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Abstract 16 

Dendrite morphogenesis is essential to neural circuit formation, but the molecular 17 

mechanisms controlling the growth of complicated dendrite branches are not well understood. 18 

Prior studies using the highly branched C. elegans PVD sensory neuron identified a membrane 19 

co-receptor complex that transmits extracellular cues to intracellular actin remodeling machinery 20 

to promote high-order dendrite branching. In this complex, the transmembrane protein HPO-30 21 

recruits the WAVE regulatory complex (WRC) from the cytosol to dendrite branching sites, 22 

where WRC stimulates the Arp2/3 complex to polymerize actin. Here we report biochemical and 23 

structural characterization of this interaction, revealing that the intracellular domain (ICD) of 24 

HPO-30 uses two novel mechanisms to regulate the actin cytoskeleton. First, the unstructured 25 

HPO-30 ICD likely undergoes dimerization and induced folding to bind the WRC, with the 26 

binding simultaneously promoting WRC activation by the GTPase Rac1. Second, the dimerized 27 

HPO-30 ICD directly binds to both the sides and barbed end of actin filaments. The barbed end 28 

binding activity resembles that of the actin capping protein CapZ and prevents both actin 29 

polymerization and depolymerization. The novel dual functions of this dendrite receptor provide 30 

an intriguing model of how membrane proteins can use distinct mechanisms to fine-tune local 31 

actin dynamics.  32 

  33 
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Introduction 34 

While neurons have vastly different shapes, they all share a similar architecture—one  35 

cell body, a long primary axon, and many branching protuberances called dendrites, along which 36 

are numerous micron-sized projections called spines (Burianek and Soderling, 2013; Jan and Jan, 37 

2003; Lefebvre et al., 2015). The formation of dendrites and spines is critical for the 38 

development of the nervous system, as they form the majority of post-synaptic connections in 39 

animals and directly determine the complex wiring of neural circuits (Hotulainen and 40 

Hoogenraad, 2010; Scott and Luo, 2001; Tavosanis, 2012). Dendrite development requires actin 41 

and microtubule filaments to drive the initiation and outgrowth of newly formed neurites (Cheng 42 

and Poo, 2012; Zhao et al., 2017). Defects in actin cytoskeletal regulation alter dendrite 43 

morphology and neural connections and contribute to many neurodevelopmental disorders, such 44 

as autism, mental retardation, and schizophrenia (Yan et al., 2016).  45 

A central mechanism by which neurons control actin polymerization is through the 46 

Arp2/3 complex, a seven-protein complex that binds to the sides of existing actin filaments and 47 

initiates the formation of branched actin filament networks (Goley and Welch, 2006; Machesky 48 

et al., 1994; Pollard, 2007). Intrinsically inactive, the Arp2/3 complex requires activation by a 49 

group of proteins called nucleation promoting factors (NPFs). The Wiskott-Aldrich Syndrome 50 

Protein (WASP) family proteins are a major group of NPFs (Alekhina et al., 2017; Kramer et al., 51 

2022; Pollitt and Insall, 2009; Takenawa and Suetsugu, 2007). They all contain a conserved 52 

WCA (WH2-central-acidic) sequence at their C terminus, which can directly bind to and activate 53 

Arp2/3, while their N-terminal sequences vary greatly and define their regulatory mechanism 54 

and cellular function (Alekhina et al., 2017; Kramer et al., 2022; Machesky and Insall, 1998). 55 

Among the WASP-family proteins, WAVE (Wiskott-Aldrich Verprolin homology) exists 56 

in a multi-protein complex named the WAVE regulatory complex (WRC), which contains five 57 

subunits: Sra1, Nap1, Abi2, HSPC300, and WAVE (or their corresponding orthologs in 58 

vertebrates) (Chen et al., 2010; Eden et al., 2002; Gautreau et al., 2004; Polesskaya et al., 2021; 59 

Rottner et al., 2021). Enriched in neurons, the WRC and Arp2/3 complex promote actin 60 

polymerization downstream of membrane signaling to drive various neuronal activities, 61 

including growth cone formation, axon branching, dendrite branching, synapse formation, and 62 

axon guidance and projection (Chia et al., 2014; Chou and Wang, 2016; Pilpel and Segal, 2005; 63 

Racz and Weinberg, 2008; Soderling et al., 2007; Stephan et al., 2011; Tahirovic et al., 2010; 64 
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Yamazaki et al., 2005; Yokoyama et al., 2011). Disrupting the WRC in animals profoundly 65 

impacts the nervous system, leading to altered spine morphology and density, intellectual 66 

disability, as well as embryonic death (Dahl et al., 2003; Soderling et al., 2003). Mutations in 67 

WAVE and other subunits of the WRC lead to a variety of neurodevelopmental disorders in 68 

human patients, including neurodevelopmental disorder with absent language and variable 69 

seizures (NEDALVS), developmental and epileptic encephalopathy-65 (DEE-65), and 70 

Alzheimer’s disease (Begemann et al., 2021; Conway et al., 2018; Ito et al., 2018; Kirkpatrick et 71 

al., 2017; Kramer et al., 2022; Kumar et al., 2013; Olive et al., 2020; Rottner et al., 2021; 72 

Shimojima Yamamoto et al., 2021; Sims et al., 2017; Srivastava et al., 2021; Zhao et al., 2021; 73 

Zweier et al., 2019).  74 

The WRC keeps WAVE basally inhibited by sequestering its C-terminal WCA to a 75 

conserved surface formed by both the Sra1 and  WAVE subunits (Chen et al., 2017, 2010a; Eden 76 

et al., 2002; Kramer et al., 2022) . Through direct interactions, various molecules can recruit the 77 

WRC to the membrane and/or simultaneously activate it, which releases the WCA to promote 78 

Arp2/3-mediated actin polymerization. These ligands include small GTPases (e.g., Rac1 and 79 

Arf), acidic phospholipids (e.g., PIP3), various adaptor proteins, and over 100 different 80 

membrane proteins that contain a 6 amino acid peptide motif named the WIRS motif (WRC 81 

interacting receptor sequence, defined as F-x-T/S-F-x-x, where F is a bulky hydrophobic 82 

residue and x is any residues) (Chen et al., 2017, 2014a, 2010a; Eden et al., 2002; Kobayashi et 83 

al., 1998; Koronakis et al., 2011; Lebensohn and Kirschner, 2009; Rottner et al., 2021). Many 84 

WIRS-containing membrane proteins, such as SYG-1, Robo, Neogenin, TMEM132, neuroligins, 85 

and various protocadherins, are important neuronal receptors and have been shown to rely on the 86 

WIRS-WRC interaction to regulate various processes in neural development (Chaudhari et al., 87 

2021; Chia et al., 2014; Fan et al., 2018; Lee et al., 2016; Wang et al., 2021; Xing et al., 2018).   88 

Previous studies identified the claudin-like dendrite receptor HPO-30 as a novel WRC 89 

binding protein, and this interaction was essential to higher-order dendrite branching. HPO-30 90 

acts as a co-receptor of the cell adhesion molecule DMA-1 in the PVD sensory neuron in C. 91 

elegans. The extracellular domain of DMA-1 forms a multi-ligand complex with the secreted 92 

protein LECT-2 and the extracellular domains of the epidermis cell receptors SAX-7 and MNR-1 93 

(Zou et al., 2016). These interactions provide the spatial cue for initiating dendrite branching 94 

(Dong et al., 2013; Zou et al., 2016, 2018). The intracellular domain (ICD) of HPO-30 directly 95 
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binds the WRC, while the ICD of DMA-1 binds the Rac guanine nucleotide exchange factor 96 

(GEF) TIAM-1, which can increase the local concentration of activated Rac1—the canonical 97 

activator of WRC (Tang et al., 2019). Together, HPO-30 and DMA-1 organize a multi-protein 98 

complex to spatiotemporally coordinate extracellular cues with the intracellular actin remodeling 99 

essential to high-order dendrite branching (Zou et al., 2018).  100 

It is unclear how the HPO-30 ICD interacts with the WRC. It is also unknown if, in 101 

addition to binding to the WRC, the HPO-30 ICD has other functions. The HPO-30 ICD does not 102 

contain a WIRS motif and must use a non-WIRS mechanism to interact with the WRC. Previous 103 

studies showed that deleting the C-terminal part of the HPO-30 ICD strongly affected WRC 104 

binding in vitro and high-order dendrite branching in vivo, but it was unclear whether the HPO-105 

30 ICD used a linear peptide motif analogous to WIRS to bind the WRC (Zou et al., 2018). 106 

Furthermore, although HPO-30 is homologous to the tight junction claudin proteins in mammals, 107 

its ICD sequence is only conserved in nematode worms. Nevertheless, this ICD binds to both C. 108 

elegans and human WRC, suggesting that the interaction mechanism is conserved in other 109 

animals (Zou et al., 2018). It is likely that humans have an unidentified membrane protein that 110 

uses the same interaction surface to regulate the WRC. Thus, it is important to understand the 111 

mechanism underlying the interaction between HPO-30 and WRC. 112 

Here we report biochemical and structural analysis of the HPO-30-WRC interaction. We 113 

find that, unlike other WRC-interacting receptors known to date, the HPO-30 ICD requires 114 

dimerization and folding into a three-dimensional structure to bind the WRC. Furthermore, to 115 

our surprise, we find the HPO-30 ICD directly interacts with actin filaments, also in a 116 

dimerization-dependent manner. The dimeric form binds to both the side and barbed end of actin 117 

filaments and inhibits both actin polymerization and depolymerization, resembling the activity of 118 

the actin capping protein CapZ. The dual activities of HPO-30 ICD provide an intriguing 119 

example of how a membrane receptor can regulate actin dynamics by simultaneously controlling 120 

the localization of a central actin nucleation factor and modulating local actin networks to 121 

promote an important biological process.  122 

 123 

 124 

 125 

 126 
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Results 127 

HPO-30 ICD may use a folded structure, instead of a short peptide motif, to bind the WRC 128 

The HPO-30 ICD (or ICD for short hereafter) does not contain a WIRS motif. Therefore, 129 

we first hypothesized it might use a distinct linear motif to bind the WRC. To identify this 130 

sequence motif, we mutated every five residues to alanine throughout the ICD and used GST 131 

pull-down assays to evaluate how they disrupted WRC binding (Figure 1A). Interestingly, we 132 

found that mutating nearly any five amino acids (a.a.), except for the fourth and tenth region, 133 

significantly reduced the binding to WRC, with the middle region of the ICD showing the 134 

strongest effect (∆5, 6, 7 in Figure 1A,B, lanes 7-9). This is consistent with the previous 135 

qualitative data obtained in a less ideal pull-down condition (Zou et al., 2018). It was intriguing 136 

that none of these 5-a.a. mutations completely abolished the binding to WRC, unlike WIRS-137 

mediated binding, where mutating the WIRS motif readily diminished the interaction (Chen et 138 

al., 2014a). This is consistent with our quantitative measurement of the binding affinity using 139 

equilibrium pull-down (EPD) assays, in which the wild type (WT) ICD had a dissociation 140 

constant (KD) of ~1.69 µM (Figure 1D, black). Alanine mutant ∆5, which had the strongest 141 

effect in the non-equilibrium pull-down assays (Figure 1A,B, lane 7), increased the KD only 142 

mildly to ~5.06 µM, still maintaining significant binding (Figure 1D, purple) (Chen et al., 2017; 143 

Kuzmic, 1996; Pollard, 2010). By contrast, replacing either the entire N-terminal or C-terminal 144 

sequences, or two consecutive 5-a.a. mutations with a (GGS) sequence almost completely 145 

abolished the binding (Figure 1A,C ∆11-14). Note that while most mutants contain a GST-tag at 146 

the N-terminus, the 5-a.a. mutations located at the C-terminus of the ICD contain a GST-tag at 147 

the C-terminus (∆8-10 in Figure 1, lanes 10-13 in Figure 1B), which we found was necessary to 148 

protect the mutant ICDs from degradation (data not shown).  149 

Nearly all of the 5-a.a. alanine scan mutants affected WRC binding. This is distinct from 150 

WIRS-containing proteins, where only mutations in the WIRS motif disrupted binding (Chen et 151 

al., 2014a). We hypothesized that, instead of using a short linear peptide motif like WIRS, either 152 

the HPO-30 ICD folds into a three-dimensional structure and uses the folded structure to bind the 153 

WRC, or the entire sequence binds as a long linear peptide that interacts extensively with the 154 

WRC. We favor the first hypothesis because it is supported by both secondary structure analysis 155 

from various programs, including JPred, PredictProtein, PSIPred, and SABLE, and ab initio 156 

tertiary structure prediction by many different algorithms, including LOMETS, QUACK, 157 
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RaptorX, Rosetta, AlphaFold 2.0, and RoseTTAFold, (Figure 1E; Figure 1—figure 158 

supplement 1) (Adamczak et al., 2004; Bernhofer et al., 2021; Bonneau et al., 2001; 159 

Drozdetskiy et al., 2015; Jumper et al., 2021; Källberg et al., 2012; McGuffin et al., 2000; 160 

