAH and the LC7 binding site 

of IC1-260 (Figure 5.5). These tertiary contacts are also seen in comparisons of NMR 

spectra of 15N-labeled IC1-260 upon addition of p150CC1B, NudECC, or LC7, which 

reveal a similar pattern of peak disappearances and chemical shifts that are not the 

same as those observed upon addition of Tctex or LC8 (Figure 5.7B). Finally, long 

distance tertiary interactions, and their impact on IC binding interactions, are 

suggested by the dramatic reduction in binding of p150CC1B or NudECC with IC1-260 

compared to IC1-88 and IC1-150 (Figure 5.6C).  

 

Different modes of binding of IC to p150Glued and NudE 

The coiled-coil domains of p150Glued and NudE (p150CC1B residues 478-680, 

and NudECC residues 1-190) show similar structure propensity and stability by SV-

AUC and CD and have stable dimeric structures with dissociation constants of 0.03 

and 0.20 µM, respectively (Figure 5.2). However, despite their many similarities, 

p150CC1B and NudECC have different modes of binding to CT IC. First, IC interactions 

with p150CC1B are multistep, which we attribute to p150CC1B binding to both the SAH 

and H2 regions of IC97. In contrast, NudECC binds IC in a single step (Figure 5.6C) 

and only to the SAH region and not to the H2 region (Figure 5.6B). Second, the 

p150CC1B/IC1-88 complex has a larger sedimentation coefficient when compared to the 

NudECC/IC1-88 complex (3.8 S vs 2.7 S, Figure 5.6A) even though the complexes have 

similar expected masses and ITC shows that they have the same binding 

stoichiometry. This suggests that the p150CC1B/IC1-88 complex has a more compact 
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structure. Third, although binding is much weaker with IC1-260 (Figure 5.6C) 

compared to the smaller IC constructs for both p150CC1B and NudECC, binding to 

NudECC is significantly weaker and is only detected at the higher concentrations used 

in NMR experiments (Figure 5.7B). Finally, and most importantly, the light chain/IC 

assembled complex shows a different sedimentation coefficient when bound to 

p150CC1B or NudECC. The subcomplexes both have masses of almost 200 kDa, but the 

NudECC subcomplex has a sedimentation coefficient of ~5 S compared to ~7 S for the 

p150CC1B subcomplex (Figure 5.8C). The larger sedimentation coefficient for the 

p150CC1B subcomplex is unexplained by the small mass difference, and thus indicates 

a more compact and stable conformation for the subcomplex when p150CC1B is 

bound. While adding p150CC1B makes the light chain/IC assembled complex heavier 

and increases the sedimentation coefficient, adding NudECC does not result in a 

significant increase, suggesting both weaker binding and increased friction compared 

to the light chain/IC/ p150CC1B assembled complex. A difference in overall complex 

mass due to a binding stoichiometry greater than 1:1 for p150CC1B and IC could 

explain the complex’s larger sedimentation coefficient, however this is very unlikely. 

As shown in previous studies across multiple species, p150CC1B consistently binds IC 

in a 1:1 stoichiometry65,90–92,97. Furthermore, visualization of the light 

chain/IC/p150CC1B complex and the light chain/IC/NudECC complex by SDS-PAGE 

(Figure 5.8B) shows similar intensity ratios between IC1-260/NudECC and 

IC1-260/p150CC1B, indicating that they exist in the same stoichiometry. Finally, MALS 

data of the IC1-88/p150CC1B complex gives a mass of 66 kDa, consistent with the mass 

expected for a p150CC1B dimer and two monomeric IC1-88 chains (data not shown). 

SV-AUC experiments with ICFL further confirm that p150CC1B and NudECC have 

different binding modes as, once again, complexes with assembled ICFL/light chain 

subcomplexes show a larger sedimentation coefficient when bound to p150CC1B (~8 

S) than when bound to NudECC (~7.5 S) (Figure 5.9). 
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Autoinhibition in IC selects for binding of p150Glued over NudE  

Interactions of IC1-260 with its binding partners observed by ITC and AUC 

show weak endothermic binding to p150CC1B but no binding to NudECC. Our data 

suggest a process, which we refer to as autoinhibition, in which IC1-260 adopts a 

compact structure that covers the SAH region necessary for binding to NudECC and 

for strong binding to p150CC1B, but still leaves the H2 region partly accessible so that 

weak binding to p150CC1B can still occur. The SAH region is made inaccessible by 

tertiary interactions within IC, as seen in an NMR titration of 15N-labeled IC1-88 with 

IC100-260 (Figure 5.5B-C). We assign these tertiary interactions to those within the 

LC7 binding site at the C-terminus via NMR titrations of 15N-labeled IC216-260 with 

IC1-88 (Figure 5.5D-E) but note that the binding affinity does appear stronger in the 

longer construct (IC100-260) (Figures A2.3, 5.5B-C) indicating that the full context of 

the disordered chain encompassing the binding sites for Tctex, LC8, and LC7 is 

needed for strong, intramolecular interactions. These interactions likely have an 

autoinhibitory effect, which would explain the reduced binding affinity for p150CC1B 

and NudECC for IC1-260 in comparison to the shorter constructs. Since this effect is 

more pronounced for IC1-260 binding with NudECC, we propose autoinhibition as a 

mechanism for partial binding of IC1-260 with p150CC1B and thus selection of p150CC1B 

over NudECC. Autoinhibition as a selection mechanism is underscored by our results 

with full-length IC (Figure 5.9). Although binding to both p150CC1B and NudECC are 

inhibited with ICFL alone, the addition of Tctex and LC8 rescue binding to p150CC1B, 

likely by helping make the nearby H2 region more available. In contrast, binding to 

both p150CC1B and NudECC is rescued via LC7 binding to ICFL (Figure 5.9). 

