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CHAPTER 1: INTRODUCTION 

 

1.1 Calcium Regulation and Signaling. 

Calcium (Ca2+) is a central element in numerous cellular processes, serving both as a ubiquitous 

second-messenger signal for receptor-mediated responses across the cell1 and as a metal cofactor for 

many proteins. Ca2+-dependent regulation and signaling are therefore important regulators for 

human health.2,3 Ca2+ regulation modulates a range of specific functions across the cell (Figure 1.1). 

Notably, levels of Ca2+ fluctuate within cellular compartments and across the cell membrane. 

Consequently, Ca2+ signaling requires specific interacting partners including calcium-binding proteins 

(CaBPs), channels, and transporters.4 The number and types of specific interactions involving Ca2+ 

highlight the importance of this metal in biological homeostasis and how studying these interactions 

within these processes can be a valuable tool for understanding normal physiology, pathology and 

therapeutic development.  

 
Figure 1.1. Diagram of Ca2+ signaling across the cell. 
Ca2+ signaling occurs at various sites across the cell. Image created with BioRender.com 

 

Ca2+-binding proteins.  

The interaction of Ca2+ with a signaling target or localization to its cellular compartment is often 

mediated by Ca2+-binding proteins (CaBPs). The EF-hand family constitutes one major class of 

CaBP.5 7KH�WHUP�´()-KDQGµ�ZDV�coined upon inspection of the x-ray crystal structure of 

parvalbumin, in which helix E and helix F are separated by a loop with partial Ƣ-sheet character that 

binds Ca2+ ions (and other divalent metals such as Mg2+) (Figure 1.2).6 The structure of this motif is 

highly conserved across homologs.7  

Ca2+
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Figure 1.2. An example of an EF-hand motif from the human calmodulin crystal structure.  

(Left) An EF-hand motif extracted from the crystal structure of human calmodulin (PDB 1CLL). (Center) a 
cartoon diagram of EF-hand structure. (Right) An example of an EF-domain which is comprised of two EF-
hand motifs. Coloring scheme: Helix E in blue, metal binding loop in orange, helix F in pink, and Ca2+ in 
green.  

 

Although EF-hand proteins share many features, they serve specific functions and consequently, 

many EF-hand CaBPs exist. A short list of the most common EF-hand CaBPs is reported here 

(Table 1.1). In summary, EF-hand CaBPs regulate and buffer Ca
2+

 signals, or sense and transduce 

Ca
2+

 signals to regulate a wide range of biochemical pathways.  
 

Table 1.1. A brief list of examples of EF-hand calcium-binding proteins.  

Protein Function Reference 

Calmodulin 
Ubiquitous Ca

2+
-sensor à Ca

2+
-dependent enzyme activation 

and regulation of many biochemical pathways  
[3, 8] 

Troponin C 
Specific Ca

2+
-sensor à Ca2+-dependent activation of (cardiac) 

muscle contraction  
[9, 10] 

Calbindin-D28k 
Ca

2+
 signal modifier and sensor à Vitamin D dependent; 

shown to regulate signal transduction cascades  
[11] 

Calreticulin Ca
2+

 metallochaperone in the endoplasmic reticulum  [12] 

Centrin 2 
Specific Ca

2+
-sensor à regulation of the centrosome and 

involved in nucleotide excision repair 
[13] 

S100 Proteins 

Ca
2+

 signal modifiers and sensors à intra- and extra-cellular 

functions including innate immune response, regulation of 

inflammation, cell metabolism, apoptosis, and Ca
2+ 

homeostasis 

[14-16] 
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1.2 Ca2+-Binding Proteins in Human Health and Disease. 

In addition to homeostatic control, many Ca2+-binding proteins have also been linked to diseases. 

For example, S100A8/A9 (collectively known as calprotectin) is upregulated and is actively released 

from neutrophils to mediate certain immune responses and stimulate inflammation.17 In ParkinsRQ·V�

Disease, there seems to be an effect on expression of Cav1 calcium ion channels as well as other 

CaBPs that are sensitive to changes in these channels.18 In cancer, expression of S100P, S100A8, and 

S100A14 appears to be upregulated and contributes to anticancer drug resistance.19-21 Additionally, 

the penta-EF-hand protein sorcin appears to be involved in multidrug resistance in certain cancer 

cells.22 In summary, CaBPs appear to play in a role in disease progression, serve as biomarkers, and 

represent a potential target for therapeutic intervention. Consequently, there is a growing list of 

therapies that act upon CaBPs or intersect with pathways affected by CaBPs (Table 1.2).  

 

Table 1.2. Examples of therapeutics acting upon calcium-binding proteins in human 
diseases.  
 

Therapeutic Target & Use Reference 

Chlorpromazine Calmodulin and calmodulin-like protein inhibitor; primary use 
as an antipsychotic; off-label use as anti-nausea drug [23] 

Diltiazam Calcium ion channel blocker in cardiac muscle tissue; primary 
use is to lower blood pressure, hypertension drug  [24] 

Purfalcamine Ca2+-dependent kinase inhibitor in P. falciparum; antiparasitic   [25] 

Cyclosporin A Inhibits phosphatase activity of calcineurin; inhibits T cell 
activation; immunosuppressant [26] 

Thapsigargin Inhibits sarco/endoplasmic reticulum Ca2+-ATPase (SERCA); 
prevents influx of Ca2+; ER stressor Æ cell death; anti-cancer [27] 

Levetiracetam Inhibits N-type calcium ion channels; prevents excitatory 
neurotransmission; antiepileptic [28] 

Flunarizine Calcium ion channel blocker in neuronal cells; migraine 
prophylaxis; some evidence for calmodulin inhibition to [29] 

Calcitonin Inhibits osteoclasts; decreases bone loss in osteoporosis [30] 
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Therapeutic intervention by targeting proteins involved in these pathways appears to be an effective 

approach. There are ongoing efforts to discover new therapeutics targeting CaBPs or associated 

proteins by high-throughput screening and drug discovery.31,32 In addition, there have been efforts to 

engineer CaBP variants directly as therapeutics.33,34 For example, targeting CaBPs in 

neurodegenerative diseases (NDs) remains underexplored, despite the fact that calcium 

dysregulation is a major hallmark of ND progression.35 This is in part due to the complex nature of 

protein-protein interactions (PPIs) in these diseases. However, the mechanism of disease 

progression in neurodegenerative diseases is dependent on more than one PPI, which makes 

identifying a critical target complicated.36 At the same time, if a coordinated network of multiple 

proteins is responsible for disease progression, targeting a single interaction by therapeutic 

intervention may not ameliorate a disease phenotype. Hence, a more detailed understanding of 

molecular interactions of disease interactomes may help improve therapeutic and diagnostic 

development. In particular, the focus for this thesis is the investigation of PPIs between calcium 

sensors and other proteins associated with +XQWLQJWRQ·V�'LVHDVH (HD).  

 

1.3 An Introduction to +XQWLQJWRQ·V�'LVHDVH. 

+XQWLQJWRQ·V�'LVHDVH�LV�D�rare neurodegenerative disease that leads to decreased cognitive function, 

memory loss, and impaired motor control.37 On a molecular level, the disease is triggered by a 

mutant form of the human huntingtin protein (mHTT). mHTT is prone to aggregation within 

neuronal cells and augments PPIs normally regulated by wildtype HTT (WT HTT). It is thought that 

WT HTT is important for long-term memory formation, although this has not been well 

characterized in humans.37  

 

        10         20         30         40         50 
MATLEKLMKA FESLKSFQQQ QQQQQQQQQQ QQQQQQQQPP PPPPPPPPPQ  
        60         70         80         90        100 
LPQPPPQAQP LLPQPQPPPP PPPPPPGPAV AEEPLHRPKK ELSATKKDRV 
 
Figure 1.3. N-terminal WT HTT Amino Acid Sequence. 
The first 100 residues of WT HTT are shown. Native glutamine residues are highlighted in green.  

 

A key structural feature of HTT is that it has a polyglutamine repeat tract at its N-terminus (Figure 

1.3). Mutations can occur in this region due to the polyglutamine sequence being encoded by a long 

repeat sequence of cytosine-adenine-guanine (CAG) bases.38 These repeats are prone to DNA 
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replication errors and expansion of the CAG repeats is plausible.39 The number of CAG repeats 

ultimately determines the likelihood of developing HD (Table 1.3). Normally, WT HTT has < 26 

CAG repeats. There is some level of tolerability for expanded CAG repeats in patients with 27-35 

repeats. However, after this threshold, the risk of developing HD is severe. Notably, patients with 

36-39 repeats are classified as low-penetrance phenotype in which they may or may not develop 

symptoms later in life, but almost certainly will pass on to their offspring. Lastly, patients with > 39 

CAG repeats/polyglutamine residues is the clinical cutoff for being diagnosed with HD.38,39  

 

Table 1.3. Risk of HD Development: Tolerability of CAG/Glutamine Repeats in HTT. 

Number of 
CAG Repeats HD Likelihood Reference 

< 26 Homeostatic phenotype; WT HTT carrier; unlikely to develop HD 

[40] 

27-35 
Intermediate HTT DOOHOH��:7�+77�FDUULHU��ZRQ·W�VKRZ�V\PSWRPV�
but possibly at-risk for HD development if enough mutations or 
replication errors occur; more susceptible at older ages  

> 36 HD phenotype; mHTT carrier; high likelihood for inheritance; 
generally, this is the clinical cutoff for diagnosis  

36-39 Low penetrance phenotype; mHTT carrier; less-severe HD 
symptoms but still high likelihood for inheritance  

> 80 
Rare, but possible to have excessive CAG expansions; atypical 
clinical manifestation; most severe phenotypes especially in younger 
patients; if present, deleterious juvenile HD development likely 

 

On a clinical level, HD currently affects approximately 0.1-0.7 per 100,000 people (approximately 

0.001-0.007% of the general population) as of 2021.41 HD is typically seen in older patients but can 

occur at any age depending on how the length of expanded polyglutamine tract in mHTT, as noted 

previously. However, the major contribution to develop HD is genetics since the disease is an 

autosomal dominant condition and inheriting an at-risk or mutant allele of the HTT gene from a 

single parent is the major determinant for disease development.42 Additionally, genetic screening can 

KHOS�DVVHVV�D�SDWLHQW·V�ULVN�IRU�GHYHORSLQJ�V\PSWRPV�43 In terms of treatment, no direct cure for HD 

exists, although some therapeutics exist for reducing symptoms and there are several therapeutics in 

the pipeline currently.44 In brief, target therapies are being developed to tackle HD at different 

molecular levels of expression and signaling (Figure 1.4). To date, no clinically approved PPI 

inhibitor for HD has been developed. 
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Figure 1.4. Current therapeutic strategies targeting the expression of mHTT and treatment of HD. 
Existing therapies are designed to target expression of mHTT at the DNA and mRNA levels.45-48 One recent 
study identified a novel mHTT inhibitor.49 Some therapies are used to treat symptoms of HD but cannot cure 
the disease directly.50 Images created with BioRender.com 
 

A study conducted in 2014 reported that HTT has about 100 interacting partners directly interacting 

with HTT and about 2000 secondary partners interacting with primary partners.51 This network 

consists of direct interactions with the HTT protein as well as with other proteins interacting 

downstream of HTT. In a pool of thousands of direct HTT-interacting proteins and associated 

proteins, disruption of a single PPI could be difficult to target and simultaneously may not elicit a 

therapeutic response. To that end, research into the HTT interactome may help identify the 

molecular interactions underpinning HD and potentially lead to novel therapeutic development.  