Minkyung et al., 2021; Wu and Zhang, 2007). Nearly all predictions suggest the ICD contains a 161 

short alpha helix at the N-terminus followed by two beta strands, which together could adopt 162 

various three-dimensional structures. The predicted structures vary depending on the program 163 

used and the context of ICD sequence (isolated vs. within the full-length HPO-30), suggesting 164 

the ICD structure is likely unstable and can adopt diverse conformations (Figure 1E; Figure 1—165 

figure supplement 1). Together, the above mutagenesis and structural analysis suggest that 166 

HPO-30 ICD likely uses a folded tertiary structure, instead of a linear peptide motif, to bind to 167 

the WRC.  168 

 169 
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Figure 1. HPO-30 binds to WRC likely using a folded domain, rather than a linear peptide motif. (A) 170 
Left: cartoon representation of HPO-30 as a four-pass transmembrane protein, with the ICD binding to the 171 
WRC. Right: annotation of HPO-30 ICD sequence and mutants used in this study. Each mutant replaces the 172 
corresponding amino acids to alanines (for ∆1-10) or (GGS)n (for ∆11-14). (B) Representative Coomassie 173 
blue-stained SDS PAGE gel (left) and quantification (right) of three independent experiments showing GST-174 
ICD (lane 2-9, 200 pmol) and ICD-GST (lane 10-13, 200 pmol) pulling down WRC230∆WCA (150 pmol). 175 
Sra1/Nap1 band intensity was used to quantify the pull-down signals of WRC. Signals from GST-ICD or ICD-176 
GST pull-downs were normalized to corresponding ICD WT (lane 2 and 13, respectively). Error bars represent 177 
standard error, * p < 0.05, ** p < 0.005 from Student’s paired t-test. (C) Coomassie blue-stained SDS PAGE 178 
gel showing GST-ICD ∆11-14 mutants (200 pmol) pulling down WRC217∆WCA (300 pmol). (D) EPD assay to 179 
measure the dissociation constant (KD) of the interaction between ICD-GST and WT. Left: data pooled from 180 
three independent repeats were fitted to a one-site binding model using DynaFit. Right: representative 181 
Coomassie blue-stained SDS PAGE gels used for quantification. (E) Consensus secondary structure (top) and 182 
tertiary structures of HPO-30 ICD predicted by indicated programs (bottom, same color scheme as the 183 
secondary structure annotation). “FL” indicates structural predictions of ICD in the context of full length (FL) 184 
HPO-30. 185 
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 186 
Figure 1—figure supplement 1. Top five predicted structures of HPO-30 ICD by the indicated programs. 187 

 188 

 189 
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HPO-30 ICD is disordered in solution 190 

We tried several approaches to determine the structure of the HPO-30 ICD in isolation. 191 

The ICD did not grow crystals either by itself or when attached to solubility tags, or as a co-192 

crystal with the WRC. However, due to its small size and our improved protocol to purify the 193 

isotope-labeled ICD in high concentration, we were able to use solution nuclear magnetic 194 

resonance (NMR) spectroscopy to obtain well-resolved 1H-15N HSQC spectra of untagged 15N-195 

labeled ICD (Figure 2A). From the spectra of the untagged ICD, we could readily identify 50 196 

distinct amide crosspeaks out of the 51 we predicted to observe. The narrow 1H chemical shift 197 

dispersion suggests that the HPO-30 ICD is predominantly disordered in solution, with little 198 

indications of secondary structure formation. To further increase the stability and yield of 199 

untagged ICD, we switched to using GB1-ICD (GB1 is a monomeric, small soluble tag 200 

commonly used in NMR) (Zhou and Wagner, 2010). Comparison of the 2D 1H-15N TROSY-201 

HSQC spectra collected for GB1-ICD with the isolated ICD (Figure 2B, blue) and with the 202 

isolated GB1 (Figure 2C, red) showed no significant chemical shift changes. This suggests that 203 

HPO-30 ICD remains largely disordered even when it is linked to a well-folded protein like 204 

GB1. Furthermore, the NMR spectra were nearly identical at different protein concentrations (50 205 

– 700 µM) and different temperatures (283 K – 298 K), suggesting the ICD alone does not 206 

undergo structural changes in a concentration-dependent manner (data not shown). 207 

This result was consistent with the circular dichroism (CD) spectrum of the ICD, in 208 

which no major peaks at either the beta-sheet wavelength (positive at 195 nm and negative at 217 209 

nm) or the alpha-helix wavelengths (positive at 193 nm and negative at 218 and 222 nm) were 210 

observed, in contrast to the spectrum of bovine serum albumin (BSA) obtained in the same 211 

conditions, which shows clear peaks associated with both structural elements (Figure 2E). 212 

Addition of an osmolyte, trimethylamine N-oxide (TMAO), which is commonly used to promote 213 

protein folding, did not cause a significant change to the CD spectrum or enhance the ICD-WRC 214 

interaction (Figure 2—figure supplement 1) (Baskakov et al., 1999). Together, these data 215 

suggest the purified ICD is unstructured in solution.  216 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 28, 2022. ; https://doi.org/10.1101/2022.05.13.491788doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.13.491788
http://creativecommons.org/licenses/by-nc-nd/4.0/


Kramer et al 

 11 

 217 
Figure 2. HPO-30 ICD alone is unstructured. (A-D) 2D TROSY spectra of untagged HPO-30 ICD (A), GB1-ICD 218 
(B), GB1 (C) and GST-ICD (D) in the same buffer condition (100 mM NaCl, 10 mM HEPES pH 7.0, and 5% 219 
glycerol). (E) CD spectrum of 2 mg/mL untagged HPO-30 ICD or BSA in 50KMEH5Gd (see Methods and 220 
Materials). 221 

 222 

 223 
Figure 2—figure supplement 1. (A) CD spectrum of 2 mg/mL HPO-30 ICD in the absence or presence of 0.1 M 224 
TMAO. (B-C) Coomassie blue-stained SDS PAGE gels showing GST-ICD (200 pmol) pulling down WRC230∆WCA 225 
(150 pmol) (B) or WRC-(MBP)2 (60 pmol) pulling down GST-ICD (600 pmol) (C) with and without TMAO. 226 

 227 

Dimerization is required for HPO-30 ICD to bind WRC 228 

How can the unstructured HPO-30 ICD use a folded structure to bind the WRC? While 229 

attempting to solve this conundrum, we realized that the GST-tagged constructs used in our pull-230 
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down assays would dimerize the ICD, as GST is a constitutive dimer (Askelöf et al., 1975). We 231 

then hypothesized that the HPO-30 ICD may need to be dimerized for efficient binding to the 232 

WRC. To test this hypothesis, we repeated the pull-down assay after switching the GST tag to 233 

the monomeric tag MBP (maltose binding protein) (Figure 3A). Consistent with our hypothesis, 234 

the MBP-tagged ICD indeed showed much weaker binding to the WRC (Figure 3B, right). 235 

Further supporting the observation that monomeric ICD does not bind to the WRC effectively, 236 

GST-ICD binding could not be competed off by a chemically synthesized peptide covering the 237 

whole HPO-30 ICD, even when the peptide was added in 5000-fold excess (Figure 3—figure 238 

supplement 1A).  239 

We next tested several different strategies to further validate if dimerization of the ICD is 240 

required for WRC binding. First, we immobilized the WRC to the affinity beads by tethering a 241 

dual MBP tag, (MBP)2, to the WRC to pull down different monomeric vs. dimeric forms of 242 

HPO-30 ICD. To our surprise, the WRC containing an (MBP)2 tag at the N-terminus of 243 

HSPC300, which was previously used to immobilize the WRC and pull down WIRS-containing 244 

proteins (Chen et al., 2014a), substantially reduced HPO-30 ICD binding (Figure 3—figure 245 

supplement 1C, lane 6 vs. 8). Similarly, an (MBP)2 tag at the N-terminus of Abi2 also prevented 246 

HPO-30 ICD binding (Figure 3—figure supplement 1B). These data suggest tagging (MBP)2 at 247 

the N-terminus of HSPC300 or Abi2 may interfere with the HPO-30 ICD binding surface (but 248 

not the WIRS binding surface). We eventually used sortase-mediated protein ligation (Chen et 249 

al., 2011) to tether an (MBP)2 tag to the C-terminus of Abi2, which produced a WRC that 250 

efficiently bound to amylose beads and effectively retained HPO-30 ICD binding (Figure 3—251 

figure supplement 1C). Using this construct, we observed robust binding of all dimeric 252 

constructs we tested, including GST-ICD, ICD-GST, and DLC8-ICD (DLC8 is a constitutive 253 

dimer from the dynein light chain) (Wang et al., 2003). By contrast, all monomeric constructs, 254 

including GB1-ICD, sumo-ICD, and mEGFP-ICD showed very weak, if any, binding (Figure 255 

3A,C).  256 
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 257 
Figure 3.  HPO-30 ICD binding to the WRC is enhanced by dimerization. (A) Schematic of HPO-30 ICD 258 
constructs used in this study. (B) Coomassie blue-stained SDS PAGE gels showing GST-ICD or MBP-ICD (200 259 
pmol) pulling down WRC230∆WCA (200 pmol). (C) Coomassie blue-stained SDS PAGE gels showing WRC-(MBP)2 260 
or (MBP)2-WRC (60 pmol) pulling down various monomeric and dimeric HPO-30 ICD (600 pmol) indicated in (A). 261 
Where it is noted, 5 µM rapamycin (vs. equal volume of DMSO as a negative control) was used to induced 262 
dimerization. White arrowheads indicate pull-down signals. For clarity, GB1-FKBP-ICD and GB1-FRB-ICD were 263 
referred to as FKBP-ICD and FRB-ICD, respectively. (D) Coomassie blue-stained SDS PAGE gels showing WRC-264 
(MBP)2 (60 pmol) pulling down different dimeric HPO-30 ICD (600 pmol) in the presence of GST-ICD as a 265 
competitor (600 to 6000 pmol). (E) Schematic of the assembly of homo- and heterodimers of HPO-30 ICD (left) and 266 
Coomassie blue-stained SDS PAGE gels (right) showing WRC-(MBP)2 (60 pmol) pulling down indicated homo- 267 
and heterodimers. In homo- and heterodimers, 1200 pmol of ICD monomeric unit was included to ensure the total 268 
amount of ICD remained the same. (F) Schematic of full-length HPO-30 constructs co-expressed in Drosophila S2 269 
cells (left) and Western blot images (right) showing co-immunoprecipitation of 3xHA-tagged HPO-30 (pink 270 
arrowhead) with 6xMyc-tagged HPO-30 (orange arrowhead). Asterisks indicate light and heavy chain of antibody.  271 
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 272 

273 
Figure 3—figure supplement 1. Additional data supporting HPO-30 ICD binding to WRC is enhanced by 274 
dimerization. (A) Coomassie blue-stained SDS PAGE gel showing GST-ICD (200 pmol) pulling down 275 
WRC230∆WCA (150 pmol) in the presence of a chemically synthesized HPO-30 ICD peptide as a competitor (18-100 276 
nmol). (B) Schematic of removing (MBP)2 tag from WRC(MBP)2-Abi2 by thrombin cleavage (left) and Coomassie blue-277 
stained SDS PAGE gels (right) comparing GST-ICD (200 pmol) pulling down WRC(MBP)2-Abi2 (150 pmol) before or 278 
after removal of the (MBP)2 tag. (C) Schematic of (MBP)2-tagged WRC constructs (left) and Coomassie blue-279 
stained SDS PAGE gels showing indicated (MBP)2-tagged WRC (60 pmol) pulling down GST-ICD (600 pmol). 280 
White arrowheads indicated pull-down signals. (D) Top: gel filtration chromatograms of equimolar GB1-FKBP-ICD 281 
and GB1-FRB-ICD in the presence or absence of 5 µM rapamycin (or equal volume of DMSO). Bottom: Coomassie 282 
blue-stained SDS-PAGE gels of the indicated gel filtration fractions. (E) Coomassie blue-stained SDS PAGE gel 283 
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showing WRC-(MBP)2 (60 pmol) pulling down ICD-GST (600 pmol) in the presence of FKBP/FRB-ICD as a 284 
competitor (600 – 6000 pmol). (F) Coomassie blue-stained SDS PAGE gels showing WRC-(MBP)2 (60 pmol) 285 
pulling down different combinations of homo- and heterodimers of WT and ∆5 HPO-30 ICD (in which WT ICD 286 
monomeric unit was kept at 1200 pmol to ensure the same amount of the WT ICD was included in the reactions). 287 
  288 

 289 
Figure 3—figure supplement 2. HPO-30 can potentially form a dimer. (A) AlphaFold Multimer predictions of 290 
the isolated HPO-30 ICD dimer. Promoter A is colored using the same scheme shown on the right (and in Figure 291 
1E), while protomer B is shown in lighter colors. (B) Two distinct dimer conformations of the full-length HPO-30 292 
predicted by AlphaFold Multimer. (C) Coomassie blue-stained SDS PAGE gels showing GST-ICD (200 pmol) 293 
pulling down MBP-ICD (6000 pmol) in indicated buffer conditions.  294 

 295 

To further exclude the possibility that the affinity tags nonspecifically affected protein 296 

interaction, we introduced the chemically inducible dimerization (CID) tags FKBP and FRB to 297 

the ICD, with the GB1 tag at the N-terminus to improve protein expression and solubility 298 