  

Regulation of binding to p150Glued across species and the role of dynein light chains  

Based on current data, it is highly likely that autoinhibition in IC is a 

conserved process for modulating binding to p150Glued and NudE. In Drosophila IC, 

paramagnetic relaxation enhancement NMR experiments have shown that binding of 

NudE to the SAH region shifts IC equilibrium toward more open states91. Such a 

preference for more open states when NudE is bound is in line with our data for CT 
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showing that NudECC requires an open SAH region to bind, whereas p150CC1B can 

more easily overcome the autoinhibited (closed) conformation of IC. Similarly, with 

IC from mammalian species, autoinhibition by interaction between the SAH and H2 

regions appears to be modulated by phosphorylation92,169. Our data collected on the 

full N-terminal domain of IC and full-length IC protein from CT demonstrate 

subcomplex assembly via light chain binding as the primary modulating mechanism 

for p150Glued and NudE binding. This is an effect that can only be detected with larger 

constructs of IC, such as CT IC1-260, that contains long disordered linkers separating 

short helices and binding sites. As summarized by the model shown in Figure 10, we 

propose that these properties combine to create a multifaceted system of regulation 

for IC. The disordered linkers allow for the needed flexibility to bring together the 

SAH region and the C-terminus (200+ amino acids away) and to extend it into an 

open conformation when LC7 is bound (either on its own, or with the other two light 

chains), which suggests a unique role for LC7 in regulating IC interactions. 

In conclusion, this work shows, for the first time, the recombinant expression 

of multiple dynein and non-dynein subunits and their reconstitution into three 

assembled subcomplexes. The dynein subcomplex (IC/Tctex/LC8/LC7) as well as the 

dynein subcomplex with p150CC1B or with NudECC were each successfully re-purified 

by SEC (Figure 5.8A) and verified by SDS-PAGE to show each expected subunit 

present in the complex (Figure 5.8B). Both the shape and the symmetry of the eluting 

SEC peak for the dynein subcomplex indicate that the complex is less stable than 

when either p150CC1B or NudECC is added. Taken together, these data demonstrate 

that not only is the stability of the dynein subcomplex enhanced by addition of 

p150CC1B and NudECC, but also that the ability of p150CC1B and NudECC to bind to IC 

is no longer inhibited when the light chains are present. The same conclusion is 

supported by data with full-length IC, as ICFL alone is unable to bind to either 

p150CC1B or NudECC until light chains are bound (Figure 5.9). Interestingly, the 

binding of just LC7 is enough to rescue ICFL binding to p150CC1B and NudECC, while 

binding of Tctex and LC8 only relieves autoinhibition enough for p150CC1B to bind 
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(Figure 5.9B). These results speak to the complexity required in IC regulation and 

emphasize the roles of autoinhibition and multivalency in this process.  

As illustrated in the model in Figure 10, the C-terminal end of IC1-260, which 

contains the LC7 binding site, interacts with the SAH region and results in a closed 

conformation. The closed conformation of IC is autoinhibitory, preventing binding of 

the SAH region by p150CC1B or NudECC. However, because p150CC1B also binds to the 

H2 region, p150CC1B binding to IC1-260 is not completely abolished. Our data suggest 

that it is the segment containing residues 220-250 (which forms an α-helix upon 

binding LC7) that makes contacts with the SAH, leaving downstream residues able to 

initiate binding to LC7 (Figures 5.5, 5.9). From the limited changes in NMR spectra 

upon Tctex and LC8 binding, we conclude that the overall closed conformation of IC 

is likely unrelieved by binding of LC8 and/or Tctex since they bind in the center of a 

long linker, whereas LC7 binding is required to release the SAH region, thereby 

allowing assembled IC to fully bind to p150CC1B and NudECC.  

 

 

Figure 5.10. A model of CT IC1-260 binding interactions and subcomplex 

assemblies. Apo CT IC1-260 is compact and in autoinhibited state (Boxed in black), 

with the SAH, H2, H3 regions depicted as helices and with colors indicating the LC8 

(red), Tctex (orange), and LC7 (yellow) binding sites. When LC7 is added (left 

arrow) LC7 outcompetes autoinhibition to bind IC1-260, exposing the SAH domain for 

p150CC1B and NudE binding. When p150CC1B or NudECC are added (down arrows) to 

apo IC1-260, autoinhibition prevents NudECC from binding and reduces the binding 

affinity of p150CC1B. However, as p150CC1B is able to bind to the H2 region of IC1-260, 

binding is not completely prevented. Addition of Tctex and/or LC8 (right arrow) 
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leads to a number of possible binary and ternary intermediates. LC8’s role of driving 

IC dimerization is depicted and, in all intermediates, we predict that IC autoinhibition 

remains based on very limited changes in NMR spectra. Continuing to the right, the 

addition of LC7 leads to formation of the dynein subcomplex and the release of SAH 

autoinhibition. The free SAH is now able to resume transient interactions with H2 

prior to binding with either p150CC1B or NudECC. Finally, addition of p150CC1B or 

NudECC leads to the formation of the p150 and NudE subcomplexes (bottom right). 

Our SV-AUC data suggest that the NudE subcomplex adopts a more elongated 

conformation. 

 

Dynein autoinhibition has been a relevant topic for years as dynein is only 

weakly processive when isolated in vitro170, and requires the binding of dynactin 

and/or cargo adaptor proteins for activation96,171–173. In a recent study, cryo-EM 

structures revealed that the autoinhibited form of human cytoplasmic dynein (phi-

particle) is stabilized by motor domain self-dimerization and contact between the tails 

of the heavy chains, whereas the less inhibited form (open-dynein) formed after 

binding dynactin has the proper motor domain orientation for highly processive 

motion along the microtubules82. Due to the binding relationship between the N-

terminus of IC and the CC1B region of the p150Glued subunit of dynactin, there is the 

possibility that the IC/p150Glued interaction provides the first step in dynein activation. 

If so, it would stand to reason that IC/p150Glued autoinhibition regulation we identify 

here in CT is a critical step in dynein function. In future work it will be important to 

demonstrate that autoinhibition and its subsequent reversal by dynein light chain 

binding is a conserved process of IC across species and whether this plays a role in 

the autoinhibition of the overall dynein protein complex.  

 

Materials and Methods 

 

Cloning, Protein Expression and Purification 

All studies were carried out using constructs from Chaetomium thermophilum 

(thermophilic fungus, G0SCF1-1). IC1-260 (res. 1-260), p150CC1B (res. 478-680), and 

NudECC (res. 1-190) constructs were prepared by PCR and cloned into a pET-24d 

vector with an N-terminal 6×His tag using the Gibson Assembly protocol174,175. In 

addition, a fragment of the IC1-260 construct with N-terminal residues removed (IC100-
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260) was generated by the same method. IC160-240 was ordered from GenScript 

(Piscataway, NJ) and IC216-260 was ordered from Azenta Life Sciences (Chelmsford, 

MA). Full length CT Tctex, LC8, and LC7 were amplified out of a CT cDNA library 

and cloned into a pET-15b vector with an uncleavable C-terminal 6×His tag. These 

light chain constructs contain a single, non-native GS linker prior to the tag sequence. 