 

Huntingtin Protein.  

The WT HTT protein is ~3000 residues with a mass of 346.7 kDa. The domain architecture of HTT 

is broadly defined as having N- and C-terminal domains of Huntingtin, Elongation factor 3, protein 

phosphatase 2A, TOR1 (HEAT) helical repeats, separated by a bridge domain linker.52-53 

Additionally, a cryoEM structure of the WT HTT protein in complex with Huntingtin Associated 

Protein 40 (HAP40) has been determined, although the authors ZHUHQ·W�DEOH�WR�JHW�UHVROXWLRQ�IRU�WKH�

N-terminal glutamine rich region (Figure 1.5).52 Based on this structure, there appears to be some 

HD
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� mRNA inhibition by antisense 

oligonucleotide2

� Inhibition of  MID1 
(translational regulator)3
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Post-Translational Modifications
� TBK1 Kinase Æ Phosphorylation 

inhibits HTT aggregation4

Protein-Protein 
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Inhibitor?
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� Muscle relaxers, off-label anti-

psychotics, physical therapy6

Gene Therapy
� Gene silencing1
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fairly ordered regions constituting the N- and C-terminal HEAT domains interacting with HAP40. 

Due to the size and structure of this protein, it is unsurprising that HTT can bind to numerous 

interacting partners. Furthermore, the dynamic nature of the N-terminus can be further promoted 

by polyglutamine expansions, which would contribute to the aggregation-prone behavior of mHTT.  

 

 
Figure 1.5. CryoEM structural model of WT HTT.   
A structure of WT HTT was determined by cryoEM. HTT shown in green. HAP40 shown in orange. (PDB 
6X9O).  

 

1.4 Protein-Protein Interactions Associated with HTT. 

As noted above, ~100 different proteins appear to have interactions with HTT. A select number of 

these interacting proteins is shown in a functional protein network generated by the STRINGS 

server algorithm which uses a combination of predicted and experimental data (Figure 1.6).54 

Among these are an RNA splicing factor Prp40, which is predicted to have a strong interaction with 

HTT, and two structurally related EF-hand Ca2+ sensors: human centrin 2 (hCen2), which is 

predicted to have a weak interaction with HTT, and calmodulin (CaM), which has been reported to 

interact with mHTT with high affinity55,56. Previous work in the Chazin Lab demonstrated that 

hCen2 interacts with Prp40A through its FF3 domain.57 In brief, our lab used isothermal titration 

calorimetry (ITC) and a combination of spectroscopic techniques to establish that Prp40A-FF3 

interacts with hCen2. The data revealed a stoichiometry of one-to-one and a binding affinity (Kd) of 

278 ± 31 nM. Building off this work and the similarities of EF-hand Ca2+ sensors, we developed our 

hypothesis that CaM and hPrp40A interact with each other in a calcium-dependent manner.  
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Figure 1.6. A selection of the predicted HTT interactome.  
HTT in light orange, calmodulin (encoded by CALM1) in red, Prp40A (encoded by PRPF40A) in olive 
green, and centrin 2 (encoded by CETN2) in light green. Thickness of the connecting line indicates 
confidence in the interaction. Generated with the algorithm-based STRING Server (https://string-db.org). 

 

 

The Calcium Sensor Calmodulin.  

CaM is the prototype EF-hand Ca2+ sensor, comprised of four EF-hand motifs organized into N-

and C-terminal globular domains (Figure 1.7). CaM is encoded by three genes (CALM1, CALM2, 

CALM3), which have slightly different nucleotide sequences but ultimately code for the same amino 

acid sequence, emphasizing the biological importance of this protein.58 CaM has many binding 

partners across the cell that facilitate a wide range of calcium-dependent processes as alluded to 

above. Importantly, the two domains of CaM are connected by a flexible linker, which enables CaM 

to bind partner proteins in multiple modes: engaging the N-terminus, the C-terminus, or both 

domains simultaneously.59  
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Figure 1.7. Crystal structure of Ca2+-loaded CaM.  
CaM in blue, Ca2+ ions in grey. (PDB 1CLL). 

 

CaM binding to Munc13-1 is an example of CaM engaging the target with both domains (and one 

that will be revisited later.) Munc13-1 is a protein involved in SNARE assembly and important for 

regulating vesicle fusion in the cell. A crystal structure of a truncated Munc13-1 peptide binding has 

been reported in which CaM binds in a typical extended configuration to two different motifs in the 

target.60 Figure 1.8 shows the structure of the complex and highlights two phenylalanine residues in 

the Munc13-1 peptide that anchor the target by inserting the side chains into the hydrophobic clefts 

of the two CaM domains.  

 

 
Figure 1.8. Crystal structure of Munc13-1 peptide bound to CaM.  
CaM in light green, Ca2+ ions in grey, Munc13-1 peptide in yellow, and Munc-13 Phe residues in blue. (PDB 
2KDU). 

 

N

C

N

C

Phe Site 2
Phe Site 1



 

  10 

 

Human Pre-mRNA Processing Factor Homolog A (hPrp40A).  

hPrp40 is a pre-mRNA processing factor with isoforms A and B. The domain architecture of the A 

isoform includes two N-terminal WW domains with two conserved Trp residues followed by six FF 

domains (Figure 1.9). Previous work has shown there is an interaction between the yeast homolog 

of Prp40A and HTT.60 It has also been suggested that the WW domains interact with HTT and 

other mutated proteins involved in neurodegenerative disease progression.61-64  

 

 
Figure 1.9. Domain architecture of hPrp40A.  

 

Recently, several cryoEM stuctures of the yeast spliceosome have been determined.65-67 The protein 

mixture used to prepare the sample (in all cases) included Prp40, but the authors were unable to 

assign Prp40 to the density. However, Prp40 can crosslink with Luc7 and Snu71 (other pre-mRNA 

processing factors) and the authors inferred that the partial density where Luc7 and Snu71 colocalize 

in the modeled structure also included Prp40A (Figure 1.10).  

 

(A) 

 

(B) 

 
Figure 1.10. CryoEM structure of the yeast U1 snRNP.  
(A) Various splicing factors are shown assembled bound to mRNA. (B) Unassigned cryoEM density showing 
where Luc7, Snu71, and Prp40A assemble within the spliceosome.66 Used with permission.*  

 
*Images from select publications used with permission in accordance with the Creative Commons license. Unless noted, 
no changes were made to the originally published figures. https://creativecommons.org/licenses/by/4.0/ 
 

WW1
1 957140 173 181 214 393 447 460 514 527 587 607 667 672 727 742 799

WW2 FF1 FF2 FF3 FF4 FF5 FF6

https://creativecommons.org/licenses/by/4.0/


 

  11 

 

To date, there have been no structures determined directly for the full-length hPrp40A, but the 

structures of individual FF domains have been reported. In particular, the structure of the FF1 

domain of yeast Prp40A has been determined by solution NMR (Figure 1.12).68 The structure 

consists of a small three-helix bundle with an extended linker between the 2nd and 3rd helix.  

 
Figure 1.11. NMR solution structure of the FF1 domain from yeast Prp40A. 
(PDB 2B7E). 

 

Calcium Sensors and hPrp40A Interactions 

Previous work from the Chazin Laboratory demonstrated that two huntingtin-interacting proteins, 

Cen2 and Prp40A, interact with each other.57 The strength of the interaction of hCen2 and the third 

domain of hPrp40A (hPrp40A-FF3) measured by isothermal titration calorimetry, yielding a binding 

affinity (Kd) of 278 nM. Since hCen2 and CaM are functional and structural homologs as well as 

putative HTT-interacting proteins, it seemed plausible to hypothesize that CaM interacts with 

hPrp40A-FF3 in a similar fashion as hCen2. Therefore, the major focus of this thesis was to test the 

hypothesis that these two proteins interact.  
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CHAPTER 2: INTERACTION OF THE THIRD DOMAIN OF HPRP40A 

AND CALMODULIN� 

 

2.1 Introduction 

Pre-mRNA processing protein 40 (Prp40) is an essential RNA splicing factor with two homologs in 

humans, A and B (hPrp40A and hPrp40B).69,70 Prp40 proteins are composed of two WW domains 

(WW1-WW2) followed by six FF domains (FF1-FF6), with a flexible linker between the WW2 and FF1 

domains.71 The tandem WW domains have been implicated in severe neurological diseases, including 

+XQWLQJWRQ·V�GLVHDVH��+'�62-64 and Rett syndrome72 on the basis of interactions with both huntingtin 

(HTT) and a disease-associated mutant of methyl-CpG-binding protein 2, respectively. Furthermore, 

Prp40 has been reported to interact with other proteins via its FF domains, including RNA splicing 

factors. For example, the N-terminal crooked neck-like tetratricopeptide repeat (crn-TRP) of the 

splicing factor Clf1 interacts with yeast Prp40 (yPrp40) during the early steps of the spliceosome 

assembly.68,73,74 Luc7 and Snu71 interact with yPrp40 FF domains simultaneously as components of 

the U1 small nuclear ribonucleoprotein (snRNP).66,71,75 In addition, our group showed that the C-

terminal domain of the EF-hand Ca2+ sensor human centrin 2 (hCen2) interacts in a Ca2+-dependent 

manner with a 33 residue hPrp40A FF3 peptide containing the centrin-binding consensus motif 

W1xxL4xxxL8,57 suggesting that Prp40A function may be modulated by intracellular Ca2+ signaling. 

Calmodulin (CaM), the ubiquitous and archetypal EF-hand CaBP involved in regulating nearly 

100 different pathways, is closely related to hCen2 and has also been found to interact with Prp40; 

protein microarray experiments on yeast CaM showed that it interacts with yPrp40.76 Interestingly, 

human CaM has been shown to interact with HTT with a higher affinity for a disease-associated 

mutant than the wild-type protein,56,77-79 and centrin has been found to colocalize with HTT at the 

centrosome and in the photoreceptor cilium.80,81 Moreover, CaM is known to play a role in cross-

linking mutant HTT to transglutaminase 2, an enzyme important for mediating Ca2+-dependent 

protein modifications, and these proteins co-localize in the brain of HD patients.79 Together, these 

observations suggest that hPrp40A and HTT are part of a coordinated network regulated by Ca2+ 

signaling via Cen2 and CaM.  