(Banaszynski et al., 2005) (Figure 3A). In the presence of the dimerizing agent rapamycin, GB1-299 
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FKBP-ICD and GB1-FRB-ICD can readily form a tight heterodimer (Figure 3A), as confirmed 300 

by size exclusion chromatography in the presence and absence of rapamycin (Figure 3—figure 301 

supplement 1D). Consistent with results from the above constitutive dimeric tags, the addition 302 

of rapamycin to dimerize GB1-FKBP/FRB-ICD (F/F-ICD for short hereafter) clearly promoted 303 

HPO-30 ICD binding (Figure 3C, lanes 8 vs. 9).  304 

To ensure that the ICDs that contain different dimerization tags bind to the WRC using 305 

the same mechanism, we used competition pull-down assays to compare different dimeric 306 

constructs. We found GST-ICD effectively competed off both F/F-ICD and DLC8-ICD binding 307 

to the WRC in a dose-dependent manner (Figure 3D, lanes 4-6 and 8-10). Complementarily, 308 

F/F-ICD effectively competed off GST-ICD binding to WRC only in the presence of rapamycin, 309 

while in the absence of rapamycin the competition efficiency was significantly reduced (Figure 310 

3—figure supplement 1E, lanes 4 and 5). These data further corroborate the notion that 311 

dimerized ICD promotes WRC binding, and that all dimeric constructs tested so far bind WRC 312 

using the same mechanism.  313 

As an alternative way to validate that dimerization of the HPO-30 ICD is required for 314 

WRC binding, we mixed different GB1-FKBP/FRB constructs to produce various heterodimers 315 

of the ICD. We found that a heterodimer containing either only one ICD (by mixing with empty 316 

GB1-FKBP or FRB tag) or having one WT ICD and an alanine ∆5 mutant ICD failed to support 317 

binding to the WRC to the same level as a homodimer containing two WT ICDs (Figure 3E; 318 

Figure 3—figure supplement 1F). Note that in this experiment we kept the total concentration 319 

of the WT ICD monomeric unit the same between heterodimers and homodimer. Therefore, the 320 

lack of binding from heterodimers was due to lack of the WT ICD dimer, but not reduced WT 321 

ICD concentration. 322 

If the ICD needs to be dimerized in order to bind the WRC, we speculated HPO-30 323 

should be able to form dimers in the cell. To test this hypothesis, we expressed 3xHA-tagged and 324 

6xMyc-tagged full-length HPO-30 in Drosophila S2 cells and used co-immunoprecipitation to 325 

test if HPO-30 interacted with itself (Figure 3F). We found 3xHA-tagged HPO-30 robustly 326 

retained 6xMyc-tagged HPO-30, suggesting that full-length HPO-30 is capable of dimerization 327 

(or oligomerization) in cells, which could be the functional form of HPO-30. With recent 328 

advances in protein structural prediction by AlphaFold, we used AlphaFold Multimer (AFM) to 329 

predict whether and how the isolated ICD or the full-length HPO-30 can form a dimer (Figure 330 
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3—figure supplement 2A,B) (Evans et al., 2022; Jumper et al., 2021). We found the ICD alone 331 

was consistently predicted to form a homodimer. Out of 25 prediction solutions, 20 solutions 332 

show the same conformation in which dimerization is mediated by a beta sheet formed by the 333 

two beta strands from each ICD (Figure 3—figure supplement 2A). Consistent with this 334 

prediction, purified GST-ICD was able to pull down MBP-tagged ICD in a pH and salt 335 

dependent manner, which suggests the dimerization of ICD is mediated through polar 336 

interactions (Figure 3—figure supplement 2C). The full-length HPO-30 was also predicted to 337 

form dimers, but with two distinct conformations. In the first conformation, dimerization was 338 

mediated by the interactions between the transmembrane helix 2 (H2) and the beta strand 4 (b4) 339 

in the extracellular domain, while in the second conformation, dimerization was mediated by 340 

transmembrane helix 3 (H3) and the first helix of the ICD (Figure 3—figure supplement 2B). 341 

In both conformations, the ICD was predicted to form a long helix, without two beta strands. 342 

This contradicts the secondary structural predictions and tertiary structural predictions of the 343 

isolated ICD by all other methods, likely because the global prediction of the full-length HPO-30 344 

somehow influenced the prediction of the ICD due to the dominant structures of the N-terminal 345 

regions (Figure 1E; Figure 1—figure supplement 1; Figure 3—figure supplement 2A).  346 

Taken together, our data suggest that HPO-30 ICD has the potential to dimerize both in 347 

vitro and in cells, and the dimerization is required for efficient binding to the WRC.  348 

 349 

Dimerization is not sufficient to induce HPO-30 ICD folding 350 

As the dimeric ICD binds to the WRC more strongly than the monomeric form, we used 351 

NMR to determine if dimerization could induce structure changes in the HPO-30 ICD. Among 352 

various dimerized ICD constructs, only GST-ICD could produce protein at a high enough 353 

concentration for NMR measurement. With this material, we managed to obtain well-resolved 354 
1H-15N TROSY-HSQC spectra, which showed 1H chemical shift dispersion nearly identical to 355 

the untagged ICD, indicating that dimerization alone was not enough to induce significant ICD 356 

folding (Figure 2D). Note that we could not see any spectral peaks for the GST tag in this 357 

condition due to its large size (~54 kDa as a constitutive dimer) and consequent slow tumbling. 358 

Collecting the above evidence, we posit that the HPO-30 ICD needs to undergo both 359 

dimerization and induced folding in order to bind to the WRC. This induced folding has been 360 

proposed for many DNA-binding proteins and cell-signaling molecules, such as the interaction 361 
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between E-cadherin and ß-catenin (Dyson and Wright, 2002; Huber et al., 2001; Huber and 362 

Weis, 2001; Turjanski et al., 2008). High-resolution structures of the ICD bound to WRC will be 363 

necessary to confirm this hypothesis.  364 

 365 

HPO-30 ICD inhibits actin polymerization, but promotes Rac1-WRC activation 366 

Previous studies have shown that Rac1 is the canonical activator of the WRC, and that 367 

various WIRS-containing receptors could further fine tune WRC activity, likely through 368 

secondary, weak interactions between the WRC and the receptor sequences flanking the WIRS 369 

motif (Chen et al., 2014a). After establishing that dimeric ICD robustly binds the WRC, we 370 

tested if the interaction could similarly influence WRC activity in promoting Arp2/3-mediated 371 

actin polymerization (Cooper et al., 1983; Doolittle et al., 2013a; Kouyama and Mihashi, 1981). 372 

While conducting the pyrene-actin polymerization assay, we noticed that buffer conditions had a 373 

significant impact on the ICD-WRC interaction. The commonly used pyrene-actin assay buffer 374 

for reactions involving WRC, 50KMEI20Gd (50 mM KCl, 2 mM MgCl2, 1 mM EGTA pH 8.0, 375 

10 mM Imidazole pH 7.0, 20% [w/v] glycerol, 1 mM DTT), reduced HPO-30 ICD binding to the 376 

WRC. Lowering the concentration of glycerol to 5% and replacing imidazole with HEPES at the 377 

same pH rescued binding (Figure 4—figure supplement 1A). Using this optimized buffer 378 

(50KMEH5Gd, containing 50 mM KCl, 2 mM MgCl2, 1 mM EGTA pH 8.0, 10 mM HEPES pH 379 

7.0, 5% [w/v] glycerol, 1 mM DTT), we tested the effect of monomeric and dimeric HPO-30 380 

ICD on actin polymerization using our chemically inducible dimerization (CID) constructs 381 

(shown in Figure 3A), which allowed us to compare the monomeric vs. dimeric ICD directly by 382 

switching between DMSO and rapamycin instead of using different solubility tags (Figure 3—383 

supplement figure 1D). To our surprise, we observed a strong, dose-dependent inhibition of 384 

Rac1-WRC-mediated actin polymerization by HPO-30 ICD (Figure 4A, blue vs. orange curves), 385 

with the dimerized ICD showing much stronger inhibition (Figure 4A, solid vs. dashed curves). 386 

By contrast, the dimerized FKBP/FRB tag at the highest concentration only had a mild effect, 387 

indicating the inhibition was due to the HPO-30 ICD itself (Figure 4A, grey curve). Rapamycin 388 

alone had no effect on actin polymerization (Figure 4—figure supplement 1B).  389 

Interestingly, we noticed the ICD reduced actin polymerization to a level lower than actin 390 

alone. This suggests the inhibitory effect was likely not because of the ICD binding to the WRC 391 

and thereby inhibiting WRC activity. Indeed, we found HPO-30 ICD similarly inhibited actin 392 
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polymerization induced by the isolated, constitutively active WCA peptide, with the dimerized 393 

ICD again showing more potent inhibition (Figure 4B). This suggests the inhibitory effect of 394 

ICD was not related to WRC, but likely directly related to actin (see below).  395 

 396 
Figure 4.   HPO-30 ICD inhibits actin polymerization but promotes Rac1-WRC activation. (A-E) Pyrene-actin 397 
polymerization assays of indicated conditions. Reactions contain 2 µM actin (10% pyrene-labeled), 10 nM Arp2/3 398 
complex, 100 nM WRC230WCA or isolated WCA, Rac1QP, indicated concentrations of equimolar GB1-FKBP-ICD 399 
and GB1-FRB-ICD, and 5 µM rapamycin or equal volume of DMSO. (F) Coomassie blue-stained SDS PAGE gels 400 
(left) and quantification from three independent repeats (right) showing equilibrium pull-down of WRC230WCA by 401 
two concentrations of ICD-GST in the presence or absence of 40 µM Rac1QP. Error bars represent standard error, * 402 
p < 0.05, from Student’s paired t-test.  403 

 404 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 28, 2022. ; https://doi.org/10.1101/2022.05.13.491788doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.13.491788
http://creativecommons.org/licenses/by-nc-nd/4.0/


Kramer et al 

 20 

 405 
Figure 4—figure supplement 1. Buffer optimization of HPO-30 ICD pyrene-actin polymerization assay. (A) 406 
Coomassie blue-stained SDS PAGE gels showing GST-ICD (200 pmol) pulling down WRC230∆WCA (150 pmol) in 407 
indicated buffer conditions, with 50PDB being the buffer used in the majority of pull-down reactions herein and 408 
50KMEI20G commonly used in pyrene-actin assembly assays in previous studies of the WRC. All buffers contained 409 
1 mM DTT and 0.05% Triton X-100. (B) Pyrene-actin polymerization assays showing rapamycin and DMSO did 410 
not affect WRC activity. Reactions contain 4 µM actin (5% pyrene-labeled), 10 nM Arp2/3 complex, 100 nM 411 
WRC230WCA, Rac1QP, and 5 µM rapamycin or equal volume of DMSO. 412 

 413 

 The strong, WRC-independent inhibitory effect of the ICD on actin polymerization 414 

prevented us from directly examining how ICD binding influenced WRC activity. To overcome 415 

this challenge, we reduced the ICD concentration to 1 µM in the actin assays to minimize its 416 

inhibitory effect. Interestingly, we found that 1 µM monomeric ICD slightly, but robustly, 417 

increased the WRC-mediated polymerization when WRC was activated to a low level by an 418 

intermediate concentration of Rac1 (Figure 4C, dashed blue vs. solid pink curves). At the same 419 

concentration, the dimerized ICD still showed a dominant inhibitory effect (Figure 4C, solid 420 

blue curve). We hypothesized that in the absence of rapamycin, a small amount of HPO-30 ICD 421 

existed in equilibrium as a dimer, which could bind the WRC to promote activation. This is 422 

supported by both structural predictions and in vitro pulldown results (Figure 3—figure 423 

supplement 2A,C). To test this hypothesis, we further reduced HPO-30 ICD to a much lower 424 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 28, 2022. ; https://doi.org/10.1101/2022.05.13.491788doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.13.491788
http://creativecommons.org/licenses/by-nc-nd/4.0/


Kramer et al 

 21 

concentration (0.1 µM) and included rapamycin to ensure dimer formation. At this low 425 

concentration, the dimerized ICD similarly promoted Rac1-WRC-medicated actin 426 

polymerization (Figure 4C, solid green curve). Although we were limited by the strong 427 

inhibitory activity of the ICD on actin polymerization and therefore could only measure a mild 428 

activating effect by using low ICD concentrations, this effect was specific to Rac1-activated 429 

WRC, as neither the WRC in the absence of Rac1 nor the isolated WCA could be further 430 

activated by ICD (Figure 4 D,E). This effect is similar to the WIRS-containing ICD from the 431 

cell adhesion membrane protein protocadherin 10 (PCDH10), in which PCDH10 ICD by itself 432 

had no effect on WRC activity, but cooperatively increased WRC activity when WRC was 433 

slightly activated by intermediate concentrations of Rac1 (Chen et al., 2014a). This cooperativity 434 

effect suggests the HPO-30 ICD should prefer to bind the WRC activated by Rac1. Consistent 435 

with this hypothesis, our equilibrium pull-down (EPD) assay showed GST-ICD could indeed 436 

pull down more WRC in the presence of saturating concentrations of Rac1 (Figure 4F, lane 2 vs. 437 

4—note that in EPD assays, the supernatant of the pull-down reactions was used to quantify the 438 