For IC, p150, and NudE constructs, an N-terminal tobacco etch virus (TEV) protease 

cleavage site was included to allow the removal of the 6×His tag, leaving a non-

native GAH sequence post cleavage. DNA sequences were verified by Sanger 

sequencing. IC1-88 and IC37-88 constructs were prepared previously97. 

Recombinant plasmids were transformed into Rosetta (DE3) E. coli cells 

(Merck KGaA, Darmstadt, Germany) for protein expression. Bacterial cultures for 

expression of unlabeled proteins were grown in ZYM-5052 autoinduction media at 

37ºC for 24 hrs176, whereas cultures for expression of isotopically-labeled (15N or 

15N/13C) proteins were grown in MJ9 minimal media177 at 37ºC to an OD600 of 0.8 

before being induced with 0.4 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG), 

and continuing expression overnight at 26ºC. Proteins were purified from the cell 

cultures by immobilized metal affinity chromatography using previously published 

methods97. Complete cleavage of the tag by tobacco etch virus protease was verified 

by SDS-PAGE analysis. 

Proteins were further purified using a Superdex 75 (Cytiva Life Sciences, 

Pittsburgh, PA) SEC column and then, for IC1-260 samples, followed by anion 

exchange using Macro-Prep High Q Support resin (Bio-Rad, Hercules, California) 

with elution in 0.1 to 0.2 M sodium chloride. Protein concentrations were determined 

from absorbance at 205 and 280 nm 124. Molar extinction coefficients for the 

constructs used are as follows (ε205 & ε280): IC1-260 = 853,230 & 11,460 M–1 cm–1, IC1-

150 = 488,290 & 8,480 M–1 cm–1, IC100-260 = 665,620 & 14,440 M–1 cm–1, IC160-240 = 

387,110 & 2,980 M–1 cm–1, p150CC1B = 685,820 & 9,970 M–1 cm–1, NudECC = 

665,800 & 16,960 M–1 cm–1, Tctex = 649,850 & 31,970 M–1 cm–1, LC8 = 495,640 & 

8,480 M–1 cm–1, and LC7 = 533,510 & 6,990 M–1 cm–1. All purified proteins were 
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stored at 4ºC with a protease inhibitor mixture of pepstatin A and 

phenylmethanesulfonyl fluoride and used within one week.  

 

Full Length IC Cloning and Expression  

Full length CT IC (ICFL) was expressed in Insect Sf9 cells. The sequence of 

ICFL was codon optimized and cloned into pFastbac1 vector by Genscript 

(Piscataway, NJ) with an N-terminal 6×His tag followed by a TEV protease cleavage 

site. ICFL was expressed in Sf9 cells using the multiBAC system following previously 

published protocols with slight modifications82,172. The plasmid was transformed into 

EmBacY cells (Multibac) and single, white colonies were selected after 2 days and 

inoculated into 2xTY media supplemented with antibiotics and grown overnight. The 

bacteria pellet was harvested at 4000 rpm for 10 min and resuspended in 0.3 mL 

QIAGEN miniprep buffer P1, followed by 0.3 mL P2 buffer. After 5 min incubation, 

0.4 mL P3 buffer was added and the mixture was centrifuged at 13,000 rpm for 10 

min. The supernatant was added to 0.8 mL ice cold isopropanol and bacmid DNA 

was pelleted for 10 min at 13,000 rpm. The pellet was washed twice with 70% 

ethanol, resuspended in H2O, and stored at 4°C.  

Sf9 cells were cultured in SF-900 III SFM (Thermo Fisher) at a shaking speed 

of 125 rpm at 27°C.  2 µg fresh bacmid DNA was transfected into 2 mL Sf9 cells at 

0.9×106 cells/2 mL with 8 µL Cellfection II (Thermo Fisher) following 

manufacturer’s protocol. Five days later, 0.5 mL of the transfected culture medium 

was added to a 50 mL culture of Sf9 cells (0.5×106 cells/mL) for P2 infection.  Four 

days later, cells were spun down at 3000 rpm for 15 min at 4°C and the supernatant of 

P2 virus was collected and stored at 4°C in the dark. Protein expression was induced 

by adding P2 virus to Sf9 cells (1:100 ratio, 2×106 cells/mL). After four days, cells 

were harvested by centrifugation at 4000 rpm for 20 min at 4°C. The pellet was flash 

frozen in liquid nitrogen and stored at −80°C for further protein purification. Affinity 

purification was carried out as described above for other constructs.  
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IC Structure Prediction  

Sequences for IC from a range of species were obtained from the UniProt 

protein database178. Rattus norvegicus (rat, UniProt: Q62871-3), Drosophila 

melanogaster (fruit fly, UniProt: Q24246-11), Saccharomyces cerevisiae (yeast, 

UniProt: P40960-1), Homo sapiens (human, UniProt: O14576-2), Danio rerio 

(zebrafish,UniProt: A1A5Y4-1), Callorhinchus milii (Australian ghost shark, 

UniProt:V9KAN3-1), Octopus bimaculoides (Californian two-spot octopus, 

UniProt:A0A0L8HM30-1), Caenorhabditis elegans (nematode, UniProt: O45087-1), 

and Chaetomium thermophilum (CT, thermophilic fungus, UniProt: G0SCF1-1). The 

first 260 amino acids of the IC from each species were scored using the Agadir 

algorithm, which outputs a prediction for percent helicity per residue108,109,164–166. 

Agadir is not developed for prediction of long protein sequences, therefore results 

were compared to predictions from PSIPRED106,163 and in all cases agreed well.  

 

Circular Dichroism 

CD measurements were made using a JASCO (Easton, Maryland) J-720 

circular dichroism spectropolarimeter. Samples consisted of proteins at 

concentrations of 5-10 µM in 10 mM sodium phosphate buffer (pH 7.5). All 

experiments were done using a 400 µL cuvette with a path length of 0.1 cm. The data 

shown are the average of three scans. Thermal unfolding data were collected in 

increments of 5ºC over a temperature range of 5 to 60ºC. CD measurements were 

used to estimate the fractional helicity of the samples using the equation below: 

Fractional Helicity = 
(𝜃222

exp
+3000 deg cm2 dmol

−1) 

−36,500 deg cm2 dmol
−1  

where 𝜃222
exp

 is the experimentally observed residue ellipticity (MRE) at 222 

nm167. 