 
� The majority of this chapter was recently submitted as a manuscript to Biophysical Journal as Díaz Casas A., Ferrer BJ, 
Cordoba JJ, Balakrishnan S, Wurm JE, Pastrana-Ríos B, and Chazin WJ., Binding by calmodulin requires unfolding of 
the Prp40A FF3 domain, 2022. 
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The need for two calcium sensors acting on the same target simultaneously is puzzling as many 

Ca2+-dependent signaling pathways typically only rely on one sensor.82 This suggests that mHTT either 

uses one of these sensors in different functional contexts or uses both sensors in an unusual, 

coordinated fashion. In one model, interaction with one of the two sensors is significantly weaker than 

the other and competition could lead to preferential binding of mHTT to a specific sensor. More 

broadly, the observation that a pre-mRNA processing factor and calcium sensors are associated with 

mHTT suggests that mHTT might affect RNA splicing in a Ca2+-dependent manner.  

Given the observations that hCen2 and hPrp40A-FF3 interact with each other and that hCen2 

and CaM have high homology, we hypothesized that CaM and hPrp40A-FF3 may also interact in a 

similar fashion. To test this proposal, a series of biophysical and structural analyses were performed 

to investigate the interaction of CaM with the hPrp40A FF3 domain. We find Ca2+-dependent binding 

by CaM in an extended configuration with both domains engaged. The characteristic hydrophobic 

anchors for binding into the two CaM domains are assigned to two Trp residues that are packed into 

the hydrophobic core of the folded FF3 domain. The results are discussed in the context of the coupled 

unfolding and binding of the FF3 domain and suggest a potential role for Ca2+ modulation of the 

HTT-Prp40-Cen2-CaM network in RNA splicing. 

 

2.2 Experimental Methods 

Expression and Purification of CaM.  

The purification of CaM has been described elsewhere.83,84 A pET-15b expression vector containing 

CALM3 (encoding human calmodulin), LQVHUWHG�EHWZHHQ��Ȩ-1FR,�DQG��Ȩ-BamHI restriction sites, 

was obtained from the Chazin Laboratory. (See Appendix for plasmid sequence and biochemical 

properties of this construct.)  

 pET-15b-CaM was transformed by heat shock into E. coli BL21(DE3) cells. Successful 

transformants were inoculated into 2 x 1 L lysogeny broth (LB) supplemented with 100 µg/mL 

ampicillin. Cells were grown in an incubated shaker at 230 rpm at 37 °C. The optical density at 600 

nm (OD600) was measured until the culture reached OD600 of ~0.6-0.8. To the culture was added 1 

mM isopropylthio-Ƣ-galactoside (IPTG). The culture was grown for an additional 3-4 hours at 37 

°C. Cells were centrifuged at 6,500 RPM for 20 minutes at 4 °C. Supernatant decanted and the 

remaining cell pellet was either stored at -80 °C for long-term storage or immediately purified as 

described below. 
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 Cell pellets were resuspended in ice cold lysis buffer [50 mM tris(hydroxymethyl)-

aminomethane hydrochloric acid (Tris-HCl) (pH 7.4), 500 mM KCl, 1 mM ethylenediamine-

tetraacetic acid (EDTA), 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1 protease inhibitor 

tablet (Roche)] and sonicated for 3 cycles at 70% duty cycle at 4 °C. Crude lysate was centrifuged at 

20,000 RPM for 20 minutes at 4 °C. The pellet was discarded and supernatant was filtered through a 

0.45 µm PVDF syringe filter and kept on ice.  

 Supernatant was loaded onto a prepacked phenyl sepharose column (HiTrap Capto Phenyl 

hi sub, Cytiva, 1 column volume, CV = 5 mL) equilibrated in Buffer A1 [50 mM Tris (pH 7.4), 150 

mM KCl, 1 mM EDTA] and CaM was collected in the flow-through. The column was washed with 

2 CVs of Buffer A1, 2 CVs MQ H2O, 2 CVs 20% EtOH, and 4 CVs MQ H2O. The column was 

equilibrated in Buffer B [50 mM Tris (pH 7.4), 500 mM KCl, 10 mM CaCl2]. The flow-through 

containing CaM was spiked up to 10 mM CaCl2 and loaded back onto the column. The column was 

washed 4 CV Buffer B. CaM was eluted with a 0-100% gradient of Buffer A2 [50 mM Tris (pH 7.4), 

150 mM KCl, 1 mM EDTA]. Eluate was collected in 2 mL fractions. Fractions were run on SDS-

PAGE and fractions containing CaM were pooled, concentrated to ~500 µM, flash-frozen in liquid 

N2, and stored at -80 °C. The identity of all proteins was validated by mass spectrometry and SDS-

PAGE (Figure S1, S2; Table S1, S2.). 

 

Expression and Purification of 15N-CaM.  
15N-CaM was prepared by Dr. Adalberto Díaz-Casas. pET-15b-CaM was transformed by heat shock 

into E. coli BL21(DE3) cells. Successful transformants were inoculated into 2 x 1 L 15N-enriched M9 

minimal media supplemented with 50 µg/mL ampicillin. Cells were grown in an incubated shaker at 

230 rpm at 37 °C. The OD600 was measured until the culture reached OD600 of ~0.6-0.8. To the 

culture was added 0.5 mM IPTG. The culture was grown overnight at 25 °C. Cells were centrifuged 

at 6,500 RPM for 20 minutes at 4 °C. Supernatant decanted and the remaining cell pellet was either 

stored at -80 °C for long-term storage or immediately purified as described for WT CaM. The 

identity of all proteins was validated by mass spectrometry and SDS-PAGE (Figure S1, S2; Table 

S1, S2.). 

 

Expression and Purification of WT hPrp40A-FF3. 

Cloning was performed by Brian Ferrer. A gene fragment of hPrp40A-FF3 (encoding an N-terminal 

0HW�DQG�K3US��$�UHVLGXHV�6HU����WR�*OX�����ZDV�LQVHUWHG�EHWZHHQ��Ȩ-1GH,�DQG��Ȩ-NheI restriction 
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sites using seamless In-Fusion Cloning (TakaraBio). (See Appendix for plasmid sequence and 

biochemical properties of this construct.) 

 pBG100-FF3 was transformed by heat shock into E. coli BL21(DE3) cells. Successful 

transformants were inoculated into 2 x 1 L LB supplemented with 50 µg/mL kanamycin. Cells were 

grown in an incubated shaker at 230 rpm at 37 °C. The OD600 was measured until the culture 

reached OD600 ~0.6-0.8. To the culture was added 1 mM IPTG. The culture was grown for an 

additional 3-4 hours at 37 °C. Cells were centrifuged at 6,500 RPM for 20 minutes at 4 °C. The 

supernatant was decanted and the remaining cell pellet was either stored at -80 °C for long-term 

storage or immediately purified as described below. 

 Cell pellets were resuspended in ice cold lysis buffer [20 mM N-(2-Hydroxyethyl)piperazine-

1Ȩ-(2-ethanesulfonic acid) (HEPES) (pH 7.4), 100 mM NaCl, 1 mM ethylenediaminetetraacetic acid 

(EDTA), 10 mM dithiothreitol (DTT), and 1 protease inhibitor tablet (Roche)] and sonicated for 3 

cycles at 70% duty cycle at 4 °C. Crude lysate was centrifuged at 20,000 RPM for 20 minutes at 4 °C. 

The pellet was discarded and supernatant was saved. Ammonium sulfate powder was slowly added 

to the stirring supernatant to a final concentration of 0.450 g/mL at 4 °C. The sample was 

centrifuged at 20,000 RPM for 20 minutes at 4 °C. The pellet was discarded. The supernatant was 

spiked up to 750 mM NaCl, filtered through a 0.45 µm PVDF syringe filter, and kept on ice.  

 The supernatant was loaded onto a prepacked phenyl sepharose column (HiTrap Capto 

Phenyl hi sub, Cytiva, 1 column volume (CV) = 5 mL) equilibrated in 75% Buffer B [20 mM 

HEPES (pH 7.4), 1 M NaCl, 10 mM DTT] and 25% Buffer A [20 mM HEPES (pH 7.4), 100 mM 

NaCl, 10 mM DTT]. The column was washed with 5 CVs of 75% Buffer B and 25% Buffer A. 

Protein was eluted with a 75-0% Buffer B gradient. Eluate was collected in 2 mL fractions. Fractions 

were run on SDS-PAGE and fractions containing hPrp40A-FF3 were pooled, concentrated to ~5 

mL, and loaded in 2 x ~2.5 mL batches onto a prepacked gel filtration column (HiLoad 16/600 

Superdex 75 pg, Cytiva, 1 CV = 120 mL) equilibrated in SEC Buffer [50 mM HEPES (pH 7.4), 150 

mM NaCl, 4 mM CaCl2, 10 mM DTT]. The protein was eluted with 1 CV of SEC Buffer. Eluate was 

collected in 1 mL fractions. Fractions were run on SDS-PAGE and fractions containing WT 

hPrp40A-FF3 were pooled, concentrated to ~500 µM, flash-frozen in liquid N2, and stored at -80 

°C. The identity of all proteins was validated by mass spectrometry and SDS-PAGE (Figure S1, S2; 

Table S1, S2.). 
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Mutagenesis of hPrp40A-FF3.  

Cloning was performed by Brian Ferrer. pBG100-FF3 was used as a template to generate tryptophan 

to alanine substitutions at our proposed binding sites. Non-overlapping single-stranded DNA 

(ssDNA) primers were designed to mutate these sites using site-directed mutagenesis. Primers were 

obtained from IDT. Primers used included the following:  

W531A Forward Primer���Ȩ-CAAACGTAACGCGGAAGCATTAAAAAATATTCTG-�Ȩ 

W531A Reverse Primer���Ȩ-CGGAGTTGCTTTGCTTGT-�Ȩ 

W550A Forward Primer���Ȩ-TAGCACCACCGCATCAGAAGCACAGC-�Ȩ 

W550A Reverse Primer���Ȩ-TAGGTAACATTGGCCATATTATC-�Ȩ 

Mutagenesis was carried out using a commercial kit (Q5 SDM Kit, New England Biolabs). To obtain 

the double substitution variant, pBG100-FF3 W531A was used as a template and the W550A 

substitution was generated using the corresponding primers. Successful constructs were validated by 

Sanger sequencing (Genewiz). (See Appendix for plasmid sequence and biochemical properties of 

these constructs.)  

 

Expression and Purification of hPrp40A-FF3 Variants.  

pBG100-FF3 W531A, W550A, and W531A/W550A were expressed and purified in the same 

manner as WT hPrp40A-FF3 as described above.  