WRC that was not retained by immobilized GST-bait). Interestingly, within the HPO-30-DMA-1 439 

co-receptor complex, DMA-1 directly binds to TIAM-1, a Rac GEF, which could act 440 

synergistically with the direct effect of HPO-30 to promote WRC activation by increasing Rac1 441 

activity (Zou et al., 2018). 442 

 443 

HPO-30 ICD binds to F-actin and inhibits actin depolymerization, similar to CapZ 444 

We first wondered if the WRC-independent inhibitory effect of HPO-30 ICD was due to 445 

the ICD binding to and sequestering free G-actin. However, we observed no detectable binding 446 

between GST-ICD or dimerized F/F-ICD and G-actin (Figure 5—figure supplement 1). We 447 

next wondered if the ICD inhibited actin polymerization by binding to F-actin. In our F-actin co-448 

pelleting assay (Heier et al., 2017), we found that significantly more F/F-ICD indeed bound to F-449 

actin, compared to BSA, F/F tag, and the capping protein CapZ (which binds to the barbed ends 450 

of F-actin) (Figure 5A,B). Interestingly, both the monomeric and dimeric F/F-ICD showed 451 

significant and similar binding to F-actin (Figure 5A,B, +DMSO vs. +Rap), although the 452 

dimeric ICD showed slightly stronger binding. This suggests that the monomeric ICD, while not 453 

as effective in inhibiting actin polymerization as the dimeric form, is also capable of binding to 454 
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actin filaments. Together, these data led us to a hypothesis that HPO-30 ICD may bind to actin 455 

filaments to prevent actin polymerization.  456 

 457 
Figure 5. HPO-30 ICD binds to F-actin and inhibits actin depolymerization. (A) Representative Coomassie 458 
blue-stained SDS PAGE gels showing F-actin co-pelleting assays of indicated F/F-ICD and CapZ in the presence or 459 
absence of 5 µM rapamycin (or equal volume of DMSO). S: supernatant, P: pellet. (B) Quantification of (A) from 460 
three independent repeats, showing percentage of proteins in the pellet. Bars represent standard error, *** p < 0.001, 461 
ANOVA with Tukey test. (C) Representative F-actin depolymerization assay fluorescence curves of indicated 462 
conditions. Each reaction contained 5 µM pre-polymerized actin (70% pyrene labeled), diluted 20-fold into 463 
depolymerization buffer containing indicated proteins in the presence or absence of 5 µM rapamycin (or equal 464 
volume of DMSO). (D) Quantification of the initial velocity of fluorescence curves shown in (C). Initial velocity 465 
was normalized to F-actin alone in the presence of DMSO. Error bars represent standard error, n = 3 independent 466 
repeats, *** p < 0.001, ANOVA with Tukey test.  467 

 468 

 469 
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Figure 5—figure supplement 1. HPO-30 ICD does not bind to G-actin. (A-B) Coomassie blue-stained SDS 470 
PAGE gels showing GST-ICD (200 pmol) (A) or His6-F/F-ICD (B) (300 pmol) pulling down actin or pyrene 471 
labeled actin (500 pmol) in G buffer (2 mM Tris-HCl pH 8, 0.5 mM DTT, 0.2 mM ATP, 0.1 mM CaCl2, 1 mM 472 
NaN3), in the presence of 5 µM rapamycin (or equal volume of DMSO). 473 
 474 

One group of proteins well-known to inhibit actin polymerization are called capping 475 

proteins (e.g., CapZ), which bind to the barbed ends of actin filaments to inhibit both actin 476 

polymerization and depolymerization from the barbed end (Caldwell et al., 1989; Weeds and 477 

Maciver, 1993). To test if the HPO-30 ICD may act as a capping protein, we used a 478 

depolymerization assay that has been commonly used to measure CapZ activity (Caldwell et al., 479 

1989; Cooper and Pollard, 1985). We found that, similar to CapZ, HPO-30 ICD inhibited actin 480 

depolymerization (Figure 5C,D). Note that this activity was both concentration- and 481 

dimerization-dependent, similar to the ICD binding to WRC, suggesting dimerization is also 482 

involved in this capping-like activity. The ability to cap filaments also explains why dimeric 483 

HPO-30 ICD is capable of inhibiting actin polymerization more strongly than monomeric ICD.  484 

 485 

HPO-30 ICD binds both the side and barbed end of actin filaments 486 

In the above bulk solution assays, the dimerization-independent binding to F-actin 487 

(Figure 5A,B) versus the dimerization-dependent inhibition of actin polymerization and 488 

depolymerization (Figure 4A,B, 5C,D) suggest HPO-30 ICD may have two distinct activities on 489 

actin filaments, with only the dimerization-dependent activity resembling that of CapZ. This is 490 

also supported by the observation that F-actin pelleted a more significant amount of HPO-30 491 

ICD than CapZ, as CapZ only binds to the barbed end of F-actin (albeit with high affinity) 492 

(Figure 5A,B) (Caldwell et al., 1989). Therefore, the ICD may bind to not only the barbed end 493 

(in a dimerization-dependent manner), but also other locations of the actin filament (in a 494 

dimerization-independent manner).  495 

To directly validate these F-actin binding activities, we used single-molecule total 496 

internal reflection fluorescence (smTIRF) microscopy to visualize how HPO-30 ICD binds to 497 

actin filaments. For this assay, we prepared fluorophore-labeled proteins by fusing a SNAP tag to 498 

the N-terminus of the CapZ b-subunit, FKBP-ICD, FRB-ICD, FKBP tag, and FRB tag, which 499 

allowed us to label proteins using different SNAP-Surface® AlexaFluor® dyes (hereafter 500 

referred to as AF followed by the corresponding excitation wavelength) through the SNAP tag 501 
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and minimize the effect of fluorophore-labeling on protein activity. Actin was labeled with 502 

AF647 using previously established methods (Hansen et al., 2013). The SNAP-tagged F/F-ICDs 503 

were capable of binding the WRC in a rapamycin-dependent manner and to a level similar to the 504 

GB1-tagged F/F-ICD, suggesting that the SNAP-tag did not affect ICD binding to WRC (Figure 505 

6—figure supplement 1A, lane 1-4). The labeled CapZ and F/F-ICD proteins exhibited capping 506 

activity similar to their counterparts used in bulk solution assays (except AF647-labeled F/F-507 

ICD, which we decided to exclude from smTIRF assays) (Figure 6—figure supplement 1B,C).  508 

The smTIRF experiments clearly showed SNAPAF488-CapZ (at 5 nM) bound to the 509 

barbed end of filaments and stopped their growth (Figure 6A top; 6C green; Video 1,2), 510 

consistent with the high affinity and very slow off-rate of CapZ at the barbed end shown in 511 

previous studies (Caldwell et al., 1989). Distinct from CapZ, SNAPAF546-F/F-ICD (15 nM, with 512 

8-fold molar excess of rapamycin) clearly revealed HPO-30 ICD mainly bound to the side of 513 

actin filaments, instead of the barbed end (Figure 6A bottom; 6B; Video 3-4) (see below). 514 

Figure 6A bottom shows an example of binding of HPO-30 ICD near the barbed end of the 515 

filament (time 36.5 s), after which the filament continued to grow while the ICD molecule stayed 516 

bound to the same position. Note that this HPO-30 ICD molecule was bound to the filament, not 517 

the PEG-coated surface, because it moved together with the filament (Video 3,4). We applied 518 

stringent criteria to prevent misidentification of nonspecific background signals as binding 519 

events (see Materials and Methods) and found that 33% of filaments had at least one binding 520 

event over the course of the 15-minute duration of the experiment, which was significantly 521 

higher than the number of events for the F/F tag in identical conditions (Figure 6B).  522 

 523 
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 524 
Figure 6. HPO-30 ICD binds both the side and barbed end of actin filaments.  (A) Examples of time lapse 525 
images from smTIRF experiments. Top: a capping event of SNAPAF488-CapZ (green, 5 nM) and actinAF647 526 
(red). Bottom: a side-binding event of SNAPAF546-F/F-ICD (cyan, 15 nM) and actinAF647 (red). Note that in 527 
smTIRF time-lapses, sometimes a lag was observed between signals at the two channels. For example, in the 528 
top row, the filament and SNAPAF488-CapZ puncta were displaced at 69.5 s, but aligned again at 70.5 s. The 529 
lagging was due to image acquisition conditions, where, to prevent photobleaching of AF647, images in the 530 
640 nm-channel for actinAF647 were taken every 20 acquisitions of the 488 nm-channel for SNAPAF488-CapZ 531 
(see Materials and Methods) (B) Quantification of the frequency of side binding events from smTIRF imaging. 532 
Left: comparison of overall side binding events. Right: comparison of the percentage of filaments with 0, 1, 533 
and 2 events. Data were from three independent repeats, at least 15 filaments randomly selected per video. 534 
Bars represent standard error. * p < 0.05, ** p <0.01, Student’s paired t-test. (C) Violin plot showing 535 
quantification of elongation rate of actin filaments measured by smTIRF imaging. Total number of filaments 536 
pooled from the number of independent repeats for each sample are indicated in the paratheses on top of each 537 
column, respectively. *** p < 0.001, ANOVA with Tukey test. (D) Representative Coomassie blue-stained 538 
SDS PAGE gel (left) and quantification of pelleted CapZ from three independent repeats (right) showing F-539 
actin (2 µM) co-pelleting assay of CapZ (0.6 µM) with the indicated F/F-ICD or F/F tag as a competitor (5 540 
µM) in the presence or absence of 5 µM rapamycin (or equivalent volume DMSO). S: supernatant, P: pellet. 541 
Bars represent standard error, ** p < 0.01, *** p < 0.001, ANOVA with Tukey test. 542 

 543 
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 544 
Figure 6—figure supplement 1. SNAP tag and fluorophore-labeling did not affect HPO-30 ICD function. 545 
(A) Coomassie blue-stained SDS PAGE gel showing WRC-(MBP)2 (60 pmol) pulling down GB1-tagged vs. 546 
SNAP-tagged HPO-30 ICD (600 pmol) in the presence or absence of 5 µM rapamycin. (B) SDS PAGE gels of 547 
SNAP-tag labeling of CapZ, FKBP-ICD, and FKBP tag with indicated SNAP-Surface© AlexaFluor© dyes. 548 
Left: UV light with Alexa-488 filter. Right: Coomassie blue stain. (C) Actin depolymerization assays of 549 
SNAP-Alexa labeled proteins in conditions identical to Figure 5C,D. 550 

 551 

Since we could not further increase the concentration of fluorophore-labeled ICD in 552 

smTIRF experiments to promote the chance of observing barbed end binding events without 553 

causing high background, we switched to using unlabeled ICD at a higher concentration to 554 

examine if the ICD inhibited actin filament growth as we observed in bulk solution assays in 555 

Figure 5C,D (Figure 6C; Video 5). We found that at 1 µM concentration, dimerized F/F-ICD 556 

significantly reduced actin elongation rate from 2.3 ± 0.5 subunits/sec for actin alone to 1.5 ± 0.3 557 

subunits/sec (Kuhn and Pollard, 2005) (Figure 6C, black vs. solid blue). The same concentration 558 

of monomeric F/F-ICD also significantly slowed down actin elongation, but to a lesser extent 559 

(2.0 ± 0.4 subunits/sec) (Figure 6C, open blue). This effect may result from the side-binding 560 
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activity of ICD slowing down actin polymerization or, more likely, a small population of dimeric 561 

ICD in equilibrium with the monomeric ICD, which could bind to the barbed end (see below). 562 

Importantly, dimerized F/F tag barely affected actin polymerization (2.1 ± 0.4 subunits/sec) 563 

(Figure 6C, grey). We were limited by sample addition to the microfluid chamber from high-564 

concentration protein stocks and, as such, we could not further increase the unlabeled ICD 565 

concentration to higher than 1 µM in order to observe an even stronger inhibitory effect. By 566 

comparison, 5 nM CapZ strongly inhibited actin polymerization (0.3 ± 0.1 subunits/sec). 567 

Together, these data suggest that HPO-30 ICD and CapZ similarly inhibit actin filament 568 

elongation, although the activity of HPO-30 ICD is less potent.  569 

In the above smTIRF experiments, we were unable to capture stable binding of the ICD 570 

to the barbed end as we were for CapZ, likely because of multiple technical challenges: 1) the 571 

low concentration of ICD that we had to use in single molecule assays (nM vs. µM that we used 572 

in bulk solution assays), 2) possibly low affinity and fast off-rate of the ICD at the barbed end 573 

(reflected by the higher concentration than CapZ that was required for inhibiting actin 574 

depolymerization in bulk solution assays), 3) the complications of the side-binding activity 575 

(which, due to light diffraction limit, made it difficult to distinguish real barbed end binding 576 

events from side binding near the barbed end), 4) the amount of dimeric HPO-30 is likely to be 577 

very low, as the affinity of the FKBP-rapamycin complex for FRB (which is responsible for 578 

dimerization of HPO-30 in this system) is ~12 nM (Banaszynski et al., 2005), and 5) the speed 579 

limitation of data acquisition (50 or 100 ms exposure time, which could miss fast 580 

binding/dissociation events). In order to determine if the ICD can indeed bind to the barbed end, 581 

we used a competition co-pelleting assay to examine if ICD binding can compete off CapZ 582 

binding to the barbed end of F-actin (Figure 6D). In this assay, due to the high affinity of CapZ 583 

to the barbed end, we used 10 times the concentration of F/F-ICD to compete against CapZ. We 584 

found that the dimerized F/F-ICD effectively reduced CapZ binding by over 60%, whereas the 585 

monomeric F/F-ICD or the dimerized F/F tag had no effect (Figure 6D). This result suggests 586 

dimeric, but not monomeric ICD binds to the barbed end, which can block CapZ binding, 587 

consistent with the result that dimeric ICD is more effective in inhibiting actin polymerization 588 