 

Isothermal Titration Calorimetry  

ITC experiments were conducted using a MicroCal VP-ITC microcalorimeter 

(Malvern Panalytical, United Kingdom). All experiments were performed at 25ºC and 

with protein samples in a buffer containing 50 mM sodium phosphate (pH 7.5), 50 
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mM sodium chloride, and 1 mM sodium azide. Samples were degassed at 25ºC prior 

to loading. Each experiment was started with a 2 µL injection, followed by 27 to 33 

injections of 10 µL. Protein concentrations in the cell ranged from 20-40 μM and 

concentrations in the syringe ranged from 200-400 μM. The data were processed 

using Origin 7.0 (Malvern Panalytical, Malvern, UK) and fit to a single-site binding 

model. The recorded data are the averages of 2-3 independent experiments. 

 

NMR measurements and analysis 

Samples for NMR were prepared in a 20 mM sodium chloride, 50 mM 

phosphate (pH 7.4) buffer that included 5% D2O, 1 mM sodium azide, 0.2 mM 2,2-

dimethylsilapentane-5-sulfonic acid (DSS), and 1× cOmplete™ protease inhibitor 

cocktail (Roche, Basel, Switzerland). NMR spectra were collected over a temperature 

range of 10-40 ºC using a Avance III HD 800 MHz spectrometer (Bruker Biospin, 

Billerica, Massachusetts) with a TCI cryoprobe and a Avance NEO 600 MHz 

spectrometer (Bruker Biospin) equipped with a room-temperature TXI probe. Band-

selective excitation short transient (BEST) variants of TROSY-based triple resonance 

sequences (HNCO, HNCA, HN(CO)CA, HN(CA)CO, HNCACB, HN(CO)CACB 

were used for backbone assignment of IC1-260 at 10ºC 126. Assignments of 15N-labeled 

IC216-260 was carried out using 15N-seperated TOCSY and NOESY experiments. The 

accessibility of IC1-260 amide protons to exchange with the solvent was determined by 

measuring peak volumes in a Fast HSQC spectrum with a 20 ms CLEANEX-PM 

mixing period. The IC1-260 and IC216-260 concentrations were 350-500 µM for these 

samples.  

NMR experiments of binary complexes (IC with one binding partner) were 

performed by combining 15N-labeled IC1-260 with unlabeled p150CC1B, NudECC, Tctex, 

LC8, or LC7 at a molar ratio of 1:1.5. For the IC216-260/IC216-260 binary complex, the 

15N-labeled components were mixed in a 1:1 molar ratio and each was at a 

concentration of 350 µM. Spectra for each binary complex were collected at both 10 

and 40ºC. NMR experiments of the dynein subcomplex (IC1-260 with all light chains) 

were performed much in the same way. The IC1-260 concentration was 250 µM for 
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these samples. NMR data were processed using TopSpin 3.6 (Bruker) and 

NMRPipe118. For 3D experiments that employed non-uniform sampling the spectra 

were reconstructed using SCRUB121. Peak assignment was performed using CCPN 

Analysis 2.5.2119. 

 

Analytical ultracentrifugation  

Sedimentation velocity analytical ultracentrifugation (SV-AUC) experiments 

were performed using a Beckman Coulter Optima XL-A analytical ultracentrifuge, 

equipped with absorbance optics. For individual proteins, the concentration used was 

15-30 µM. For binary complexes, IC1-260 or ICFL were mixed with each binding 

partner at ratios of 1:1.5 or 1:2 (molar ratio of IC to binding partner). The buffer 

condition used for all SV-AUC experiments was 25 mM 

tris(hydroxymethyl)aminomethane hydrochloride (pH 7.4), 150 mM KCl, 5 mM tris 

(2-carboxyethyl) phosphine, and 1 mM sodium azide. Samples were loaded into 

standard, 12 mm pathlength, 2-channel sectored centerpieces and centrifuged at 

42,000 rpm and 20°C. 300 scans were acquired at 280-297 nm with no interscan 

delay. Data were fit to a c(S) distribution using SEDFIT146. 

Sedimentation equilibrium analytical ultracentrifugation (SE-AUC) 

experiments were performed on the same instrument. NudECC and p150CC1B were 

each loaded with three concentrations in the range of 15-60 μM in 6 channel 

centerpieces, centrifuged at three speeds (10,000, 14,000, and 18,000 rpm) and 

scanned at 280 nm. Samples were scanned every 3 hours until they were at 

equilibrium (i.e., when the final sequential scans were superimposable), which 

occurred after 30 to 36 hours of centrifugation. Data were acquired as averages of 

five measurements of absorbance at each radial position, with a nominal spacing of 

0.003 cm between each position. The data from the three speeds and three 

concentrations were globally fit to a monomer-dimer self-association model and 

resulted in random residuals. Other models tested did not give adequate variances and 

random residuals. All experiments were done at 20°C. Data were fit using 

HETEROANALYSIS179.  
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SEC multiangle light scattering 

SEC coupled to multiangle light scattering (SEC-MALS) was carried out 

using a Superdex 200 gel filtration column on an AKTA fast liquid chromatography 

system (Cytiva Life Sciences) coupled with a DAWN multiple-angle light scattering 

detector and an Optilab refractive index detector (Wyatt Technology, Santa Barbara, 

CA). Data for IC1-260 was collected for protein samples at a concentration of 200 µM 

protein in a buffer composed of 50 mM sodium phosphate (pH 7.5), 50 mM sodium 

chloride, and 1 mM sodium azide. Data for ICFL was collected for protein samples at 

a concentration of 30 µM in a buffer composed of 25 mM 

tris(hydroxymethyl)aminomethane hydrochloride (pH 7.4), 150 mM KCl, 5 mM β-

mercaptoethanol, and 1 mM sodium azide.  Molar mass and error analysis were 

determined using ASTRA v9, employing a Zimm light scattering model (Wyatt 

Technology). 