 

Isothermal Titration Calorimetry.  

Experiments were performed using a TA Instruments Affinity ITC. The initial round of ITC was 

performed by Dr. Adalberto Díaz Casas. Subsequent rounds of ITC with FF3 variants were 

performed by Brian Ferrer. Samples for isothermal titration calorimetry were prepared by incubating 

CaM and WT hPrp40A-FF3 ZLWK�����P0�Ƣ-PHUFDSWRHWKDQRO��Ƣ0(��DGGHG�WR�WKH�VWRFN�Srotein 

solution at 4 °C for 1 hour. Proteins were buffer exchanged into 50 mM HEPES (pH 7.4), 150 mM 

NaCl, 4 mM CaCl2, and 5 mM TCEP-HCl. For analysis in the absence of Ca2+, the samples were 

buffer exchanged into the same buffer except CaCl2 was replaced with 2 mM EDTA. All samples 

ZHUH�SDVVHG�WKURXJK�D������Ƭ0�39')�ILOWHU�DQG�GHJDVVHG�IRU�DW�OHDVW����PLQ�EHIRUH�XVH��

([SHULPHQWV�ZHUH�UXQ�ZLWK����Ƭ0�&D0�LQ�WKH�VDPSOH�FHOO�DQG�����Ƭ0�))3 (wildtype or variant) in 

the injection syringe. Titrations were performed by automatic injection with an initial injection of 0.5 

Ƭ/�))3 IROORZHG�E\����[���Ƭ/�LQMHFWLRQV�DW����-400 second intervals. For oversaturation 

experiments, 75 x 3 µL injections were made. Injections were made with 250-400 second intervals. 
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7KH�GDWD�ZHUH�ILW�ZLWK�DQ�LQGHSHQGHQW�ELQGLQJ�PRGHO�XVLQJ�WKH�LQVWUXPHQW·V�1DQR$QDO\]H�VRIWZDUH��

Experiments were performed in triplicate and the results are reported as the mean and standard 

deviation (Table 2.1). 

 

Differential Scanning Calorimetry (DSC). 

DSC experiments were performed by Dr. Adalberto Díaz Casas. A sample of hPrp40A FF3 (60 µM) 

in 50 mM HEPES (pH 7.4), 150 mM NaCl, 4 mM CaCl2, 4 MgCl2, and 1 mM TCEP-HCl was 

analyzed using a MicroCal VP-DSC microcalorimeter. The protein sample and the reference were 

degassed for at least 10 min before use. Thermograms were collected at 25 psi and a scan rate of 60 

°C/h over a temperature range of 10-95 °C, with a 16 s filtering period. The data analysis was 

SHUIRUPHG�XVLQJ�WKH�LQVWUXPHQW·V�2ULJLQ�VRIWZDUH. The thermogram was reference subtracted and a 

progressive baseline was obtained for accurate determination of the thermal denaturation mid-point 

(Tm). 

 

Homology Modeling of hPrp40A-FF3 

Homology modeling of the hPrp40A-FF3 domain alone was performed by Dr. Adalberto Díaz 

Casas. The model was generated ab initio using the QUARK server.85,86 In brief, the sequence of FF3 

(Ser516 to Glu593) was input into an online server (https://zhanggroup.org/QUARK/). A 

knowledge-based Monte Carlo simulation was run to generate a predicted model independent of a 

PDB template. The top 5 final structures based on the highest predicted confidence score calculated 

by the algorithm were generated from this simulation. The best scoring model was selected. The 

model was overlaid with the ab initio electron map generated from experimental SAXS data for 

hPrp40A-FF3 alone.  

 

Threading of hPrp40A-FF3 bound to CaM 

Threading was performed by Johnny Cordoba and Dr. Adalberto Díaz Casas. The model of hPrp40A 

FF3 bound to CaM was generated using Modeller v10.87 In brief, the crystal structure of Munc13-1 

peptide bound to CaM (PDB 2KDU) was used as a template. The sequence of FF3 (Ser516 to Glu593) 

was aligned to the Munc13-1 peptide sequence. Additional emphasis was placed on key hydrophobic 

residues within the program.  The threading simulation generated 100 models of potential fits of the 

FF3 domain bound to an extended configuration of CaM. The best scoring model was selected. The 

https://zhanggroup.org/QUARK/
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model was overlaid with the ab initio electron map generated from experimental SAXS data for CaM 

in solution with hPrp40A-FF3.  

 

Size-Exclusion Chromatography and Small Angle X-ray Scattering (SEC-SAXS)  

The experiments were performed at the SIBYLS beamline using previously described protocols.88 

Sample preparation, experiments, and data processing were performed by Johnny Cordoba and Dr. 

Adalberto Díaz Casas. In brief, Ca2+-loaded CaM and hPrp40A FF3 were prepared in a 1:1.5 CaM:FF3 

ratio. The sample (10 mg/mL) was loaded onto a Shodex 802.5 SEC column connected to a multi-

angle light scattering system and the CaM-FF3 complex was eluted in 50 mM HEPES (pH 7.4), 100 

mM NaCl, 2 mM CaCl2, and 1 mM TCEP-HCl. Data were also collected for isolated CaM (8 mg/mL) 

and hPrp40A FF3 (8 mg/mL) in the same buffer conditions. The sample volume run through the SEC 

was 50 µl and the eluent was split between SEC-MALS and SAXS channels. 3.0-s X-ray exposures 

were collected continuously during a 35 min elution. The SAXS frames recorded prior to the protein 

elution peak were used as buffer blanks to subtract from all other frames. The subtracted frames were 

examined by radius of gyration (Rg) and scattering intensity at q = 0 Åî� (I(0)), derived using the 

Guinier approximation I(q) = I(0)݁ିோమȀଷ  with the limits q*Rg <1.5. I(0) and Rg values were compared 

for each collected SAXS curve across the entire elution peak. The elution peak was mapped by plotting 

the scattering intensity at q = 0 Åî� (I(0)), relative to the recorded frame. Uniform Rg values across an 

elution peak represent a homogenous assembly. The merged experimental SAXS data were 

additionally investigated for aggregation by inspecting Guinier plots. The SAXS data were processed 

using Scatter 4.0. Back-calculated scattering data from previously determined structural coordinates 

were generated using the FoXS server.88,89 The ab initio electron maps obtained from the SAXS data 

of CaM, hPrp40A FF3, and the CaM-FF3 complex were determined using DENSS.90 

 
15N-1H HSQC NMR.  

Samples were prepared by Brian Ferrer. Stock concentrations of 15N-labeled calmodulin (15N-CaM) 

and hPrp40A-FF3 (WT or variants) were prepared by buffer exchanging into ITC Buffer [50 mM 

HEPES (pH 7.4), 150 mM NaCl, 4 mM CaCl2, 5 mM TCEP] at 4 °C. The samples were 

concentrated to be > 80 µM for 15N-CaM and > 80 µM hPrp40A-FF3 (WT or variants). Samples 

were prepared in a 1:2 ratio (15N-CaM/hPrp40A-FF3) with 50 µM 15N-CaM, 100 µM hPrp40A-FF3, 

and 10% (v/v) D2O in ITC Buffer [50 mM HEPES (pH 7.4), 150 mM NaCl, 4 mM CaCl2, 5 mM 
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TCEP]. For oversaturation experiments, samples were prepared in a 1:20 ratio with 50 µM 15N-CaM, 

1000 µM hPrp40A-FF3, and 10% (v/v) D2O in ITC Buffer.  

 NMR experiments and data processing were performed by Dr. Swati Balakrishnan. 2D 15N-
1H HSQC experiments were recorded in 5-mm tubes at 37 °C using a Bruker AVANCE 900 MHz 

spectrometer equipped with a TCI cryoprobe. The pulse sequence hsqcetfpf3gpsi2 from the 

standard suite of Bruker pulse programs was used. In brief, this pulse program includes data 

acquisition for 15N and 1H signals allowing peak acquisition in two dimensions as well as solvent 

suppression to decrease background noise.91 All spectra were acquired with 32 scans and 2048 in the 

direct dimension and 128 points in the indirect dimension. Data processing and analysis were carried 

out using NMRPipe and CcpNmr version 2.5.1. Peak assignments for specific regions were made 

and labeled on the spectra.  

 

Fluorescence Spectroscopy 

Intrinsic fluorescence experiments were performed by Jennifer Wurm. A sample of hPrp40A FF3 (5 

µM) in 50 mM HEPES (pH 7.4), 150 mM NaCl, 2 mM CaCl2, and 1 mM TCEP-HCl was titrated 

with a solution of 100 µM CaM in the same buffer. The fluorescence emission of the two Trp 

residues in the FF3 was measured at 37 °C using a Horiba Jobin Yvon (Edison, NJ) Fluoromax-3 

fluorometer. The fluorescence excitation wavelength was 295 nm, and the fluorescence emission 

spectra were recorded between 300 and 500 nm, using quartz cuvettes.  
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2.3 Results 

CaM binds to hPrp40A FF3 domain in a Ca2+- and temperature-dependent manner 

CaM and Cen2 are EF-hand Ca
2+

 sensors with similar structures that have both been shown to interact 

with Prp40, suggesting that the activity of this splicing factor is modulated by a complex Ca
2+

 signaling 

network. The binding of hCen2 to hPrp40A has been mapped to the FF3 domain, and since CaM and 

Cen2 are similar, we used isothermal titration calorimetry experiments to determine if CaM could also 

bind to this domain. The ITC experiments were performed by titrating CaM into the FF3 domain, for 

both Ca
2+

-free and Ca
2+

-loaded CaM (Figure 2.1). The data show interaction is Ca
2+

-dependent with 

a Kd value of 25 ± 3 µM and a stoichiometry of 1:1. Further support was provided by the observation 

that a mixture of CaM and the FF3 co-purify by SEC at room temperature but not at 4 °C, consistent 

with temperature-dependent binding (Figure 2.2). 

 

 

Figure 2.1. Analysis of the interaction of hPrp40A FF3 with CaM.  
Representative ITC thermograms and plots of heat changes in titrations of the hPrp40A FF3 with (A) Ca2+-free 
CaM, (B) Ca2+-loaded CaM at 25 °C and (C) Ca2+-loaded CaM at 37 °C. 
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Figure 2.2. Co-elution analysis between CaM and hPrp40A FF3 by SEC.  
(A) A sample of CaM with a 1.5 molar excess of hPrp40A-FF3 was mixed at 25 °C and loaded onto a 120 mL 
HiLoad 16/600 Superdex 75 column (Cytiva). The sample was eluted at 25 °C on a GE ÄKTA FPLC system. 
1.5 mL fractions were manually collected.  
(B) A sample of CaM with a 1.5 molar excess of hPrp40A-FF3 was mixed at 4 °C and loaded onto a 120 mL 
HiLoad 16/600 Superdex 75 column (Cytiva). The sample was eluted at 4 °C on a Bio-Rad NGC Medium-
Pressure LC system. 1.5 mL fractions were automatically collected.  
The bands that correspond to CaM (16.8 kDa) and hPrp40A FF3 (9.5 kDa) are identified. In each gel, M 
corresponds to the SeeBlue Plus 2 Prestained molecular weight standard from Invitrogen (Carlsbad, CA).  
 