(Figure 4A,B) and depolymerization (Figure 5C,D). Alternatively, dimeric HPO-30 ICD could 589 

bind near, instead of directly to, the barbed end, which could allosterically destabilize CapZ 590 
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binding by altering the conformation of the actin filament. High-resolution structural information 591 

will be necessary to distinguish between these two scenarios. 592 

Combining the above results, we conclude that HPO-30 ICD monomers preferentially 593 

bind to the side of actin filaments, while the dimers can bind to both the sides and the barbed end 594 

(or near the barbed end) of filaments. Only the (near-) barbed end binding by dimers can inhibit 595 

actin filament growth in a manner similar to the capping protein CapZ. 596 

 597 

Discussion 598 

 HPO-30 is a claudin-like membrane protein required for higher order dendrite branching 599 

in C. elegans PVD neurons. Previous studies showed this function required the HPO-30 ICD to 600 

bind to the WRC, which in turn could activate Arp2/3 to generate branched actin networks to 601 

deform the membrane and promote new dendrite formation (Zou et al., 2018). Here, our 602 

biochemical, biophysical, structural, and single molecule analysis uncovers two distinct, novel 603 

mechanisms used by the HPO-30 ICD to regulate local actin dynamics. In the first mechanism, 604 

the unstructured ICD undergoes dimerization and induced folding to bind the WRC, which, in 605 

addition to recruiting the WRC to local dendrite branching sites, can also cooperate with Rac1 to 606 

promote WRC activation (Figure 7, step 3). In parallel, the co-receptor of HPO-30, DMA-1, was 607 

shown to bind the Rac-GEF, TIAM1, which would provide an additional layer of control to 608 

promote Rac1 activation and drive WRC-Arp2/3-mediated actin polymerization (Zou et al., 609 

2018). In the second mechanism, the ICD can directly bind to actin filaments to modulate actin 610 

dynamics. Both monomeric and dimeric forms of the ICD can bind to the side of actin filaments, 611 

but only the dimeric ICD can bind to the barbed end to inhibit both actin polymerization and 612 

depolymerization, similar to the activity of the capping protein CapZ (Figure 7, step 1). These 613 

two seemingly contradictory actin regulatory mechanisms offered by the same membrane 614 

receptor could provide exquisite tuning of local actin dynamics to prepare for dendrite branching 615 

(Figure 7, and see discussion below). 616 

 617 
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 618 
Figure 7. Model showing HPO-30 ICD integrates two distinct mechanisms to regulate actin dynamics and 619 
promote dendrite branching. In (1), HPO-30 on the dendrite membrane undergoes dimerization (or 620 
oligomerization). Both monomeric and dimeric forms of HPO-30 ICD can bind to the side of actin filaments, but 621 
only the dimeric ICD can bind to the fast-growing barbed end. In (2), dimeric ICD binding to the barbed end acts as 622 
a capping protein, which stops long filament growth and helps reserve G-actin for the Arp2/3 complex to nucleate 623 
actin for producing more short, branched actin filaments. In (3), the dimeric ICD undergoes induced folding to bind 624 
the WRC. This interaction recruits the WRC to the membrane and simultaneously promotes WRC activation by 625 
Rac1, which in turn stimulates Arp2/3 to produce branched actin filaments. In (4), the dual actions of HPO-30 ICD 626 
cooperatively promote the formation of branched actin networks, which can cause the “swelling” of dendrite 627 
observed in previous studies (Shi et al., 2021), an important prerequisite for the outgrowth of a new dendrite branch. 628 

 629 

Many neuronal receptors, including SYG-1, Robo, Neogenin, TMEM132, neuroligins, 630 

and various protocadherins, contain a short WIRS peptide motif in their ICD, which allows them 631 

to recruit the WRC to their sites of action at membranes to regulate local actin polymerization in 632 

diverse cellular processes (Chaudhari et al., 2021; Chia et al., 2014; Fan et al., 2018; Lee et al., 633 

2016; Wang et al., 2021; Xing et al., 2018). The HPO-30 ICD does not contain a WIRS motif. 634 

Instead, our structural-function analysis, structural predictions, and biophysical measurements 635 

reveal that HPO-30 ICD is unstructured, requires dimerization, and likely undergoes induced 636 

folding in order to bind to the WRC. This binding mechanism should be conserved throughout 637 

animals, as the HPO-30 ICD is conserved only in nematodes, but can bind to both C. elegans and 638 

human WRCs (Zou et al., 2018). Therefore, HPO-30 represents a new class of transmembrane 639 

proteins, which interact with the WRC using a noncanonical mechanism distinct from the 640 

previously identified WIRS peptide-containing receptors (Chen et al., 2014a). Exactly how HPO-641 

30 ICD dimerizes and folds into a structure to bind the WRC is currently unknown, but the 642 

knowledge from our study has laid the ground for high-resolution structural determination of the 643 

HPO-30 ICD bound to the WRC, which will not only reveal the interaction mechanism and 644 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 28, 2022. ; https://doi.org/10.1101/2022.05.13.491788doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.13.491788
http://creativecommons.org/licenses/by-nc-nd/4.0/


Kramer et al 

 30 

identify the interaction surface on the WRC, but also facilitate the identification of human 645 

homologs of HPO-30 and revelation of new biological functions of this interaction in neural 646 

development (and/or other processes). 647 

Our study suggests that HPO-30 binding to the WRC not only provides a membrane 648 

localization mechanism to recruit the WRC to the dendrite branching site, but also can 649 

simultaneously promote WRC activation by Rac1. The dual, synergistic actions of both binding 650 

and activating the WRC have been observed in several WIRS-containing receptors, such as 651 

PCDH10, in which WIRS peptide binding is responsible for membrane recruitment, while weak, 652 

secondary interactions from the flanking sequences in receptor ICD promotes WRC activation 653 

(Chen et al., 2014a). The HPO-30 ICD, however, is distinct from WIRS-containing receptors in 654 

that the ICD binding can directly promote WRC activation. Due to the strong inhibitory effect of 655 

HPO-30 ICD in pyrene-actin polymerization assays, it will be important to develop new assays 656 

to directly measure WRC activation (e.g. by tracking WCA release) to understand how HPO-30 657 

ICD binding enhances WRC activation by Rac1. Rac1 activates the WRC by binding to two 658 

distinct sites located on the Sra1 subunit (Chen et al., 2017; Ding et al., 2022). It is possible 659 

HPO-30 ICD promotes WRC activation by Rac1 by directly stabilizing Rac1 binding to either 660 

site or by destabilizing the sequestration of WCA.  661 

HPO-30 to our knowledge represents the first transmembrane protein that possesses actin 662 

capping, or capping-like, activity. The abilities of HPO-30 to promote WRC membrane 663 

recruitment and activation (which stimulates Arp2/3-mediated actin polymerization) and to 664 

simultaneously cap actin filaments and inhibit actin polymerization seem to be conflicting 665 

functions. However, such capping activity, which is usually provided by cytosolic capping 666 

proteins like CapZ, are known to be essential for Arp2/3-based actin dynamics in both bead 667 

motility assays in vitro and many processes in vivo (Akin and Mullins, 2008; Miyoshi et al., 668 

2006). It is believed that capping proteins can reserve G-actin by blocking it from accessing 669 

barbed ends and simultaneously prevent the barbed end from sequestering the WH2 region of 670 

WCA, which collectively stimulates the formation of new branches through Arp2/3. Thus, 671 

capping proteins are critical for dynamically modulating the actin architecture to generate force 672 

against the surface where actin is localized (Akin and Mullins, 2008; Funk et al., 2021) (Figure 673 

7, step 2). The capping activity of HPO-30 ICD in principle should similarly stimulate the 674 

formation of a highly branched actin network. Although HPO-30 ICD apparently has lower 675 
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capping activity compared to the canonical capping protein CapZ, it has the advantage of 676 

concentrating the capping activity next to membranes to provide a more focused control of actin 677 

dynamics.   678 

The requirement of dimerization of HPO-30 ICD for both binding the WRC and 679 

providing the capping activity suggests an intriguing regulatory mechanism of membrane 680 

proteins. Clustering of membrane receptors is a common mechanism to increase local 681 

concentration of membrane signaling (Johannes et al., 2018). Enrichment of HPO-30 at 682 

developing PVD neuron dendrites is correlated with the high level of F-actin in these branches 683 

(Zou et al., 2018). In addition to increasing HPO-30 density, clustering of HPO-30 would 684 

facilitate dimerization of its ICD, which can act as a functional switch to allow the ICD to adopt 685 

two functions: binding to the WRC and capping actin filaments. This dimerization-mediated 686 

functional switch can help the cell to distinguish signal from noise and achieve switch-like 687 

spatiotemporal control of actin polymerization in response to upstream stimuli. Given the distinct 688 

surfaces of the actin barbed end and the WRC, it is possible the dimerized HPO-30 ICD uses 689 

distinct structural mechanisms to bind the two targets. Such structural plasticity has been 690 

observed for signaling molecules with versatile functions (Bürgi et al., 2016; Dishman and 691 

Volkman, 2018). Resolving the high-resolution structures and identifying the key residues 692 

responsible for each binding event would allow us to differentiate the two functions of HPO-30, 693 

both in in vitro and in vivo. 694 

Together, our data establish HPO-30 as the first membrane receptor that, upon 695 

dimerization, can directly integrate the activities of Arp2/3-mediated actin polymerization 696 

(resembling WIRS-containing receptors, albeit through a distinct mechanism) and actin filament 697 

capping (resembling canonical barbed end cappers like CapZ, although the exact mechanism 698 

could be different). These two distinct functions by the same membrane receptor provide an 699 

exciting model to explain how HPO-30 regulates local actin dynamics to facilitate dendrite 700 

branching (Figure 7). Synergistic action of both functions of HPO-30 would promote the 701 

formation of highly branched actin networks, giving rise to dendritic “swellings” observed in 702 

PVD neurons prior to dendrite branch outgrowth (Figure 7, step 4) (Shi et al., 2021).  703 

 704 

 705 

 706 
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Materials and Methods 707 

Protein expression and purification 708 

HPO-30 ICD proteins (and their associated alanine-scan mutants), including GST-ICD, 709 

ICD-GST, DLC8-ICD-His6, GB1-ICD-His6, His9-sumo-ICD, MBP-ICD, GST-ICD-mEGFP, 710 

GB1-FKBP-ICD-His6, GB1-FRB-ICD-His6, GB1-FKBP-His6, GB1-FRB-His6, SNAP-FKBP-711 

ICD-His6, SNAP-FRB-ICD-His6, SNAP-FKBP-His6, and SNAP-FRB-His6, as well as other 712 

related proteins, including MBP-WAVE1 (1-230), MBP-WAVE1 (1-230)-WCA, MBP-WAVE1 713 

(1-178), MBP-Abi2 (1-158), MBP-HSPC300, (MBP)2-Abi2 (1-158), (MBP)2-HSPC300, and 714 

Rac1Q61L/P29S Δ4 (herein referred to as Rac1QP), were individually expressed in Arctic Express 715 

(DE3) RIL (Agilent) or BL21 (DE3) T1R (Sigma) cells after induction with 0.75 mM IPTG at 10 716 

°C or 18 °C for 16 hours. His10-SNAP-CapZ β and CapZ α were expressed together from the 717 

pCDF Duet vector in Arctic Express (DE3) RIL (Agilent) cells after induction with 0.75 mM 718 

IPTG at 10 °C for 16 hours. GST-ICD or ICD-GST (and alanine-scan mutants) and GST-719 

mEGFP were purified through Glutathione Sepharose beads (GE Healthcare), followed by cation 720 

exchange chromatography using a Source 15S column (GE Healthcare) at pH 7.0. MBP-ICD 721 

was purified through amylose resin (New England Biolabs), followed by cation exchange 722 

chromatography using a Source 15S column (GE Healthcare) at pH 7.0. The GST tag from GST-723 

ICD-mEGFP and the MBP tag from MBP-ICD were removed using TEV cleavage at 4 °C 724 

overnight, followed by cation exchange chromatography using a Source 15S column (GE 725 

Healthcare) at pH 7.0. DLC8-ICD-His6, GB1-ICD-His6, His9-sumo-ICD, GB1-FKBP-ICD-His6 726 

(and associated alanine mutant), GB1-FRB-ICD-His6 (and associated alanine mutants), GB1-727 

FKBP-His6, GB1-FRB-His6, SNAP-FKBP-ICD-His6, SNAP-FRB-ICD-His6, SNAP-FKBP-728 

His6, and SNAP-FRB-His6 were purified through Ni-NTA Agarose resin (Qiagen), followed by 729 

cation exchange chromatography using a Source 15S column (GE Healthcare) at pH 7.0. GST-730 

ICD, ICD-GST, DLC8-ICD-His6, GB1-ICD-His6, His6-sumo-ICD, ICD-mEGFP, untagged 731 