 

Subcomplex reconstitution 

Post purification of individual protein, IC1-260 was combined with dynein light 

chains (Tctex, LC8, and LC7). To the assembled subcomplex, the non-dynein 

proteins p150CC1B or NudECC were added in a 1:1.5 molar ratio prior to SEC using a 

Superdex 200 column (Cytiva Life Sciences). Subcomplex reconstitution was verified 

by SDS-PAGE of SEC fractions, as each protein clearly resolves. When estimating 

concentrations for complexes purified by SEC, the absorbance at 280 nm was used 

with the assumption that the majority of formed complex in solution followed the 

expected stoichiometry of 1:1 (IC monomer: partner monomers) and that very little 

excess of free protein would be present. 

 

 

 

 

 

 

 



124 

 

 

Acknowledgements  

 

We acknowledge support from the National Science Foundation (Award 1617019 for 

E.J.B. and Award 2003557 for N.M.L.). The Oregon State University NMR Facility 

is funded in part by the National Institutes of Health (HEI Grant 1S10OD018518) and 

by the M. J. Murdock Charitable Trust (Grant 2014162). The Lewis & Clark College 

Bruker Avance NEO 600 NMR spectrometer was purchased with support from the 

National Science Foundation (Award 1917696) and the M. J. Murdock Charitable 

Trust (Grant 201811283). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



125 

 

 

Chapter 6 

 

Conclusion  
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Impact 

 

The studies presented here provide detailed description of two multivalent and 

disordered protein assemblies involving the hub protein, LC8. In combination, the 

work of this thesis serves as a blueprint for studying these systems in context. 

Beginning with a guide in using NMR to probe interactions of intrinsically disordered 

proteins, I present our routinely used methodology in a simple, easy-to-follow format 

that could be of great use to those interested in implementing NMR into their own 

research. As IDPs continue to prove important in the regulation of numerous cellular 

pathways and functions, continuing to make NMR approachable for novice users has 

the possibility for broad and significant impact across biological fields. The chapter 

concludes with an overview of how to couple NMR results with various other 

biophysical techniques depending on the desired research outcome, an approach that 

is proven vital in our work with the QT2-4 subdomain of ASCIZ and intermediate 

chain subcomplexes of dynein. By eloquently incorporating data from ITC, AUC, 

SEC-MALS, and ESI-MS in addition to NMR, the IDP interactions in the systems 

mentioned are well characterized and gaps in the respective fields are addressed.  

Central especially to the regulation mechanisms presented are not only the methods 

used but also the context encompassed in our studies. Our work with QT2-4 is the 

first in-depth look at the interplay of linker length, motif affinity, and motif 

specificity in LC8/IDP complex assembly that laid the groundwork for our success 

with the N-terminal domain and full-length constructs of dynein IC. The remainder of 

this chapter recounts the breakthroughs of my work and proposes future studies to 

continue much-needed progress in the IDP and dynein fields.  

 

Highlights of Reported Work 

 

Chapter 2 provides a procedural overview for studying the interactions of 

protein complexes that contain flexibility and disorder. The basics of protein 

expression, purification, sample preparation, and NMR data acquisition are presented 
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while acknowledging the need to use multiple biophysical techniques to properly 

probe such complex systems. This chapter provides an overview of the complications 

involved when using traditional structural techniques to study disordered proteins, 

while highlighting the advancements made by using NMR, specifically by our group 

for dynein IC.    

In Chapters 3 and 4, we explore important mechanistic questions about LC8 

and multivalent IDP binding. Using QT2-4 as a model multivalent LC8 ligand we 

provide the first evidence of “in-register” binding during complex assembly and 

identify linker length as having a modulating role in the flexibility and LC8 

occupancy in multivalent LC8/IDP complexes. Longer disordered linkers introduce 

increased flexibility between regions when bound to LC8, resulting in both 

compositional and conformational heterogeneity, that deters proper LC8/IDP duplex 

scaffold formation. Conversely, we show that shorter linkers can lead to enhanced 

binding of nearby weaker sites, reducing flexibility in the complex and promoting the 

formation of stable duplexes. Additionally, we show that binding of LC8 to 

multivalent QT2-4 constructs is complex and governed by factors such as LC8 motif 

specificity and that cooperativity between multivalent sites can be positive or 

negative depending on site location and individual LC8 binding affinity. The 

interplay of linker length and motif affinity and specificity, is a promising emerging 

mechanism for a tunable system of binding and regulation that we anticipate being 

shared across many biological processes, given the growing number of multivalent 

LC8 client proteins and the essential role of LC8 in nearly all cellular functions.  

In Chapter 5, we preformed, for the first time, the recombinant expression of 

multiple dynein and non-dynein subunits and their reconstitution into assembled 

subcomplexes. Via successful re-purification of the dynein subcomplex 

(IC/Tctex/LC8/LC7) and subcomplex variations including either p150CC1B or 

NudECC, we determined that the addition of non-dynein partners increase the 

subcomplex stability. We also show that p150CC1B and NudECC experience inhibited 

binding to both the N-terminal domain (IC1-260) and full-length IC (ICFL) due to long 

range intramolecular interactions within IC between the N-terminal SAH domain and 
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the LC7 binding site that impart a closed conformation of IC. IC autoinhibition is 

released by the binding of the three dynein light chains and interestingly, the binding 

of just LC7 is also enough to rescue ICFL binding to p150CC1B and NudECC.   

Further intricacies regarding the IC autoinhibition mechanism described 

include a selection process for p150CC1B over NudECC via the H2 domain. Because 

p150CC1B binds H2 in addition to the SAH on IC, its binding is less inhibited. Fittingly 

so, ICFL binding to Tctex and LC8 alone relieves autoinhibition enough for p150CC1B 

to fully bind, while inhibition is maintained to NudECC. These results not only speak 

to the complexity required in IC regulation but further emphasize the roles of 

autoinhibition and multivalency in the process.  

 These important findings were made possible by the context of our study, the 

only of its kind. Prior work on IC binding interactions has been limited to only short 

fragments of N-IC, leaving a mechanism for IC partner selection and the importance 

of bivalency in IC subcomplex assembly as major gaps in the field. Our studies 

utilizing IC1-260 and ICFL allowed for crucial insight into filling these gaps and has 

paved the way for future studies on IC and dynein regulation.   