Considering the relatively modest affinity at room temperature and knowing that CaM 

generally binds linear peptide motifs of 15-25 residues59 yet the FF3 domain has a globular fold, we 

surmised that the binding by CaM of the FF3 may require unfolding of the domain. To assess the 

potential for the domain to unfold, the Tm of the FF3 was measured by DSC. A value of 50 °C was 

measured (Figure 2.3), consistent with previously reported studies by circular dichroism and 2D IR 

correlation spectroscopy.92  
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Figure 2.3. DSC thermogram plot of hPrp40A FF3.  
The Tm value measured is 50 °C. 

 

The Tm of hPrp40A FF3 is also similar to the Tm of other FF domains reported in the literature, which 

include the p190 RhoGAP FF1 (Tm = 52 °C), and the hTCERG1 FF2 (Tm = 55 °C)93 and FF4 (Tm = 

49 °C) domains.94 The Tm value of 50 °C for the FF3 implies a relatively low equilibrium concentration 

of unfolded protein at 25 °C, consistent with the relatively weak binding measured by ITC. To obtain 

further insight, the ITC measurement was repeated at 37 °C (Figure 2.1 C; Table 2.1) where the 

equilibrium concentration of unfolded protein will be higher. As anticipated, a five-fold higher affinity 

(Kd = 4.9 ± 0.3 µM) was observed, consistent with binding to CaM occurring via the equilibrium 

population of unfolded FF3. Taken together, these results imply the binding of hPrp40A FF3 to CaM 

is Ca2+-dependent and coupled to unfolding of the FF3 domain. 

 

Table 2.1. Summary of the thermodynamic parameters for the interaction of CaM and 
hPrp40A-FF3. 

 
N.B., no binding was observed.  

The error reported is the standard deviation of triplicate measurements.  

Protein Temperature 
(o C) 

Kd (error) 
(µM) 

ƅ+�
(error) 

(kJ/mol) 

-7ƅ6�
(error) 

(kJ/mol) 

n (error) 
 

Ca2+-CaM + FF3 25 25 (3) 82 (2) -108 (2) 1.25 (0.05) 

Ca2+-CaM + FF3 37 4.9 (0.3) 85 (4) -116 (4) 1.13 (0.04) 

Apo-CaM + FF3 25 N.B. - - - 
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Structure of hPrp40A FF3 

Structures have been determined previously for the FF1 and FF6 of hPrp40A and yPrp40,77,95-97 but 

not for hPrp40A-FF3. Alignment of FF domain sequences from three different classes of proteins 

show there are eleven conserved residues that constitute the hydrophobic core of FF domains 

(Figure. 2.4).  

 
Figure 2.4. Sequence alignment of FF domains.  
FF domains from hPrp40A (Uniprot ID: O75400), transcription factor hTCERG1 (Uniprot ID: O14776), and 
Rho GTPase human p190A RhoGAP (hp190ARhoGAP) (Uniprot ID: Q9NRY4). Residues known to be part 
of the hydrophobic core of FF domains are highlighted in green. Substitutions of these conserved residues with 
hydrophobic, acidic, and basic residues are highlighted in yellow and red, and blue, respectively. The alignments 
were generated using the online tool Clustal Omega.98 

 

Of note, hPrp40A FF3 has two non-FRQVHQVXV�UHVLGXHV��WKH�FRQVHUYHG�3KH�LQ�ơ1 is substituted by a 

Leu (Leu534) and one of the conserved hydrophobic residues in the 310-helix is substituted by an Asp 

(Asp566). Despite these differences, the high degree of sequence similarity overall meant that an 

accurate structural model could be generated using a homology modeling approach.  

A structural model of hPrp40A FF3 was generated using the online QUARK server.85,86 

(Figure 2.5 A). Overlay of this model on the human transcription elongation regulator 1 (hTCERG1) 

FF1 VKRZV�WKH�WZR�NH\�¶)·�UHVLGXHV�LQ�WKH�FF3 domain (Leu534 and Phe581) are well aligned with the 

two conserved phenylalanine residues (Figure 2.5 B-D). Previous structural comparisons of FF 

domains revealed that the loop-310-loop region is the most variable.95 This is also the case for hPrp40A 

FF3. We believe the reorientation of this loop is driven largely by the non-consensus residue Asp566, 

which faces the solvent rather than inward towards the core as observed for the consensus Leu in 

hTCERG1 FF1 (Figure 2.5 E). 

hPrp40A_FF1           KEEAKQAFKELLK-EK-RVPSN---------ASWEQAMKMIINDPRYSALA---KLSEKKQA--FNAYKVQ  
hPrp40A_FF2           YKEAKESFQRFLENHE-KMTSTT---------RYKKAEQMFGEMEVWNA------ISERDRL-EIYEDVLF  
hPrp40A_FF3           RKRNWEALKNILDNMA-NVTYST---------TWSEAQQYLMDNPTFAEDEELQNMDKEDALICFEEHIRA  
hPrp40A_FF4           NRESFQIFLDELHEHG-QLHSM---------SSWMELYPTISSDIRFTNMLGQ-PGSTALDL--FKFYVED  
hPrp40A_FF5           YHDEKKIIKDILKDKGFVVEVN---------TTFEDFVAIISSTKRSTTLD---A-GNIKLA--FNSLLEK  
hPrp40A_FF6           MKRKESAFKSMLKQAAPPIELD---------AVWEDIRERFVKEPAFEDIT---LESERKRI--FKDFMHV  
 
hTCERG1_FF1           LEARMKQFKDMLL-ER-GVSAF---------STWEKELHKIVFDPRYLLLN---P-KERKQV--FDQYVKT  
hTCERG1_FF2           IMQAKEDFKKMME-EA-KFNPR---------ATFSEFAAKHAKDSRFKAIE---KMKDREAL--FNEFVAA  
hTCERG1_FF3           GEKIKSDFFELLS-NH-HLDSQ---------SRWSKVKDKVESDPRYKAVD---SSSMREDL--FKQYIEK  
hTCERG1_FF4           REEAIQNFKALLS-DM-VRSSD---------VSWSDTRRTLRKDHRWESGSLL-EREEKEKL--FNEHIEA  
hTCERG1_FF5           TKKKREHFRQLLDETS-AITLT---------STWKEVKKIIKEDPRCIKFSSS--DRKKQRE--FEEYIRD  
hTCERG1_FF6           YITAKADFRTLLKETK-FITYRSKKLIQESDQHLKDVEKILQNDKRYLVLDCV--PEERRKL--IVAYVDD  
 
hp190ARhoGAP_FF1      IATAKDKYEWL-----------VSRIVKNHNENWLSVSRKMQASPEYQDYVYLEGTQKAKKL--FLQHIHR  
hp190ARhoGAP_FF2      LLETKPEFLKW-----FVVLEE---------TPWDATSHIDNMENERIPFDLM-DTVPAEQL--YEAHLEK  
hp190ARhoGAP_FF3      RVEMRRAFKENLETSP-FITPGK---------PWEEARSFIMNEDFYQWLEESVYMDI------YGKHQKQ 
hp190ARhoGAP_FF4      IDKAKEEFQELLLEYS-ELFYELELDAKPSKEKMGVIQDVLGEEQRFKALQKL--QAERDAL--ILKHIHF  

Į1 Į2 310 Į3
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Figure 2.5. Structural analysis of hPrp40A FF3.  
(A) Overlay of the ab initio electron map of hPrp40A FF3 generated from SAXS and the 3D homology model 
(green). (B) Superposition of the homology model of the hPrp40A FF3 and the NMR structure of hTCERG1 
FF1 (PDB 2DOD, yellow). (C, D) Close-XS�YLHZ�RI�WKH�WZR�FRQVHUYHG�´))�GRPDLQµ�SKHQ\ODODQLQH�UHVLGXHV�
ORFDWHG�LQ�WKH�PLGGOH�RI�ơ��DQG�ơ���UHVSHFWLYHO\��(E) Close-up view of the non-conserved Asp566 residue in the 
loop-310-loop region of hPrp40A FF3, compared to the conserved Leu697 in hTCERG1. Note that Asp566 faces 
the solvent whereas Leu697 extends into the hydrophobic core. The figures were generated using UCSF 
Chimera.99 

 

To validate the structural model, SAXS data were collected for isolated hPrp40A FF3 (Figure 

2.6 A-C). The linearity observed in the Guinier region of the log10 intensity plot indicates the sample 

was free of aggregation. The Kratky plot and the Porod exponent (Px) of 3.6 are indicative of a stable 

globular particle, but with some degree of flexibility retained, likely at the N- and/or C-terminus. The 

experimental probability distribution function P(r), which reflects the distribution of inter-atomic 

distances, was consistent with a somewhat spherical globular domain.  
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Figure 2.6. SAXS data for the hPrp40A FF3, CaM, and the CaM-FF3 complex.  

(A) Log10 intensity plot, (B) Kratky plot, and the (C) P(r) plot of hPrp40A FF3. (D-F) Overlay of the log10 
intensity plot, Kratky plot, and P(r) plot of hPrp40A FF3 (green), CaM (orange), and the CaM-FF3 complex 
(black).  

 

Figure 2.7 compares the experimental P(r) function to those back-calculated from the 

structures of three different FF domains. These show great similarity overall, with the closest match 

to hTCERG1 FF1 (PDB 2DOD; χ
2 
= 1.97). The P(r) function back-calculated from the homology 

model is also shown; the high χ
2
 value can be attributed to the random positioning of the disordered 

N- and C-termini. Thus, the SAXS analysis is consistent with the hPrp40A FF3 possessing the 

common fold found in all FF domains and supports the validity of the homology model.  

 
Figure 2.7. SAXS analysis of the structure of the hPrp40A FF3 domain.  

Overlays of the P(r) derived from the SAXS data for hPrp40A-FF3 (green) with the back-calculated P(r) (red) 
extracted from coordinates of NMR structures of (A) hTCERG1 FF1 (PDB: 2DOD model 5, χ2 = 1.97), (B) 
hTCERG1 FF3 (PDB: 2DOE model 15, χ2 = 2.12), (C) hPrp40A FF6 (PDB. 2CQN model 5, χ2 = 3.23), and 
(D) the homology model of hPrp40A FF3 (χ2 = 13.15). The structure of the hPrp40A FF3 is colored green and 
other FF domains are colored red. Structures were generated using UCSF Chimera.99 
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CaM interacts with hPrp40A FF3 in an extended binding mode  

We set out to determine the X-ray crystal structure of the CaM-FF3 complex. However, despite the 

ability to isolate the complex by SEC, we were unable to find conditions that produced diffraction 

quality crystals. We therefore considered alternate approaches and chose to generate a structural model 

using an NMR and SAXS-based approach as applied previously in our laboratory and elsewhere.100-102 

Although this approach does not directly provide complete high-resolution structures, it can accurately 

determine molecular shapes and topologies for globular domains and multi-domain complexes. 