ICD, GB1-FKBP-ICD-His6 (and associated alanine mutants), GB1-FRB-ICD-His6 (and 732 

associated alanine mutants), GB1-FKBP-His6, GB1-FRB-His6, SNAP-FKBP-ICD-His6, SNAP-733 

FRB-ICD-His6, SNAP-FKBP-His6, SNAP-FRB-His6 were further purified through a Superdex 734 

75 column (GE Healthcare). His10-SNAP-CapZ β and CapZ α were purified through Ni-NTA 735 

Agarose resin (Qiagen), followed by anion exchange chromatography using a Source 15Q 736 

column (GE Healthcare) at pH 8.0 and size exclusion chromatography on a Superdex 200 737 
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column (GE Healthcare). Rac1QPΔ4 was purified by an SP-Sepharose Fast Flow column (GE 738 

Healthcare) at pH 7.0 followed by size exclusion chromatography through a Superdex 75 739 

column. 740 

MBP-WAVE1, MBP-Abi2, MBP-HSPC300, (MBP)2-Abi2, and (MBP)2-HSPC300 741 

proteins were purified through amylose beads (New England Biolabs). His6-Sra1 and Nap1 742 

dimer were co-expressed in Tni insect cells (Expression systems), and the dimer was purified 743 

through Ni-NTA agarose resin (Qiagen) followed by anion exchange chromatography using a 744 

Source 15Q column at pH 8.0. Pentameric WRC was assembled and purified following 745 

previously described protocols (Chen et al., 2014b, 2010). Briefly, individually purified 746 

WAVE1, Abi2, and HSPC300 subunits were mixed at equimolar ratio in the presence of 1% 747 

(w/v) NP40 and incubated on ice for 48 hours. The assembled trimer was then purified by anion 748 

exchange chromatography through a Source 15Q column at pH 8.0 and cation exchange 749 

chromatography by a Source 15S column at pH 6.0. Dimer and trimer were mixer at equimolar 750 

ratio and incubated on ice for 30 min. The assembled pentamer was purified on amylose beads 751 

(NEB), after which the MBP and His6 tags were cleaved using TEV protease incubation 752 

overnight. The pentamer was further purified using anion exchange chromatography through a 753 

Source 15Q column at pH 8.0 and size exclusion chromatography using a Superdex 200 column.   754 

 Actin was purified as previously described from rabbit muscle acetone powder from Pel-755 

Freeze (Spudich and Watt, 1971). Actin was labeled by pyrene or Alexa Fluor® 647 after 756 

polymerization at 4 °C, using a 10-fold or 2-fold excess dye, respectively. Actin and pyrene actin 757 

for actin polymerization and depolymerization assays were kept in continuous dialysis at 4 °C, 758 

with biweekly buffer changes. Actin and Alexa Fluor® 647-labeled actin for smTIRF 759 

experiments were kept in closed tubes for two weeks.  760 

 761 

Generation of WRC-(MBP)2  762 

 To create WRC-(MBP)2, MBP-Abi2 (1-158) had the sortase ligation sequence, LPGTG, 763 

genetically fused to the C-terminus. Meanwhile, a TEV site was added to the N-terminus of an 764 

(MBP)2 tag, which exposes a Gly after Tev cleavage. MBP-Abi2 (1-158)-LPGTG was 765 

expressed, purified, and incorporated into the WRC as described above to create WRC-LPGTG. 766 

GG-2MBP was expressed in Arctic Express (DE3) RIL (Agilent) cells after induction with 0.75 767 

mM IPTG at 10 °C for 16 hours, purified on amylose resin, and subjected to TEV cleavage 768 
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overnight, followed by anion exchange chromatography using a Source 15Q column (GE 769 

Healthcare). Sortase5M (sortase A pentamutant) was a gift from David Liu (Addgene plasmid # 770 

75144), expressed in Arctic Express (DE3) RIL (Agilent) cells, purified over Ni-NTA agarose 771 

resin, followed by cation exchange using a Source 15S column (GE Healthcare) and size 772 

exclusion chromatography using a Superdex 75 column (GE Healthcare) (Chen et al., 2011). 1 773 

µM WRC-LPGTG was mixed with 25 µM GG-MBP and 10 µM sortase in 50 mM Tris pH 7.5, 774 

150 mM NaCl, and 10 mM CaCl2 and left at room temperature for two hours. The reaction was 775 

quenched by adding 25 mM EGTA, and the WRC-(MBP)2 was purified over a Superdex 200 776 

column to separate the WRC-(MBP)2 from unligated products.  777 

 778 

Regular pull-down assay 779 

GST pull-down assays were performed as previously described (Shi et al., 2021). Briefly, 780 

20 µL of GSH-Sepharose beads were mixed with bait protein and prey protein in 1 mL of pull-781 

down buffer (50 mM NaCl, 10 mM HEPES pH 7.0, 5% (w/v) glycerol, 5 mM 2-782 

mercaptoethanol, and 0.05% Triton X-100). The samples were mixed at 4 °C for 30 minutes, 783 

washed three times with 1 mL of pull-down buffer, and eluted with 40 µL of elution buffer 784 

containing 30 mM reduced glutathione and 100 mM Tris pH 8.5. MBP pull-down assays were 785 

performed like GST pull-down assays, but used 20 µL of amylose resin and elution buffer that 786 

was pull-down buffer supplemented with 2% [w/v] maltose. His-tagged pull-down assays were 787 

performed as above, used 20 µL of Ni-NTA agarose resin, G-Buffer (2 mM Tris HCl pH 8.0, 788 

200 µM ATP, 0.5 mM DTT, 0.1 mM CalCl2, and 1mM NaN3) as the wash buffer, and elution 789 

buffer containing 500 mM imidazole pH 7.0. In all pull-down assays, the eluant was examined 790 

by SDS-PAGE and Coomassie blue staining. In all pull-down assays using FKBP and FRB, 791 

rapamycin was added to 5 µM final concentration. As controls, the same volume of DMSO was 792 

added in place of rapamycin. For the alanine scan pull-down quantification, the intensity of the 793 

Sra1 and Nap1 bands were quantified using ImageJ. The intensity from the GST control lane was 794 

subtracted from the alanine protein lane, and the corrected intensity was divided by the intensity 795 

of the wild type HPO-30 lane. A Student’s paired t-test was used to compare the wild type and 796 

each mutant separately.  797 

 798 

Equilibrium pull-down (EPD) assay 799 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 28, 2022. ; https://doi.org/10.1101/2022.05.13.491788doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.13.491788
http://creativecommons.org/licenses/by-nc-nd/4.0/


Kramer et al 

 35 

Equilibrium pull-down assays were performed as previously described (Chen et al., 800 

2017). Briefly, 60 µL of GSH-Sepharose beads (50% slurry equilibrated in pull-down buffer) 801 

were mixed with 0.1 µM WRC and various amounts of GST-tagged protein (from 0.01 µM to 30 802 

µM) and brought to 100 µL with pull-down buffer (composition the same as in GST pull-down 803 

assays, above). The reactions were allowed to mix for 30 min at 4 °C, and four reactions at a 804 

time were spun at 15 krpm for 15 seconds. The supernatant was removed and examined by SDS-805 

PAGE and Coomassie blue staining. Each assay was repeated 3 times. The Sra1/Nap1 intensity 806 

was quantified using ImageJ to calculate the fractional occupancy. The data was fitted in 807 

DynaFit using a single binding site model (Kuzmic, 1996).  808 

 809 

Size exclusion chromatography analysis 810 

GB1-FKBP-ICD and GB1-FRB-ICD were mixed at equimolar ratio and loaded onto a 811 

24-mL Superdex 200 column (GE healthcare) equilibrated in 100 mM NaCl, 10 mM HEPES pH 812 

7.0, 5% (w/v) glycerol, and 1 mM DTT, with or without 5 µM rapamycin.  813 

 814 

Pyrene-actin polymerization assay 815 

Pyrene-actin polymerization assays were performed as previously described (Doolittle et 816 

al., 2013a). Actin was purified and pyrene-labeled as described above and kept in continuous 817 

dialysis in G-Buffer (2 mM Tris-HCl pH 8, 0.5 mM DTT, 0.2 mM ATP, 0.1 mM CaCl2, 1 mM 818 

NaN3) that is changed twice a week. Arp2/3 was purified following existing protocols and kept 819 

aliquoted at -80°C (Doolittle et al., 2013b). All proteins except for the WRC and Arp2/3 were 820 

purified into 50KMEH5Gd (50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 10 mM HEPES pH 7.0, 821 

5% [w/v] glycerol, 1 mM DTT) and stored at -80°C. WRC230VCA was purified into 822 

100KMEI20Gd (100 mM KCl, 10 mM Imidazole pH 7.0, 20% [w/v] glycerol) and kept at -80°C. 823 

Unless otherwise noted, a typical reaction contained 2 µM actin with 10% pyrene labeled, 10 nM 824 

Arp2/3, 100 nM WRC230WCA or free WCA, and /or 0.4 µM Rac1QP∆4, and/or additional ICD 825 

ligands to be analyzed, with or without 5 µM rapamycin or an equivalent volume of DMSO. The 826 

excitation and emission wavelengths were set to 365 nm and 407 nm, respectively. Data were 827 

collected on a TECAN SPARK plate reader. 828 

 829 

Actin depolymerization assay 830 
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 Actin depolymerization assays were performed as previously described, with some 831 

modifications (Heiss and Cooper, 1991). Actin at ~20 µM and 70% pyrene-labeling was pre-832 

polymerized at room temperature overnight by addition of 1 mM MgCl2 and 50 mM KCl. For 833 

each depolymerization reaction, actin was diluted to 5 µM in one pooled mixture, either alone or 834 

with proteins to be tested, and left for 3 minutes at room temperature to allow for protein 835 

binding. Protein at the same concentration was prepared in a second, separate mixture. After 3 836 

minutes, the actin was further diluted 20-fold by the addition of the second mixture. All proteins 837 

were diluted into depolymerization buffer, which is 3 parts G-Buffer and 1 part 50KMEH5Gd 838 

(see above for buffer composition). The excitation and emission wavelengths were set to 365 nm 839 

and 407 nm, respectively. Data were collected on a TECAN SPARK plate reader. To calculate 840 

the relative initial velocity, the slope for the first 30 seconds of the reaction was calculated and 841 

divided by the slope of the actin control. ANOVA on Ranks and Dunn-Tukey tests were 842 

performed to determine significance.  843 

 844 

Circular dichroism (CD) measurement 845 

 Untagged HPO-30 ICD was purified into 100 mM NaCl, 10 mM HEPES pH 7.0, 5% 846 

(w/v) glycerol, and 1 mM DTT. The same buffer was used to dissolve BSA powder (Fisher Cat # 847 

BP1600-100) and as a blank for the CD spectrometer. The blank buffer was degassed by 848 

sonication for 3 minutes at 30% power. Data were collected on a MOS-500 fluorimeter using an 849 

ALX250 lamp. Data were collected for wavelengths between 190 nm and 260 nm, with a 1 nm 850 

step, 0.5 s acquisition period, and averaged over three repeats. Mean residue ellipticity was 851 

calculated as described previously (Greenfield, 2006). Data for BSA and HPO-30 were collected 852 

at the same concentration of protein. TMAO was dissolved to 3 M in the same buffer as HPO-30 853 

purification and was added to the appropriate concentration before measurement. Separate buffer 854 

blanks containing the same concentration of TMAO were measured to ensure TMAO alone did 855 

not contritube to the spectrum.  856 

 857 

Nuclear magnetic resonance (NMR) spectroscopy   858 

 Isotopically labeled proteins were expressed and purified as described for non-labeled 859 

proteins, using minimal media containing N15 NH4Cl instead of traditional media. Proteins were 860 

purified into 100 mM NaCl, 10 mM HEPES pH 7.0, 5% (w/v) glycerol, 1 mM DTT and were 861 
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supplemented with 10% D2O. Protein concentration ranged from 70 µM (GB1 tag) to 850 µM 862 

(GB1-ICD). GB1 tag was produced by thrombin cleavage of GB1-ICD and removal of ICD 863 

using nickel-NTA resin (Qiagen). NMR spectra were collected on a Bruker 700 MHz 864 

spectrometer at Iowa State University equipped with z-shielded gradient triple resonance 5 mm 865 

TCI cryoprobe. 2D 1H-15N TROSY-HSQC and 1H-15N HSQC experiments were recorded with a 866 

time domain matrix consisting of 100* (t1, 15N) × 1024* (t2, 1H) complex points with acquisition 867 

time of 50 ms (t1) and 91.8 ms (t2) using 16 scans per FID and 1.5 s interscan delay. Spectral 868 

widths for 1H and 15N dimensions were set to 15.9 and 28.2 ppm, respectively, with carriers set 869 

at 4.821 ppm (1H) and 119.138 ppm (15N). 870 

 871 

Fluorophore labeling of proteins   872 

 SNAP-tagged proteins were labeled with SNAP-Surface® Alexa Fluor® 488, SNAP-873 

Surface® Alexa Fluor® 546, and SNAP-Surface® Alexa Fluor® 647 (New England Biolabs). 5 874 