 

Future Work 

 

LC8/IDP Complexes  

 Many studies have already begun within the Barbar lab that will serve as 

future work to my studies with QT2-4 and LC8. The positive and negative allostery 

exhibited by QT2-4 will be further characterized with NMR and negative stain EM to 

quantitatively determine how each binding site is affected by the others and 

eventually, whether the effects are retained in a cellular environment. Sources of 

binding heterogeneity in Drosophila ASCIZ will also be investigated with other 

constructs (QT1-3, QT4-6, and QT4-7) and mutants thereof as well and the full-

length LC8 binding domain to better create ‘rules’ around LC8/IDP assembly 

formation. Because it is such an important transcription factor and multivalent partner 

of LC8, ASCIZ serves as an ideal system for investigating LC8 multivalent binding. 
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However, even beyond LC8 and ASCIZ, this work would provide insights that extend 

to other transcription factors, hub proteins, and their partners. 

 Outside the context of ASCIZ, other lab projects include the tumor suppressor 

P53-binding protein (53BP1) that forms a unique assembly with LC8 and may expand 

our known functional and structural categories for multivalent LC8/IDP complexes. 

Also, we continue to make progress in our efforts to mathematically model LC8 

binding interactions that would provide important kinetic and thermodynamic insights 

for LC8’s numerous ligands and the many systems in which they involve.  

 

Dynein IC 

 Future work regarding dynein IC can be further divided into the aims below: 

1) Further characterizing autoinhibition as a mechanism for regulation of 

dynein interactions.  

As we have already shown that autoinhibition effects p150Glued and NudE binding 

in CT IC1-260 and ICFL, a next step would be to determine if the same mechanism of 

autoinhibition is seen across species of IC and if other regulatory mechanisms, such 

as phosphorylation, impact this autoinhibition. Prior data on mammalian versions of 

IC suggest a role for phosphorylation in regulating binding to p150Glued, however 

these studies were done on smaller IC segments. Future studies should use the full-

length N-domain and genetic code expansion (GCE) to incorporate phosphoSer at 

previously identified sites to determine if autoinhibition is observed in mammalian IC 

and to compare the effects on binding to p150Glued to the shorter domain.  

2) Determining the structure of the dynein IC subcomplexes. 

Our current NMR studies of CT IC1-260 could possibly be expanded by 

incorporating paramagnetic relaxation enhancement, and sortase-mediated segmental 

labeling methods to further determine the structure of free and light chain bound IC. 

Additionally, negative stain and cryoEM methods should be explored, with CT IC1-260 

and ICFL, with the addition of p150 and NudE if tighter, more stable complexes are 

needed. These studies could result in the first structures of IC subcomplexes and 

determine conformational differences between p150 and NudE subcomplexes.  
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Appendix 1  

 

The dynein light chain 8 (LC8) binds predominantly “in-register” to a 

multivalent intrinsically disordered partner – supplemental material  

 

Patrick N. Reardon1, Kayla A. Jara1, Amber D. Rolland, Delaney A. Smith, Hanh T. 

M. Hoang, James S. Prell, and Elisar J. Barbar 

 
1Authors contributed equally 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



147 

 

 

 

Figure A1.1. Native mass spectra of QT2-4 acquired over a range of 

concentrations. 25 µM (A), 10 µM (B), 1 µM (C), 500 nM (D), and 100 nM (E). 

Insets show a zoomed-in version of the m/z 2300-3200 region of the corresponding 

mass spectrum within each panel. The peaks associated with each QT2-4 homo-

oligomer are labeled as follows: monomer, blue circles; dimer, yellow circles; trimer, 

red circles. One charge state per oligomer has been labeled in each panel and inset for 

clarity. 
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Figure A1.2. Native mass spectra of LC8 acquired over a range of 

concentrations. 25 µM (A), 10 µM (B), 1 µM (C), 500 nM (D), 100 nM (E), and 10 

nM (F). Insets show a zoomed-in version of the m/z 2900-4000 region of the 

corresponding mass spectrum within each panel. The peaks associated with each LC8 

homo-oligomer are labeled as follows: monomer, blue circles; dimer, yellow circles; 

trimer, red circles; tetramer, purple circles. One charge state per oligomer has been 

labeled in each main panel and inset for clarity. 
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Figure A1.3. NMR spectra of bound and unbound QT2-4 at 40° C.  A) 15N 

TROSY spectrum of unbound QT2-4.  B) 15N TROSY spectrum of QT2-4 bound to 

LC8 (1:4).  C) Overlay of A (red) and B (black).  Blue circles highlight example 

resonances that have moved in the bound spectrum.  Orange circles highlight example 

resonance that are not perturbed in the bound spectrum.  Arrows specifically show the 

perturbation of glycines 289 and 292 in QT3 that are perturbed by LC8 binding. 
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Figure A1.4.  NMR titration of QT2-4 with increasing concentrations of LC8. 

Intensities of 15N-HSQC resonances are shown as a function of LC8 ratio. Results 

are grouped into separate plots for each LC8 binding motif as indicated in the figure.  
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Figure A1.5.  R1 and R2 relaxation rates for QT2-4 bound to LC8.  A) 15N R1  B) 
15N R2. 
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Appendix 2 

 

Multivalency, autoinhibition, and protein disorder in the regulation of 

interactions of dynein intermediate chain with dynactin and the nuclear 

distribution protein – supplemental material 

 

Kayla A. Jara, Nikolaus M. Loening, Patrick N. Reardon, Zhen Yu, Prajna 

Woonnimani, Coban Brooks, Cat H. Vesely, and Elisar J. Barbar.  
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Figure A2.1. IC sequence alignment. Alignment of the first 260 residues of IC from 

Drosophila, human, and CT using the MAFFT alignment program 180. Identical 

(asterisk), strongly similar (colon), and weakly similar (period) residues are shown at 

the bottom of each alignment. Known or predicted α-helical secondary structure 

(SAH, H2, H3, and the LC7 binding domain) is highlighted in blue, with the darker 

shade of blue indicating stronger prediction. Known or predicted binding sites for 

Tctex and LC8 are highlighted in yellow 49.  
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Figure A2.2. Predicted percent Helicity in IC across species. Residue-level percent 

helicity predictions generated using the Agadir algorithm for the first 260 amino acids 

of IC from H. sapiens (human), R. norvegicus (rat), D. rerio (zebrafish), C. milii 

(Australian ghostshark), O. bimaculoides (Californian two-spot octopus), C. elegans 