CaM is comprised of two EF-hand domains connected by a flexible linker, an organization 

that provides it with a wide range of possibilities to interact with target proteins.103 These different 

modes span the range from utilizing just one of its two domains, to wrapping both domains around a 

short linear motif in the target, to using its two domains to contact distant points in the target or even 

two different target molecules.104 Here we used NMR to determine if one or both domains of CaM 

are engaged in the complex with FF3. Samples of 15N-enriched CaM were prepared in the presence of 

Ca2+, and 2D 15N-1H HSQC NMR spectra were acquired in the absence and presence of the FF3 

(Figure 2.8).  

 

 
Figure 2.8. NMR analysis of the interaction between hPrp40A FF3 and CaM.  
900 MHz 2D 15N-1H HSQC NMR spectra at 37 °C of 15N-enriched Ca2+-loaded CaM alone (black) and with 2-
fold excess of WT FF3 (red). The sequence-specific assignment is provided for crosspeaks from residues Lys22, 
Lys95, and Leu117 in both the N- and C-terminal domains of CaM to highlight that both domains engage the 
FF3 domain.  
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Binding of FF3 resulted in a general increase in linewidths due to the increased mass of the 

complex and likely reduction in the inter-domain flexibility. Moreover, numerous chemical shift 

perturbations were observed in both the N- and C-terminal domains of CaM, validating that both are 

involved in the interaction with the FF3 domain. In addition, a select number of crosspeaks in the 

spectrum were broadened beyond detection due to intermediate exchange between the free and bound 

state, which precluded structure determination by traditional NMR approaches. 

SAXS was used to determine the topology and shape of the CaM-FF3 complex, using data 

acquired for isolated FF3 and CaM as well as for the complex (Figure 2.6; Table 2.2). Similar to the 

isolated FF3, the Guinier region of the log10 intensity plots of isolated CaM and the CaM-FF3 complex 

indicate that the samples were free of aggregation (Figure 2.6 D). The high quality of the data is also 

reflected in the excellent agreement between the Rg values obtained from the Guinier and P(r) analyses 

(Table 2.2). The Rg, Porod volume (Vp), and Dmax values correlate well with globular structures being 

present and are consistent with the respective masses of hPrp40A FF3 (9.3 kDa), CaM (16.7 kDa), and 

the CaM-FF3 complex (26.0 kDa). The Kratky plots and Px values indicate a substantial degree of 

ordered globular structure (Figure 2.6 E; Table 2.2). 

 

Table 2.2. Summary of the parameters obtained from the SAXS analysis of the hPrp40A FF3, 
CaM, and the CaM-FF3 complex.  
The values in bold were obtained from SAXS analysis (See Figure 2.6). Rg Guinier and Rg P(r) are the Rg 
values obtained from SAXS Guinier and P(r) plot analyses, respectively. 
 

Protein MW Rg Guinier Rg P(r) Vp Dmax Px 
 (kDa) (Å) (Å) (Å3) (Å)  
hPrp40A-FF3 9.3 16.09 15.65 17490 55 3.6 

CaM 16.7 21.66 21.99 26889 67.5 3.8 

CaM + hPrp40A-FF3 26.0 23.96 24.32 34626 87 3.9 

 

CaM has been studied extensively by SAXS and the values obtained in our study are consistent 

with past reports.105-107 The P(r) of free CaM contains a peak with a maximum at ~21 Å and a shoulder 

at ~40 Å indicating that on average it occupies an extended configuration, which is similar to the 

crystal structure of Ca2+-loaded CaM (Figure 2.6 F and Figure 2.9). Interestingly, the P(r) of the 

CaM-FF3 complex showed the same two features (Figure 2.6 F). 
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Figure 2.9. Analysis of the architecture of CaM by SAXS.  
(A) Overlay of the experimental SAXS P(r) for Ca2+ saturated CaM (orange) with the back-calculated P(r) (red) 
extracted from the coordinates of the crystal structure of the Ca2+ ERXQG�&D0��3'%���&//��Ʒ2 = 5.05). (B) The 
structure of CaM is superimposed with the ab initio electron map generated from SAXS. 

 

In order to further analyze the molecular architecture of the complex, we compared the 

experimental scattering of the CaM-FF3 complex with the theoretical scattering back-calculated from 

structural coordinates of three CaM-target complexes with three different binding modes (Figure 

2.10���+LJK�YDOXHV�IRU�WKH�Ʒ2 fitting parameter and poor recapitulation of the shape of the curve were 

REWDLQHG�IRU�VWUXFWXUHV�LQ�ZKLFK�&D0�HQJDJHV�LWV�WDUJHW�LQ�D�́ ZUDS-DURXQGµ�PRGH��Ʒ2 =147.88) or with 

only one CaM domain bound (Ʒ2 = 8.65) (Figure 2.10 A, B). The greatest similarity between the 

experimental and back-calculated P(r) was found for the structure of CaM bound to a Munc13-1 

peptide (Ʒ2 =6.10),61 in which CaM engages in an extended mode with each domain contacting separate 

motifs in the target (Figure 2.10 C). 
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Figure 2.10. Comparative SAXS analysis of the CaM-hPrp40A FF3 complex and CaM-target complexes 
in different binding modes.  
(A-C) Overlays of the P(r) derived from the SAXS data for the CaM-FF3 complex (black) on the back-calculated 
P(r) (red) extracted from coordinates of Ca2+ bound CaM in complex with a CaM-binding peptides from (A) 
VPRRWK�PXVFOH�OLJKW�FKDLQ�NLQDVH��3'%���2�*��Ʒ2 = 147.88), (B) human cardiac sodium channel (Nav1.5) (PDB 
�'-&��Ʒ2 = 8.65), (C) Munc13-���3'%��.'8�PRGHO����Ʒ2 = 6.10) peptides.   
(D) Overlay of the P(r) derived from SAXS data for the CaM-FF3 complex (black) and back-caclculated P(r) 
(red) extracted from our threaded model of the CaM-FF3 FRPSOH[��Ʒ2 = 7.04).  
CaM is colored orange, the target peptides red, and the FF3 domain green. Ca2+ ions are represented with green 
spheres. The structures were rendered with UCSF Chimera.99 

 

Based on this analysis we generated a threaded model of the CaM-FF3 complex using Modeller 

v10.87 First, the sequence of the FF3 domain was aligned to the Munc13-1 peptide (Figure 2.11). An 

emphasis was placed on the key hydrophobic residues that are known to serve as critical anchors that 

extend into the hydrophobic pockets of Ca2+-loaded CaM. Second, the FF3 sequence was threaded 

through the structure of the CaM-Munc13-1 complex. Since the P(r) is dominated by the position of 

the CaM domains, the fit to the experimental data for the CaM-FF3 complex is very similar to that of 

the CaM-Munc13-1 complex (Figure 2.10 D). The model also fits well to the ab initio electron map of 

the CaM-FF3 complex generated from the SAXS data. Together, the structural data indicate that CaM 

binds in an extended mode with both domains engaged with an unfolded state of hPrp40A FF3. 
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Figure 2.11. Identification of the two CaM-binding sites of the hPrp40A FF3 domain.  
(A) Sequence alignment of the CaM-binding motifs of hPrp40A FF3 with Munc13-1. Hydrophobic residues of 
Munc13-1 known to interact with CaM based on the 3D structure are highlighted in red. The two CaM-binding 
motifs of Munc13-1 are highlighted by boxes. The residues of the hPrp40A FF3 predicted to interact with CaM 
are highlighted in green. The alignment of hPrp40A FF3 residues 526-555 (Uniprot ID: O75400) with Munc13-
1 residues 459-492 (Uniprot ID: Q62768) was generated using the online tool Clustal Omega. (B) Helical wheel 
of the FF3 comprising the sequence from Leu526 to Gln555. The predicted hydrophobic residues of the 
W1xxL4xxI7L8 motif are identified in green. The Trp550 residue is also highlighted in green. The helical wheel 
representation was generated using the online resource at https://www.donarmstrong.com/cgi-bin/wheel.pl.  

 

CaM binding is anchored by two tryptophan residues in the hPrp40A FF3 domain. 

Examination of the alignment of the sequences of hPrp40A FF3 and the Munc13-1 peptide (Figure 

2.11) provided further insights into the molecular details of the CaM-FF3 complex. Instead of the 

W1xxxF5xxV8 motif found in Munc13-1, the first binding site predicted to mediate the interaction with 

CaM is comprised of a W1xxL4xxI7L8 motif, which overlaps with the Cen2-binding site.57 A second 

binding site is predicted by aligning a tryptophan in the FF3 to the tryptophan of Munc13-1 that 

anchors binding to CaM N-terminal domain. Considering the possibility that both CaM-binding 

motifs in the FF3 preserve the helical confirmations observed in the Munc13-1 complex upon their 

binding with CaM, we proceeded to generate a helical wheel to visualize the spatial distribution of the 

W1xxL4xxI7L8 motif. In this projection, the hydrophobic residues part of the W1xxL4xxI7L8 motif are 

located on one face RI�WKH�ơ-helix (Figure 2.11). In the homology model, the predicted hydrophobic 

residues including this motif and an additional Trp residue are facing toward the hydrophobic pockets 

                      1  4  78 
Munc13-1     459 RAKANWLRAFNKVRMQLQEARGEGEMSKSLWFKG-- 492  
hPrp40A FF3  526 LRKRNWEALKNILDNM------ANVTYSTTWSEAQQ 555  
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of the CaM domains (Figure 2.12), which include two FF3 Trp residues (Trp531, Trp550) primed to 

serve as the key hydrophobic anchors for binding. 

 
Figure 2.12. Structure of the CaM-FF3 complex.  
Overlay of the ab initio electron map of the CaM-FF3 complex generated from SAXS and the 3D homology 
model. Black boxes present a close-up view of the two binding sites. CaM and FF3 are colored orange and green, 
respectively. Ca2+ ions are represented with green spheres. The structures were generated using UCSF Chimera.99 

 

To test the hypothesis that the two Trp residues serve as anchors for binding to CaM, we performed 

an intrinsic Trp fluorescence experiment. This approach was feasible because the FF3 contains only 

these two Trp residues whereas CaM has none. For this experiment, Trp fluorescence emission spectra 

were recorded in the absence and presence of increasing amounts of Ca2+-loaded CaM (Figure 2.13). 