µM protein and 10 µM dye were mixed and allowed to react in 50KMEH5Gd at room 875 

temperature for two hours, followed by desalting into 50KMEH5Gd buffer and concentration. 876 

Dye extinction coefficients were calculated from a standard curve and are as follows: Alexa 488 877 

at 495 nm, 95000 M-1*cm-1; Alexa 546 at 556 nm, 120000 M-1*cm-1; Alexa 647 at 650 nm, 878 

255000 M-1*cm-1. Protein labeling efficiency was calculated by dividing protein concentration 879 

by dye concentration—for Alexa Fluor® 488 the labeling efficiency was estimated at ~100%, for 880 

Alexa Fluor® 546 the labeling efficiency was estimated at ~60%.  881 

 882 

smTIRF data collection 883 

 All time lapses were collected on a Nikon TE2000-E inverted microscope equipped with 884 

a 100x 1.49 NA TIRF objective and a TIRF Quad filter cube (Chroma C141789), using an Andor 885 

iXon3 EM-CCD (DU-897-CS0) camera, with a GATACA iLas system to prevent uneven 886 

illumination. Coverslips were prepared as described previously with slight modifications 887 

(Narvaez-Ortiz and Nolen, 2022). Briefly, glass coverslips (VWR Cat # 48393-241) were 888 

cleaned with 2% (w/v) Hellmanex, acetone, and 1 M KOH solutions with sonication, and rinsed 889 

extensively with DI water before each step and after the KOH treatment. Coverslips were rinsed 890 

with methanol and dried using a N2 gas stream. GOPTES (Fisher Cat # G0210100G) was added 891 

to the coverslips, which were then baked at 75°C for 30 minutes. Coverslips were rinsed with 892 
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microscope grade acetone and dried with N2 gas stream. A 2% (w/w) Biotin-PEG3000/NH2-893 

PEG3000 mixture of powder (Rapp Polymere GmbH) was prepared, placed on top of the 894 

coverslips, and the coverslips baked overnight at 75°C. After overnight baking, the coverslips 895 

were washed with water and dried with N2 gas. Individual wells were made by placing 896 

functionalized coverslips on Ibidi® sticky-Slide IV 0.4 slides (Ibidi Cat # 80608). Individual 897 

lanes were prepared for microscopy by incubating with 5% (w/v) Pluronic F-127 for 10 min at 898 

RT, followed by either 100 nM (for elongation rate analysis) or 35 nM (for side binding analysis) 899 

neutravidin incubation (in 50 mM Tris pH 7.5, 200 mM NaCl, referred to as LS TBS for short) 900 

for 10 min at RT, and either 10 nM (for elongation rate analysis) or 3.5 nM (for side binding 901 

analysis) biotinylated inactivated heavy meromyosin (in LS TBS) incubation for 10 min at RT. 902 

The chambers were washed with 20 mg/mL BSA in 50 mM Tris pH 7.5, 600 mM NaCl, and 903 

incubated with 20 mg/mL BSA in LS TBS for 10 min at RT. Actin was diluted to a final 904 

concentration of 2.1 µM with 20% Alexa-647 labeling in 1X TIRF buffer (final concentrations: 905 

50 mM KCl, 2 mM MgCl2, 2 mM EGTA pH 8.0, 10 mM Imidazole pH 7.0, 25 mM glucose, 1 906 

mM Trolox, 0.5% methylcellulose (400 cP), 20 mM 2-mercaptoethanol, 0.4 mM ATP, 20 907 

mg/mL BSA, 0.02 mg/mL catalase, 0.1 mg/mL glucose oxidase, 1 mM 4-nitrobenzyl alcohol, 908 

and 0.5 mM propyl gallate) and allowed to polymerize on the slide for 5 minutes at room 909 

temperature. Excess actin was removed by two washes, each time using 40 µL of 1X TIRF 910 

buffer. A separate mixture of 1 µM actin with 20% Alexa-647 labeling containing desired 911 

proteins in 1X TIRF buffer was then added to the wells to start data acquisition. Time lapse 912 

images were acquired using the following setups. Experiments involving unlabeled HPO-30 ICD 913 

and CapZ for elongation rate analysis of actinAF647: 640-nm laser, 5% power, 50 ms exposure 914 

time, and a 5-s interval between exposures; experiments involving CapZAF488: 488-nm laser 915 

(15% power, 50 ms exposure time) and 640-nm laser (5% power, 50 ms exposure time), 916 

alternating between 20 consecutive exposures in the 488-nm channel for CapZAF488 and one 917 

exposure in the 640-nm channel for actinAF647, with a 500-ms interval between exposures; 918 

experiments involving HPO-30 ICDAF546: 561-nm laser (10% power, 50 or 100 ms exposure 919 

time) and 640-nm laser (5% power, 50 ms exposure time), alternating between 20 consecutive 920 

exposures in the 561-nm channel for ICDAF546 and one exposure in the 640-nm channel for 921 

actinAF647, with a 500-ms interval between exposures. 922 

 923 
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smTIRF data processing - actin elongation rate measurement 924 

Time lapses were opened in ImageJ and the background removed using a rolling ball radius of 10 925 

pixels. The length of actin filaments was calculated using the Filament Length ImageJ plugin, 926 

kindly provided by Jeff Kuhn, using a Gaussian-Radius of 1.5-2, determined for each individual 927 

movie (Kuhn and Pollard, 2005). The length (in microns) was converted to subunits using the 928 

established value of 370 actin subunits / µm (Huxley and Brown, 1967). Time points were taken 929 

from NIS Elements software. Filaments were only selected if they were present within the first 930 

10 frames of the movie and did not leave the frame during the course of the video. 10 time points 931 

were selected and the length at each point was calculated, and the average slope was used for the 932 

actin elongation rate. ANOVA with Dunn-Tukey tests were used to determine significance. 933 

 934 

smTIRF data processing - side-binding/capping analysis 935 

Time lapses were opened in ImageJ and the background removed using a rolling ball radius 936 

of 10 pixels. Only filaments present at the beginning of the videos and those that did not leave 937 

the frame during the duration of the video were selected. Analysis was performed in a single-938 

blinded manner. Side binding events were determined if they met the following criteria: 1) the 939 

ICD/empty tag puncta must be present for more than one frame; 2) the ICD/empty tag puncta 940 

must move with the filament at least once; 3) the filament must not move away from the 941 

ICD/empty tag puncta; 4) the HPO-30/vector puncta must be smaller than a circle with a radius 942 

of 4 pixels. Capping events were confirmed by the absence of growth with puncta present and, if 943 

available, growth from the end capped after the puncta leaves the filament. A Student’s t-test was 944 

used to determine significance between ICD and tag reactions.  945 

 946 

Actin pelleting assay 947 

 Actin pelleting assays were performed based on (Heier et al., 2017) with modifications. 948 

Actin was pre-polymerized at room temperature overnight by addition of 1X 50KMEH5Gd. 949 

Reactions (60 µL) were assembled by mixing 2 µM actin and 5 µM protein (in the same 950 

50KMEH5Gd buffer), which were then allowed to bind at room temperature for 30 minutes. 951 

Reactions were centrifuged at 100,000 g at 4 °C for 30 min in a Type 42.2 Ti rotor in a Beckman 952 

ultracentrifuge. 40 µL of the supernatant was removed and mixed with SDS, and the remaining 953 

~15 µL was removed and discarded. The pellet was dissolved by the addition of 40 µL of G-954 
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buffer, followed by brief pipetting and vortexing, and allowed to sit at room temperature for 5 955 

min before the liquid was removed and mixed with SDS PAGE loading buffer. The intensity of 956 

the supernatant and pellet bands on SDS PAGE gels were measured using ImageJ. The total 957 

intensity of the supernatant and pellet bands, and the percentage of intensity from the pellet and 958 

the supernatant were calculated. The percentage pelleted protein was calculated by subtracting 959 

the percentage of intensity from the pelleted protein in the absence of actin from the percentage 960 

of intensity from the pelleted protein in the presence of actin. For example, in Figure 5A, the 961 

intensity of BSA from lanes 1 and 2 was summed and the percentage of intensity from 1 and 962 

from 2 were calculated. This was repeated for lanes 3 and 4, then the percentage intensity of lane 963 

2 was subtracted from lane 4. ANOVA with Dunn-Tukey tests were used to determine 964 

significance. 965 

 966 

Actin pelleting competition assays 967 

 Actin pelleting competition assays were performed nearly identically to the actin 968 

pelleting assay described above, except that after 30 minutes of incubation of 5 µM HPO-30 ICD 969 

proteins with 2 µM actin, 600 nM CapZ was added and incubated for 5 minutes before 970 

ultracentrifugation. The intensity of the top bands for CapZ in the pellet were calculated for all 971 

reactions and corrected for the intensity of CapZ pelleted without actin. The relative intensity 972 

was calculated by dividing the intensity of the lane by CapZ with actin alone. For example, in 973 

Figure 6D, the intensity of lane 2 was subtracted from lanes 4, 6, 8, and 10. Then, the corrected 974 

intensity of lane 4 was divided by that of lane 2. ANOVA with Dunn-Tukey tests were used to 975 

determine significance. 976 

 977 

S2 cell culture and transfection 978 

Drosophila S2 cells were grown in Schneider’s media (Thermo Fisher) supplemented with 10% 979 

heat-inactivated FBS (Life Technologies) and 50 U/mL penicillin-streptomycin (Thermo Fisher). 980 

Cells were transfected with Effectene (Qiagen) and 1ug of total plasmid (either Pactin>HPO-981 

30:6xMyc (pXD384) or both Pactin>HPO-30:6xMyc (pXD384) and Pactin>HPO-30:HA 982 

(pXD226)). 983 

 984 

Co-immunoprecipitation 985 
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S2 cells were harvested 72 hours after transfection. Cells were lysed in RIPA buffer (Thermo 986 

Fisher) with 1x Halt Protease Inhibitor Cocktail (Thermofisher) for 30 minutes on ice. Cell 987 

lysates were incubated with anti-HA affinity gel beads (Sigma    E6779-1ML) for 1 hour at 4℃ 988 

with rotation. Proteins were eluted at 80℃ in NuPAGE LDS Sample Buffer (Life Technologies) 989 

supplemented with DTT (GoldBio) and detected using Western blot with mouse antibody to HA 990 

(1:1000, Sigma H3663), rabbit antibody to Myc (1:1000, Santa Cruz Biotechnology sc-789), and 991 

HRP-conjugated goat antibodies to mouse (1:20,000, Jackson Immuno Research). 992 
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Supplemental materials 1023 

Video 1. CapZ capping event example 1. Related to Figure 6A, top. Time lapse of SNAPAF488-1024 

CapZ (green) bound to the end of actin filaments (red) obtained by smTIRF microscopy. Video 1025 

length of 1200 frames at 120 frames per second. The filament in the top left corner is the one 1026 

showcased in Figure 6A, top.  1027 

 1028 

Video 2. CapZ capping event example 2. Related to Figure 6A, top. Time lapse of SNAPAF488-1029 

CapZ (green) bound to the end of an actin filament (red) obtained by smTIRF microscopy. Video 1030 

length of 1800 frames at 120 frames per second.  1031 

 1032 

Video 3. HPO-30 ICD side binding event example 1. Related to Figure 6A, bottom. 1033 

SNAPAF546-F/F-ICD (cyan) bound to the side of an actin filament (red) obtained by smTIRF 1034 

microscopy. Video length of 1000 frames at 100 frames per second.  1035 

 1036 

Video 4. HPO-30 ICD side binding event example 2. Related to Figure 6A, bottom. 1037 

SNAPAF546-F/F-ICD (cyan) bound to the side of an actin filament (red) obtained by smTIRF 1038 

microscopy. Video length of 350 frames at 35 frames per second. 1039 

 1040 

Video 5. Actin elongation rate comparison. Related to Figure 6C. Representative smTIRF time 1041 

lapses used to quantify the elongation rate of actin filaments. Video shows a random selection of 1042 

actin filaments from each condition tested. Video length of 15 minutes and 181 frames was 1043 

compressed to 9 seconds.  1044 

 1045 

 1046 

 1047 
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Supplemental Table 1: Sequences of recombinant proteins used in this study.  1048 
Construct 

name Description Plasmid 
Identity Sequence Source or 

reference 

GST-ICD 

GST-
thrombin-

TEV-ceHPO-
30 ICD (a.a. 