(nematode), D. melanogaster (fruit fly), C. thermophilum (CT, thermophilic fungus), 

and S. cerevisiae (yeast) 108,109,164–166.  
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Figure A2.3 IC1-88 and IC100-260 binding by SV-AUC. A) Domain architecture 

diagrams of IC1-260, IC1-88, and IC100-260. B) SV-AUC experiments of IC100-260 (grey), 

IC100-260 mixed with IC1-88 at a 1:2 molar ratio (black), and IC1-260 (grey dashes). C) 

The estimated mass of IC100-260/IC1-88 complex from MALS is 30.3 kDa, which 

indicates a 1:1 binding stoichiometry. 
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Figure A2.4. NMR spectra of IC are unaffected by salt concentration. 1H-15N 

TROSY spectra of IC1-260 in 20 mM NaCl (black) overlaid with IC1-260 in 250 mM 

NaCl (pink) at both 10ºC (left) and at 40ºC (right).  
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Appendix 3 

 

Phosphomimetic mutations and Saturation Transfer NMR in the study of 

mammalian IC binding interactions 

 

Kayla A. Jara and Nikolaus Loening 
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Overview 

 

Previously published work (Jie et. al. 2017) identified that a phosphomimetic 

mutation in the mammalian IC-2C isoform at serine residue 84 (S84D) caused 

reduced binding to a coil-coiled region of dynactin (p150Glued), while binding to the 

Nuclear Distribution protein (NudE) remained unaffected. The combination of ITC, 

NMR, and CD data lead to a proposed a model in which IC-2C becomes compact 

upon phosphorylation due to electrostatic interactions of the N-terminal p150/NudE 

binding site (SAH) and the further C-terminal serine-rich region. The aims of this 

work were to study the effects of similar phosphomimetic mutations (T89E and 

S91D) in the serine-rich region to determine if the effect on p150Glued binding is 

phosphorylation site specific. Further, to determine any differences in p150Glued and 

NudE binding to IC-2C, saturation transfer NMR was employed to better map the 

exact binding regions within IC-2C.  

 

Summary and Outlook 

 

Summary  

 Mammalian IC-2C1-96 and subsequent phosphomimetic mutations at residues 

S84, T89, and S91 were successfully expressed and characterized by CD, ITC, and 

NMR, including binding experiments with p150Glued and NudE.  

CD analysis shows similar α-helical secondary structure among the wild-type (WT) 

IC-2C1-96 and the mutants. Over a temperature range of 5-35˚C, the S84D mutant 

maintains secondary structure in a similar manner as WT, while the T89E mutant 

appears to be slightly more temperature stable, and the S91D mutant appears to be 

slightly less temperature stable, beginning to lose secondary structure between 25-

30˚C (Figure A3.1). This data would suggest that introducing phosphomimetic 

mutations into the serine-rich region of IC-2C1-96 does not induce significant 

structural changes.  
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Figure A3.1. Secondary structure and stability analysis of IC-2C1-96 and 

phosphomimetic mutants by CD. Variable temperature CD spectra of (A) IC-2C1-96, 

(B) IC-2C1-96 S84D, (C) IC-2C1-96 T89E, and (D) IC-2C1-96 S91D. The shapes of the 

spectra for all constructs indicates a mixture of α-helical secondary structure and 

regions of intrinsic disorder. Loss in structure, or lack thereof, over a temperature 

range of 5-35ºC (blue for lowest, red for highest) indicates how each construct varies 

in stability.  

 

The binding interactions of IC-2C1-96 and p150Glued were first monitored by 

ITC (Figure A3.2). The binding thermogram of IC-2C1-96 with p150Glued compares 

well to that reported by Jie et al. (Figure A3.2 A), however, when reproduced here, 

the interaction of the S84D mutant with p150Glued matches that of WT (Figure A3.2 

B).  Further, thermograms for the S91D and T89E mutants also indicate binding to 

p150Glued that is similar to WT. Together, this data indicates no loss of binding to 

p150Glued caused by phosphomimetic mutations.  
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Figure A3.2. Binding of IC-2C1-96 and phosphomimetic mutants to p150Glued by 

ITC. ITC thermograms for p150Glued titrated with (A) IC-2C1-96, (B) IC-2C1-96 S84D, 

(C) IC-2C1-96 S91D, and (D) IC-2C1-96 T89E collected at 25ºC (pH 7.5). All results 

indicate binding between the IC-2C constructs and p150Glued.  

 

  Finally, to better map the binding sites of p150Glued and NudE on IC-2C1-96, 

STD NMR experiments were used. In an STD experiment, peak intensity is caused by 

the transfer of magnetization from the ligand to the binding partner.  In this case, IC-

2C1-96 was in excess and thus existed predominantly in the free form upon titration of 

unlabeled p150Glued or NudE. Significant STD effects indicate direct transfer of 

saturated magnetization. Data collected here at ratios of 50:1 and 30:1 (IC-2C1-96: 

binding partner) indicate that the SAH of IC-2C1-96 is directly binding to p150Glued 
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and NudE, while in both cases the disordered linker regions are not, evident by the 

high STD intensities for residues 1-20 that are not seen elsewhere. Further, the H2 

region does not appear to be directly binding to NudE and only a few weak peaks 

appear for p150Glued (Figure A3.3 A). This is an important finding as in regular NMR 

titration experiments, peak attenuation was seen for the SAH and H2 regions upon 

addition of both p150Glued and NudE.  Weak peaks in the linker regions are also seen 

in the free IC-2C1-96 spectrum and are most likely due to the residual fraction of 

protonated methyls in IC-2C. To further support these findings, CLEANEX 

experiments were ran at increasing ratios of 5:1 and 1:1 (IC-2C1-96: binding partner) 

and provide more evidence that the SAH region is binding while the linker 2 region is 

remaining flexible, evident by the high peak intensities seen for resides 80-100 that 

are not seen elsewhere, except in the free IC-2C1-96 spectrum (Figure A3.3 B). 