Observation of maximum fluorescence emission at 354 nm for the isolated FF3 indicates that the Trp 

side chains are at least partially exposed to the aqueous solvent. Additions of Ca2+-loaded CaM result 

in smoothly increasing emission intensity and a blue shift, which reaches 337 nm in saturating 

conditions. These changes in the fluorescence spectrum indicate both Trp residues are sequestered 

from solvent upon binding to CaM, consistent with both Trp residues binding into hydrophobic 

pockets. The combination of the NMR, SAXS and these data support a model in which the binding 

to CaM of the hPrp40A FF3 domain is coupled to unfolding and mimics the extended structure of 

CaM in its complex with Munc13-1.61 
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Figure 2.13. Titration of the hPrp40A FF3 domain with CaM monitored by intrinsic fluorescence.  
Tryptophan fluorescence emission of FF3 (5 µM) recorded at 37 °C in the absence and presence of increasing 
amount of CaM. Note the shift in the maximum emission of the FF3 from 354 nm (red lines) to 337 nm (blue 
lines) upon saturation with CaM.  

 

Mutational analysis suggests a dual tryptophan anchor motif is vital for FF3 binding to CaM. 

To further test the hypothesis that the two tryptophan residues serve as the anchors for binding into 

the hydrophobic pockets of the two CaM domains, we generated three FF3 constructs with tryptophan 

to alanine substitutions and assayed their effect on CaM binding with ITC and NMR: W531A, W550A, 

and the double mutant W531A,W550A. To directly monitor if the mutations result in differences in 

binding affinity, ITC experiments were performed under conditions optimized for the WT FF3 

domain (Figure 2.14). The thermograms show that the single-site mutants W531A and W550A bind 

more weakly to CaM than the WT, to the point that saturation is not yet reached at 4 equivalents of 

the mutated FF3 (Figure 2.14 B, C). Moreover, the binding of the double mutant is so weak that there 

is effectively no evidence of binding to CaM under these conditions (Figure 2.14 D). 
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Figure 2.14. ITC analysis of the interaction of hPrp40A-FF3 variants and CaM.  

Representative plots for ITC runs are shown for the titration of (A) wt hPrp40A-FF3 with CaM, (B) hPrp40A-
FF3 W531A with CaM, (C) hPrp40A-FF3 W550A with CaM, and (D) hPrp40A-FF3 W531A/W550A with 
CaM.  

 

The effects of these FF3 variants on binding to CaM was also tested by 2D 
15

N-
1
H HSQC NMR. As 

noted above, titration of WT FF3 into 
15

N-enriched CaM results in general line broadening and a 

substantial number of chemical shift perturbations in the spectrum. Figure 2.15 shows a comparison 

of a region of the CaM spectrum containing signals for 8 residues (E7, E8, F17, L33, E46, F66, E120 

and E141) before and after addition of two molar equivalents of the WT FF3 domain or one of the 

mutants. In the case of the WT protein, four signals shift, one is broadened beyond detection and four 

remain unchanged. After addition of either the W531A or W550A mutant the effects mimic those 

observed for the WT FF3. However, the extent of the perturbations of the spectrum is far more 

modest with very small chemical shift perturbations for two residues, and the rest remaining 

unchanged with no significant line broadening (Figure 2.15 B,C). Moreover, addition of the 

W531A/W550A double mutant has no effect on the spectrum of CaM indicating there is no binding 

under these conditions (Figure 2.15 D).  
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Figure 2.15. NMR analysis of the interaction between hPrp40A-FF3 variants and CaM.  

900 MHz 2D 15N-1H HSQC NMR spectra at 37 °C of 15N-enriched Ca2+-loaded CaM alone (black) and with 2-
fold excess of (A) WT FF3 (red), (B) FF3 W531A (blue), (C) FF3 W550A (green), and (D) FF3 W531A/W550A 
(orange). The sequence-specific assignment is provided for crosspeaks from residues in both the N- and C-
terminal domains of CaM to highlight changes in line broadening and peak shifts across different FF3 variants. 
For clarity, full spectra only shown for 15N-CaM and WT FF3. 
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Even increasing the W531A or W550A to CaM ratio to 20:1 does not produce perturbations of the 

CaM spectrum comparable to the 2:1 ratio of WT FF3 to CaM (Figure 2.16), fully consistent with the 

ITC data which show that the binding of the FF3 mutants is substantially weaker. Together, the NMR 

and ITC data confirm that Trp531 and Trp550 serve as the key hydrophobic anchors for the binding 

of the Prp40A FF3 domain to CaM.   

 

 
Figure 2.16. NMR analysis of the 20-fold excess of hPrp40A-FF3 single-residue variants and CaM.  
900 MHz 2D 15N-1H HSQC NMR spectra at 37 °C of 15N-enriched Ca2+-loaded CaM alone (black) and with 2-
fold excess of WT FF3 (red), FF3 W531A (blue), and FF3 W550A (green). Additional spectra were collected 
with 20-fold excess of FF3 W531A (cyan) and FF3 W550A (sea green).  The sequence-specific assignment for 
two selected regions (A, B) is provided for crosspeaks from residues in both the N- and C-terminal domains of 
CaM to highlight changes in line broadening and peak shifts across different FF3 variants.  

 

2.4 Discussion 

The interaction between Prp40 and CaM was first reported in a Saccharomyces cerevisiae protein 

microarray.76 Our results show that like hCen2, CaM binds the hPrp40A FF3 domain in a Ca2+-

dependent manner. As anticipated, the overall structure of hPrp40A FF3 is similar to other FF 

domains. However, sequence alignment of hPrp40A FF3 reveals a unique feature in the loop-310-

loop region, i.e. substitution in hPrp40A FF3 of an aspartate residue for a conserved hydrophobic 

residue whose side chain packs into the hydrophobic core and presumably stabilizes the loop 

conformation. Moreover, this aspartate is surrounded by three glutamatic acid residues. The 
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combination of the strong electrostatic field associated with this cluster and the loss of the 

hydrophobic interaction implies this loop contributes to a specific and distinct function of this FF 

domain.  

Like most Ca2+-dependent interactions of CaM with targets, both domains of CaM are 

engaged in binding hPrp40A FF3. Sequence alignment of the FF3 domain with Munc13-1 allowed us 

to predict the two putative CaM-binding motifs containing key hydrophobic anchors. The FF3 

residues Trp531, Leu534, Ile537, and Leu538 are the key residues in the W1xxL4xxI7L8 motif 

previously determined as the interaction site for hCen2.57 A second CaM-binding site could also be 

identified containing Trp550. Based on this alignment and the structural similarities with the CaM-

Munc13-1 complex, we assume hPrp40A FF3 binds to CaM in the same antiparallel mode. The 

antiparallel orientation is common, having been reported for other CaM-target complexes that 

exhibit a bipartite binding mode, including the HIV-1 MA107 and Na+/H+ exchanger 1 (NHE1).108 

In contrast to CaM binding to the FF3, hCen2 binds solely through its C-terminal domain, 

which correlates with the absence of functional Ca2+-binding sites in the N-terminal domain.57,59 

Despite these differences, in both cases access to key hydrophobic resides requires unfolding of the 

FF3 domain. The need for unfolding for functional interaction with an FF domain has been 

reported previously in one case, for the p190A RhoGAP FF1, in which access to Tyr308 for 

phosphorylation by the PDG)�UHFHSWRU�ơ�NLQDVH�requires unfolding of the FF domain.94  

CaM binds its targets in a range of modes.59 The most common is termed the wrap-around 

mode in which both domains envelop a common motif of ~15 residues, first identified in binding to 

the myosin light chain kinase.109 Over the years binding in extended modes have been increasingly 

observed. These includes cases where the CaM domains engage different motifs within the same 

domain or subunit of the target, the same motif in two target molecules, or two different subunits of 

a complex.59 Analysis of our SAXS data revealed that the Prp40A FF3 domain binds to CaM in a 

very similar mode as observed for Munc13-1 and several other complexes including the CaM 

complex with the HIV-1 MA protein.107 However, to our knowledge, the requirement for unfolding 

of the binding partner has only been seen in the binding of HIV-1 MA to CaM.107 Remarkably, CaM 

binding to MA clearly disrupts its structure, which in turn inhibits its interactions with other proteins 

critical to HIV-1 replication. In contrast, our findings suggest that unfolding of Prp40A FF3 

stimulates its interaction with partner proteins at the core of the putative Ca2+-dependent regulatory 

network of Prp40.  
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The observation that two different EF-hand Ca2+ sensor proteins have different binding 

modes to the FF3 domain implies that the mechanism of Ca2+-dependent regulation of Prp40 is 

complex. Coupled response of two sensors to intracellular Ca2+ signals has been characterized for 

the complex modulation of voltage gated Na+ channels by CaM, with models proposing the 

involvement of multiple CaM molecules or CaM shifting between different sites on the channel in 

response to Ca2+ signals.110 With both Cen2 and CaM binding to hPrp40A FF3, a similar mechanism 

may be at play with Cen2 and CaM bound to Prp40 at different times over the course of a cycle of 

Ca2+ signaling.  

Dysregulated protein-protein interactions of huntingtin (HTT) are often observed in 

+XQWLQJWRQ·V�'LVHDVH��+'��SDWLHQWV��3UHYLRXV�VWXGLHV�KDYH�LPSOLHG�WKDW�ERWK�K3US��$�DQG�&D0�DUH�

involved in HD based on their interactions with WT and disease-associated mutants of HTT.61-63,76-78 

hPrp40A binds to both HTT and CaM utilizing its two WW domains, the FF3 domain and possibly 

other FF domains. CaM is also known to bind directly to HTT. We have shown CaM uses both of 

its domains to engage hPrp40A-FF3, so either multiple CaM molecules are recruited to this network, 

or a single CaM molecule is exchanging between different sites over the dynamic trajectory of the 

HTT-Prp40-CaM-Cen2 machinery. Clearly, further studies are required to clarify the action of CaM 

and Cen2 within this interaction network and establish if this machinery represents a viable potential 

therapeutic and diagnostic target for HD. 
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CHAPTER 3: CONCLUSIONS AND FUTURE DIRECTIONSÂ 

 

3.1 Overall Summary of the Biophysical Investigation of CaM and hPrp40A-FF3 

Our studies show that CaM binds in an extended mode to an unfolded state of the globular 

hPrp40A FF3 domain. The unfolding of the hPrp40A FF3 allows the exposure of hydrophobic 

residues buried within its core in the folded state that mediate binding of two distinct motifs with Trp 

anchors into the hydrophobic pockets of the two CaM domains. The favorable entropy of binding 

detected by ITC suggests that binding to CaM helps drive the FF3 to unfold. Our results imply that 

binding to a lowly populated unfolded state may be a more general regulatory mechanism than 

previously appreciated to regulate FF domain-mediated interaction and function.  

In summary, these findings have helped elucidate the biophysical and structural features 

needed to facilitate CaM binding to hPrp40A-FF3. Broadly, this study has begun to look at potential 

interactions between calcium sensors and hPrp40A. Previous work in the Chazin Lab had 

demonstrated that hCen2 also interacts hPrp40A-FF3.57 The calcium sensors CaM and hCen2 as well 

as the pre-mRNA processing factor hPrp40A have been reported to interact with huntingtin protein 

(HTT).55-57A mutant form of HTT (mHTT) is responsible for causing pathogenicity in HuntingWRQ·V�

Disease (HD).38,39 However, the molecular interactions of mHTT in HD are not well understood, so 

a better understanding of these interactions occurring at the HTT interface may help determine how 

the disease manifests biochemically and which pathways are affected by mHTT. Looking at this 

more holistically, this study has laid the foundation for further work investigating potential CaM and 

Cen2 interactions with the remaining Prp40A FF domains. The longer-term goal would be to 

characterize the CaM-hCen2-hPrp40A-FF3 network and its interactions with HTT, defining how 

calcium sensors are coordinating at and modulating the huntingtin (HTT) protein interactome. 

There may also be some implications for studying the effects of HTT on mRNA editing since 

hPrp40A appears to be an HTT interactor.62-64  

  

 
Â Section 3.1 from this chapter is adapted from a recent submission to Biophysical Journal as Díaz Casas A., Ferrer BJ, 
Cordoba JJ, Balakrishnan S, Wurm JE, Pastrana-Ríos B, and Chazin WJ., Binding by calmodulin requires unfolding of 
the Prp40A FF3 domain, 2022. 
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3.2 Future Directions 

Given that this work has focused on the isolated domains of Prp40A and CaM, it is important to 

extend these studies to a broader structural and cellular context. Certainly, future work will need to 

address the full-length Prp40A as well as incorporate the other calcium sensor hCen2. Additionally, 

to achieve the ultimate goal, the physical and functional correlation with HTT will need be to 

explored. Interestingly, the observation from this study that CaM engages hPrp40A-FF3 with both 

domains suggests that there needs to be some type of exchange of CaM or a second CaM molecule 

in order to also interact with HTT. One model would imply hPrp40A assists in recruitment of CaM 

to HTT. A similar inference could be made for hCen2 as well. However, given that most Ca2+-

dependent pathways utilize only one calcium sensor, the first aspect to be investigated is if one Ca2+ 

sensor is more vital to regulation of HTT. Perhaps even more important than these studies of the 

physical interactions, it is imperative to establish the biological relevance of the proposed Ca2+-

dependent regulation in cells and in vivo using techniques well outside the scope of those in this 

thesis.  

For example, this work could be expanded to include cell-based assays. Initially, we could 

engineer a cell line that stably expresses endogenous WT HTT or mHTT (with varying degrees of 

CAG repeats in order to measure the effects of mHTT polyglutamine length), as well as CaM, 

hCen2, and Prp40A. Using this cell line, we could treat the cells with a CRISPR interference 

(CRISPRi)111 screen in order to knockdown CaM or hCen2 and measure the effects of gene 

expression, cell growth, and cell morphology. Transcription levels could be measured using real-time 

quantitative PCR (RT-qPCR). Cell growth and cell morphology could be monitored using confocal 

microscopy. The knockdown of CaM or hCen2 might have other effects beyond disrupting putative 

interactions with mHTT given the importance of Ca2+-binding proteins within the cell, so the 

experiment would most likely need to be optimized to reduce effects of disrupting calcium sensors. 

This could be accomplished, for example, by CRISPR editing residues critical to interaction with 

Prp40A or complementing after knock-down with the corresponding mutant proteins. Another idea 

ZRXOG�EH�WR�VXSSOHPHQW�DGGLWLRQDO�FDOFLXP�VHQVRUV�WKDW�GRQ·W�LQWHUDFW�ZLWK�P+77�EXW�FDQ�VWLOO�

regulate Ca2+ without CaM or hCen2. A fundamentally different approach would be to further 

engineer the proposed cell line and include fluorescent fusions of each of the proteins in our 

proposed system [mHTT, CaM, hCen2, and Prp40A]. Using orthogonal fluorescent probes, we 

could trace if these proteins are interacting in real time using confocal microscopy to visualize 

colocalization of the proteins.112  
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Beyond the work presented here, it is interesting to speculate how other structural tools 

could be used to probe this interaction network further. Testing to determine if the other FF 

domains of hPrp40A interact with CaM is a natural next step. After identification of other FF CaM- 

interacting domains, further work would be needed to characterize if they interact in a similar 

fashion as the FF3 domain. Another driving question is how might the results obtained for 

fragments or full-length hPrp40A as well as for CaM and Cen2 be altered by the presence of 

huntingtin (HTT)?  

The relative mass of each of these proteins makes them well poised for other structural 

studies: hPrp40A MW ~180.8 kDa, WT HTT MW ~347.6 kDa, CaM MW ~16.8 kDa, hCen2 MW 

~19.7 kDa (monomeric). In particular, does function require that more than one CaM interacts with 

hPrp40A and HTT? The mass of these potential complexes would be much larger than those 

studied so far, well within the ideal range for cryogenic electron microscopy (cryoEM) and SAXS. 

We should be able to use both approaches to analyze not only the various permutations of 

complexes, but also the HTT and hPrp40A individual components.  

 SAXS does not provide high resolution structures and the resolution obtainable by cryoEM 

varies from system to system, typically not reaching atomic resolution (< 2.5 A). Since it is common 

to fit SAXS and CryoEM electron density with high resolution structures of single proteins and sub-

complexes, co-crystallization of the individual FF domains with CaM would be useful as templates 

for modeling in data obtained for the full-length complexes. Attempts at crystallizing and 

determining structures of the hPrp40A FF3 domain with CaM were performed, but I was unable to 

obtain diffracting crystals. However, I think with further optimization, obtaining co-crystal 

structures of multiple FF domains in complex with CaM or hCen2 should be possible. Individual 

structures of the binary complexes of CaM with each FF domain should be able to assist with 

modeling of the putative ternary CaM-hPrp40A-HTT (or hCen2-hPrp40A-HTT) complex by 

cryoEM. 
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APPENDIX 

Supplemental Figures and Tables. 

 
 

Figure S1. SDS-PAGE gel of CaM and FF3 protein stocks.  
20 µL of each stock (at 50 µM) was mixed 1:1 with 2x SDS-PAGE loading buffer and 10 µL was run on a 4-12% 
SDS denaturing gel. We noticed that the FF3 double variant had a lower band intensity. We used this construct 
at lower and higher concentrations and noticed no impact on binding affinity via ITC and NMR and concluded 
that this estimation was sufficient for our mutational analysis. Note that FF3 constructs are running higher than 
expected. 

 
 

Figure S2. SDS-PAGE gel of 15N-CaM and FF3 NMR samples.  
NMR samples were prepared with 50 µM CaM + 100 µM FF3 construct. 10 µL of the prepared NMR sample 
was mixed 1:1 with 2x SDS-PAGE loading buffer and 10 µL was run on a 4-12% SDS denaturing gel.   
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Table S1. Plasmids used in this thesis.  
Annotated plasmid maps are available by following the provided links. 
 

Name Use Resistance Marker 

pET-15b-CaM Calmodulin expression Ampicillin 
https://benchling.com/s/seq-csn8hBUbVdpbXAgRIS0f 

pBG100-FF3 hPrp40A-FF3 expression Kanamycin 
https://benchling.com/s/seq-7xk58E7iShrMUZRFqTGM?m=slm-zsYgWtmKbRMwkPSZ2rzp 

pBG100-FF3 W531A FF3 Site 1 Substitution expression Kanamycin 
https://benchling.com/s/seq-XwjTApNsoGB7PbVM24t4?m=slm-vFaGPmigEFTdDucNsUUi 

pBG100-FF3 W550A FF3 Site 2 substitution expression Kanamycin 
https://benchling.com/s/seq-kdtdFpN4HV4ZSfLuLMnM?m=slm-mmRgRmGivU87dUxQfSoM 

pBG100-FF3 W531A W550A FF3 double site substitution expression Kanamycin 
https://benchling.com/s/seq-jAiMJSyggz5lP6oWZh9x?m=slm-rxFh1bsRvMy7KfEk41LD 

 
Table S2. Biochemical parameters for proteins used in this thesis.  
For Trp to Ala mutants, the substitutions are bold in the sequence. Parameters were calculated with 
ProtParam (Expasy).113  
 

Name Amino Acid Sequence MW pI ƥ 
 (N- to C-terminus) (Da)  (M-1 cm-1) 

     
WT CaM MADQLTEEQIAEFKEAFSLFDKDGDGTITTKELGTVMRSLGQN

PTEAELQDMINEVDADGNGTIDFPEFLTMMARKMKDTDSEEEI

REAFRVFDKDGNGYISAAELRHVMTNLGEKLTDEEVDEMIREA

DIDGDGQVNYEEFVQMMTAK 

 

16837.59 4.09 2980 

15N-CaM (above) 

 
(above) (above) (above) 

WT hPrp40A-

FF3 

MSKKEKEQAKQLRKRNWEALKNILDNMANVTYSTTWSEAQQY

LMDNPTFAEDEELQNMDKEDALICFEEHIRALEKEEE 

 

9469.54 4.59 13980 

hPrp40A-FF3  

W531A 

MSKKEKEQAKQLRKRNAEALKNILDNMANVTYSTTWSEAQQY

LMDNPTFAEDEELQNMDKEDALICFEEHIRALEKEEE 

 

9354.40 4.59 8480 

hPrp40A-FF3  

W550A 

MSKKEKEQAKQLRKRNWEALKNILDNMANVTYSTTASEAQQY

LMDNPTFAEDEELQNMDKEDALICFEEHIRALEKEEE 

 

9354.40 4.59 8480 

hPrp40A-FF3 

W531A W550A 

MSKKEKEQAKQLRKRNAEALKNILDNMANVTYSTTASEAQQYL

MDNPTFAEDEELQNMDKEDALICFEEHIRALEKEEE 
9239.27 4.59 2980 

  

https://benchling.com/s/seq-csn8hBUbVdpbXAgRIS0f
https://benchling.com/s/seq-7xk58E7iShrMUZRFqTGM?m=slm-zsYgWtmKbRMwkPSZ2rzp
https://benchling.com/s/seq-XwjTApNsoGB7PbVM24t4?m=slm-vFaGPmigEFTdDucNsUUi
https://benchling.com/s/seq-kdtdFpN4HV4ZSfLuLMnM?m=slm-mmRgRmGivU87dUxQfSoM
https://benchling.com/s/seq-jAiMJSyggz5lP6oWZh9x?m=slm-rxFh1bsRvMy7KfEk41LD
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