Together, these experiments indicate that the serine-rich region home to the 

phosphomimetic mutations doesn’t interact with either binding partner in the WT 

form. 
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Figure A3.3. Saturation Transfer Difference NMR of IC2C1-96 binding p150Glued 

and NudE. (A) Peak intensities are plotted for each IC2C residue. Free IC2C (dark 

blue) represents the basal peak intensity in the free spectrum prior to titration with 

p150 and NudE at a molar ratio of 50:1 (red and grey respectively) and a molar ratio 

of 30:1 (yellow and light blue) ratios of ligand to IC2C. These data indicate that the 

SAH of IC2C is directly binding to p150 and NudE, while in both cases the 

disordered linker regions are not. (B) CLEANEX peak intensities for free IC2C (light 

blue), and titration with p150 and NudE at a molar ratio of 5:1 (yellow and dark blue 

respectively), and a molar ratio of 1:1 (orange and gray). This data supports the STD 

NMR and the conclusion that the linker 2 region of IC2C is not involved in binding 

interactions. 

 

Outlook 

  The data presented above does not support the previously proposed model in 

which IC-2C becomes compact upon phosphorylation due to electrostatic interactions 

of the N-terminal p150/NudE binding site (SAH) and the further C-terminal serine-

rich region. The aims of this work were to study the effects of similar 

phosphomimetic mutations (T89E and S91D) in the serine-rich region to determine if 
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the effect on p150Glued binding is phosphorylation site specific. In these experiments 

none of the phosphomimetic mutations impacted the binding of IC-2C to p150Glued. 

 The STD NMR experiments presented here serve as a good example of 

successfully mapping a binding region on an IDP that appears more widely 

encompassing in traditional NMR titrations. Although similar to the work presented 

in Chapter 3, the ratios of IC: binding partner vary immensely, providing a different 

example of successful conditions depending on the type of complex being studied.   

In future experiments, the same type of characterization but with the incorporation of 

phosphoserine by genetic code expansion should be explored as although still widely 

accepted, phosphomimic mutations are often not representative of true 

phosphorylation. Further, from my work with CTIC (presented in Chapter 5), I would 

also suggest the use of a longer IC-2C construct to determine if any effects seen for 

IC-2C1-96 remain in the context of the entire disordered N-terminal domain or full-

length protein.  

 

Experimental Procedures 

 

Mutagenesis and Protein Production  

Mammalian IC-2C1-96 (residues 1-96), p150Glued (residues 382-531), and 

NudE (residues 1-189) were cloned into pET vectors with an His6 tag. An internal 

tobacco etch virus (TEV) protease cleavage site was included in the IC-2C and 

p150Glued constructs to allow the removal of the His6 tag. All IC-2C mutations were 

made using the Quikchange Mutagenesis kit (Agilent). All mutations were verified 

via Sanger sequencing and then transformed into competent Rosetta (DE3) E.coli 

cells (Merck KGaA, Darmstadt, Germany) for protein expression. 

Bacterial cultures for protein expression were grown in Luria-Bertani medium at 

37˚C to an optical density (A600) of 0.6-0.7 followed by induction with 0.4 mM 

isopropyl-β-D-thiogalactopyranoside for 16-18 hr at 26˚C. Cells were harvested, 

lysed by sonication, and centrifuged to clarify the lysate. Soluble fractions were 

purified with TALON’s Metal Affinity Resin (Takara Bio USA, Mountain View, 

CA). His6 tags were cleaved with TEV protease and all proteins were either further 
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purified using a Superdex 75 (Cytiva, Marlborough, MA) size-exclusion 

chromatography (SEC) column.  Concentrations for IC constructs were determined 

using absorbance at 205 nm and the concentration of p150Glued and NudE were 

determined using the absorbance at 280 nm. All proteins were stored at 4˚C and used 

within one week. 

 

Circular Dichroism 

CD measurements were made using a JASCO (Easton, Maryland) J-720 

spectropolarimeter. Spectra were recorded on a JASCO 720 spectropolarimeter. 

Samples consisted of proteins at concentrations of 5-10 µM in 10 mM sodium 

phosphate buffer (pH 6). All experiments were done using a 400 µL cuvette with a 

path length of 0.1 cm. Data was taken at 5, 15, 25, and 35˚C and the data shown are 

the average of three scans.  

 

Isothermal Titration Calorimetry  

ITC experiments were conducted using a MicroCal VP-ITC microcalorimeter 

(Malvern Panalytical, Malvern, United Kingdom). All experiments were performed at 

25˚C in buffer composed of 50 mM sodium phosphate, 50 mM sodium chloride, and 

1 mM sodium azide (pH 7.2-7.5). Each experiment involved an initial 2µL injection, 

followed by 26 (10µL) injections. The titrants (IC) were in concentrations of the 

range 0.25-0.30mM, while the cell protein (p150Glued) was in the range of 20-30µM. 

Data was processed using Origin 7.0 and fit to a single-site binding model.   

 

NMR measurements and analysis 

 For perdeuteration, E. coli Rosetta DE3 cells, transformed with IC-2C, were 

grown in Luria broth prepared in 99.9% D2O overnight. Modified M9 minimal 

medium prepared with 99.9% D2O was inoculated from the overnight culture. 13C 

and 15N were supplied with uniformly labeled [2H-13C] glucose (0.01 M) and [15N] 

ammonium chloride (0.02 M), respectively. The cultures were grown and purified as 

mentioned above. 
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NMR experiments were carried out on an 800-MHz Bruker Avance III HD 

NMR spectrometer equipped with a 5-mm triple resonance (HCN) cryogenic probe. 

NMR samples were prepared in 10 mM sodium phosphate, 50 mM NaCl, 1 mM 

sodium azide, pH 6 buffer at a final IC-2C concentration of 0.6 mM. The samples 

also contained a protease inhibitor mix (Roche Applied Science), 10% D2O, and 0.2 

mM 2-2 dimethylsilapentane-5-sulfonic acid (DSS) for chemical shift referencing. 

Assignments of IC-2C1-96 had been obtained previously. For the saturation transfer 

difference experiments, saturation was applied during the relaxation delay of a 2D 

15N TROSY. Samples were made with both p150Glued and NudE at molar ratios of 

50:1, 30:1, and 15:1 (IC:binder). The accessibility of IC2C1-96 amide protons to 

exchange with the solvent was determined by measuring peak volumes in a Fast 

HSQC spectrum with a 100 ms CLEANEX-PM mixing period. CLEANEX 

experiments were also ran upon the addition of p150Glued and NudE at molar ratios of 

5:1 and 1:1. NMR data were processed using TopSpin 3.6 (Bruker) and NMRPipe. 

Peak assignment was performed using CCPN Analysis 2.5.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