229-279) 

pDK079 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY
YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKD
FETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLD
AFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLVPRGSEN
LYFQGHMTSKHAHDVCCTSRKEYREQTKWKNNGLILKTGRVNHQSHRPFVVIDDDSS
M 

Zou, 2018 

GST-ICD ∆1 

GST- 
thrombin-

TEV-ceHPO-
30 ICD Ala 

229-233 

pDK325 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY
YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKD
FETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLD
AFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLVPRGSEN
LYFQGHMAAAAAHDVCCTSRKEYREQTKWKNNGLILKTGRVNHQSHRPFVVIDDDSS
M  

Zou, 2018 

GST-ICD ∆2 

GST- 
thrombin-

TEV-ceHPO-
30 ICD Ala 

234-238 

pDK326 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY
YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKD
FETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLD
AFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLVPRGSEN
LYFQGHMTSKHAAAAAATSRKEYREQTKWKNNGLILKTGRVNHQSHRPFVVIDDDSS
M 

Zou, 2018 

GST-ICD ∆3 

GST- 
thrombin-

TEV-ceHPO-
30 ICD Ala 

239-243 

pDK327 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY
YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKD
FETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLD
AFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLVPRGSEN
LYFQGHMTSKHAHDVCCAAAAAYREQTKWKNNGLILKTGRVNHQSHRPFVVIDDDSS
M  

Zou, 2018 

GST-ICD ∆4 

GST- 
thrombin-

TEV-ceHPO-
30 ICD Ala 

244-248 

pDK328 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY
YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKD
FETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLD
AFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLVPRGSEN
LYFQGHMTSKHAHDVCCTSRKEAAAAAKWKNNGLILKTGRVNHQSHRPFVVIDDDSS
M  

Zou, 2018 

GST-ICD ∆5 

GST- 
thrombin-

TEV-ceHPO-
30 ICD Ala 

249-253 

pDK329 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY
YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKD
FETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLD
AFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLVPRGSEN
LYFQGHMTSKHAHDVCCTSRKEYREQTAAAAAGLILKTGRVNHQSHRPFVVIDDDSS
M  

Zou, 2018 

GST-ICD ∆6 

GST- 
thrombin-

TEV-ceHPO-
30 ICD Ala 

254-258 

pDK330 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY
YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKD
FETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLD
AFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLVPRGSEN
LYFQGHMTSKHAHDVCCTSRKEYREQTKWKNNAAAAATGRVNHQSHRPFVVIDDDSS
M 

Zou, 2018 

GST-ICD ∆7 

GST- 
thrombin-

TEV-ceHPO-
30 ICD Ala 

259-263 

pDK331 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY
YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKD
FETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLD
AFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLVPRGSEN
LYFQGHMTSKHAHDVCCTSRKEYREQTKWKNNGLILKAAAAAHQSHRPFVVIDDDSS
M 

Zou, 2018 

ICD-GST 

ceHPO-30 
ICD (a.a. 229-
279)-GG-3C-

GST 

pDK238 

MTSKHAHDVCCTSRKEYREQTKWKNNGLILKTGRVNHQSHRPFVVIDDDSSMGGLEV
LFQGPMSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEF
PNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRI
AYSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMD
PMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPK 

This paper 

ICD ∆8 - 
GST 

ceHPO-30 
ICD Ala 264-

268 
pDK257 

MTSKHAHDVCCTSRKEYREQTKWKNNGLILKTGRVNAAAAAPFVVIDDDSSMGGLEV
LFQGPMSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEF
PNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRI
AYSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMD
PMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPK 

This paper 

ICD ∆9 - 
GST 

ceHPO-30 
ICD Ala 269-

273 
pDK258 

MTSKHAHDVCCTSRKEYREQTKWKNNGLILKTGRVNHQSHRAAAAADDDSSMGGLEV
LFQGPMSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEF
PNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRI
AYSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMD
PMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPK 

This paper 
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ICD ∆10 - 
GST 

ceHPO-30 
ICD Ala 274-

279 
pDK259 

MTSKHAHDVCCTSRKEYREQTKWKNNGLILKTGRVNHQSHRPFVVIAAAAAAGGLEV
LFQGPMSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEF
PNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRI
AYSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMD
PMCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPK 

This paper 

GST-ICD 
∆11 

GST- 
thrombin-

TEV-ceHPO-
30 ICD GGS 

249-258 

pDK332 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY
YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKD
FETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLD
AFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLVPRGSEN
LYFQGHMTSKHAHDVCCTSRKEYREQTGGSGGSGGSGTGRVNHQSHRPFVVIDDDSS
M 

This paper 

GST-ICD 
∆12 

GST- 
thrombin-

TEV-ceHPO-
30 ICD GGS 

264-273 

pDK333 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY
YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKD
FETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLD
AFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLVPRGSEN
LYFQGHMTSKHAHDVCCTSRKEYREQTKWKNNAAAAATGRVNGGSGGSGGSGDDDSS
M 

This paper 

GST-ICD 
∆13 

GST- 
thrombin-

TEV-ceHPO-
30 ICD GGS 

264-275 

pDK334 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY
YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKD
FETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLD
AFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLVPRGSEN
LYFQGHMTSKHAHDVCCTSRKEYREQTGGSGGSGGSGGSGGSGGSGGSGGSGGSDSS
M 

This paper 

GST-ICD 
∆14 

GST- 
thrombin-

TEV-ceHPO-
30 ICD GGS 

229-248 

pDK335 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY
YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKD
FETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLD
AFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLVPRGSEN
LYFQGHMGGSGGSGGSGGSGGSGGSGGKWKNNGLILKTGRVNHQSHRPFVVIDDDSS
M 

This paper 

ICD-mEGFP 

GST-TEV-
ceHPO-30 

ICD 229-279 
– GGS2-

mEGFP, GST 
tag removed 

by TEV 
cleavage 

pDK184 

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPY
YIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAYSKD
FETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLD
AFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDLVPRGSEN
LYFQGHMTSKHAHDVCCTSRKEYREQTKWKNNGLILKTGRVNHQSHRPFVVIDDDSS
MGGSGGSMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICT
TGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNY
KTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKV
NFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVL
KEKVTAAGITLGMDELYK 

This paper 

ICD 

MBP-TEV-
ceHPO-30 

ICD 229-279, 
MBP tag 

removed by 
TEV cleavage 

pDK092 

MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDG
PDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEAL
SLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFK
YENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTIN
GPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYL
LTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWY
AVRTAVINAASGRQTVDEALKDAQTNSSSNNNNNNNNNNLGIEGRISEFENLYFQGH
TSKHAHDVCCTSRKEYREQTKWKNNGLILKTGRVNHQSHRPFVVIDDDSSM 

This paper 

DLC8-ICD 

DLC8-TEV-
ceHPO-30 

ICD 229-279-
His6 

pDK268 
MSDRKAVIKNADMSEEMQQDAVDCATQALEKYNIEKDIAAYIKKEFDKKYNPTWHCI
VGRNFGSYVTHETRHFIYFYLGQVAILLFKSGGSENLYFQGHMTSKHAHDVCCTSRK
EYREQTKWKNNGLILKTGRVNHQSHRPFVVIDDDSSMHHHHHH 

This paper 

GB1-ICD 

GB1-
thrombin-
ceHPO-30 

ICD 229-279-
His6 

pDK239 
MQYKLALNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTEL
VPRGSTSKHAHDVCCTSRKEYREQTKWKNNGLILKTGRVNHQSHRPFVVIDDDSSMH
HHHHH 

This paper 

sumo-ICD 

His10-Sumo-
GGS-ceHPO-
30 ICD 229-

279 

pDK219 

MGHHHHHHHHHHSSGHIEGRHMASMSDSEVNQEAKPEVKPEVKPETHINLKVSDGSS
EIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIE
AHREQIGGSTSKHAHDVCCTSRKEYREQTKWKNNGLILKTGRVNHQSHRPFVVIDDD
SSM 

This paper 

GB1-FKBP-
ICD 

GB1- 
thrombin-

FKBP-GGS3-
ceHPO-30 

ICD 229-279 
– His6 

pDK264 

MQYKLALNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTEL
VPRGSHMVQVETISPGDGRTFPKRGQTCVVHYTGMLEDGKKFDSSRDRNKPFKFMLG
KQEVIRGWEEGVAQMSVGQRAKLTISPDYAYGATGHPGIIPPHATLVFDVELLKLEG
GSGGSGGSMTSKHAHDVCCTSRKEYREQTKWKNNGLILKTGRVNHQSHRPFVVIDDD
SSMHHHHHH 

This paper 

GB1-FRB-
ICD 

GB1- 
thrombin-

FRB-GGS3-
ceHPO-30 

pDK265 
MQYKLALNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTEL
VPRGSHMELIRVAILWHEMWHEGLEEASRLYFGERNVKGMFEVLEPLHAMMERGPQT
LKETSFNQAYGRDLMEAQEWCRKYMKSGNVKDLTQAWDLYYHVFRRISKQGGSGGSG

This paper 
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ICD 229-279 
– His6 

GSMTSKHAHDVCCTSRKEYREQTKWKNNGLILKTGRVNHQSHRPFVVIDDDSSMHHH
HHH 

GB1-FKBP 

GB1- 
thrombin-

FKBP-GGS3-
His6 

pDK270 

MQYKLALNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTEL
VPRGSHMVQVETISPGDGRTFPKRGQTCVVHYTGMLEDGKKFDSSRDRNKPFKFMLG
KQEVIRGWEEGVAQMSVGQRAKLTISPDYAYGATGHPGIIPPHATLVFDVELLKLEG
GSGGSGGSHHHHHH 
 

This paper 

GB1-FRB 

GB1- 
thrombin-

FRB-GGS3-
His6 

pDK271 

MQYKLALNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTEL
VPRGSHMELIRVAILWHEMWHEGLEEASRLYFGERNVKGMFEVLEPLHAMMERGPQT
LKETSFNQAYGRDLMEAQEWCRKYMKSGNVKDLTQAWDLYYHVFRRISKQGGSGGSG
GSHHHHHH 

This paper 

GB1-FKBP-
ICD ∆5 

GB1- 
thrombin-

FKBP-GGS3-
ceHPO-30 

ICD Ala 249-
253– His6 

pDK274 

MQYKLALNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTEL
VPRGSHMVQVETISPGDGRTFPKRGQTCVVHYTGMLEDGKKFDSSRDRNKPFKFMLG
KQEVIRGWEEGVAQMSVGQRAKLTISPDYAYGATGHPGIIPPHATLVFDVELLKLEG
GSGGSGGSMTSKHAHDVCCTSRKEYREQTAAAAAGLILKTGRVNHQSHRPFVVIDDD
SSMHHHHHH 

This paper 

GB1-FRB-
ICD ∆5 

GB1-FRB- 
thrombin-

GGS3-
ceHPO-30 

ICD Ala 249-
253– His6 

pDK275 

QYKLALNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTELV
PRGSHMELIRVAILWHEMWHEGLEEASRLYFGERNVKGMFEVLEPLHAMMERGPQTL
KETSFNQAYGRDLMEAQEWCRKYMKSGNVKDLTQAWDLYYHVFRRISKQGGSGGSGG
SMTSKHAHDVCCTSRKEYREQTAAAAAGLILKTGRVNHQSHRPFVVIDDDSSMHHHH
HH 

This paper 

SNAP-
FKBP-ICD 

SNAP-FKBP-
GGS3-

ceHPO-30 
ICD 229-279-

His6 

pDK283 

MDKDCEMKRTTLDSPLGKLELSGCEQGLHEIKLLGKGTSAADAVEVPAPAAVLGGPE
PLMQATAWLNAYFHQPEAIEEFPVPALHHPVFQQESFTRQVLWKLLKVVKFGEVISY
QQLAALAGNPAATAAVKTALSGNPVPILIPCHRVVSSSGAAGGYEGGLAVKEWLLAH
EGHRLGKPGLGPAGIGAPGSMVQVETISPGDGRTFPKRGQTCVVHYTGMLEDGKKFD
SSRDRNKPFKFMLGKQEVIRGWEEGVAQMSVGQRAKLTISPDYAYGATGHPGIIPPH
ATLVFDVELLKLEGGSGGSGGSMTSKHAHDVCCTSRKEYREQTKWKNNGLILKTGRV
NHQSHRPFVVIDDDSSMHHHHHH 

https://ww
w.addgene.
org/101137
/ and this 

paper 

SNAP-FRB-
ICD 

SNAP-FRB-
GGS3-

ceHPO-30 
ICD 229-279-

His6 

pDK281 

MDKDCEMKRTTLDSPLGKLELSGCEQGLHEIKLLGKGTSAADAVEVPAPAAVLGGPE
PLMQATAWLNAYFHQPEAIEEFPVPALHHPVFQQESFTRQVLWKLLKVVKFGEVISY
QQLAALAGNPAATAAVKTALSGNPVPILIPCHRVVSSSGAVGGYEGGLAVKEWLLAH
EGHRLGKPGLGPAGIGAPGSMELIRVAILWHEMWHEGLEEASRLYFGERNVKGMFEV
LEPLHAMMERGPQTLKETSFNQAYGRDLMEAQEWCRKYMKSGNVKDLTQAWDLYYHV
FRRISKQGGSGGSGGSMTSKHAHDVCCTSRKEYREQTKWKNNGLILKTGRVNHQSHR
PFVVIDDDSSMHHHHHH 

https://ww
w.addgene.
org/101137
/ and this 

paper 

SNAP-
FKBP 

SNAP-FKBP-
GGS3-His6 pDK282 

MDKDCEMKRTTLDSPLGKLELSGCEQGLHEIKLLGKGTSAADAVEVPAPAAVLGGPE
PLMQATAWLNAYFHQPEAIEEFPVPALHHPVFQQESFTRQVLWKLLKVVKFGEVISY
QQLAALAGNPAATAAVKTALSGNPVPILIPCHRVVSSSGAVGGYEGGLAVKEWLLAH
EGHRLGKPGLGPAGIGAPGSMVQVETISPGDGRTFPKRGQTCVVHYTGMLEDGKKFD
SSRDRNKPFKFMLGKQEVIRGWEEGVAQMSVGQRAKLTISPDYAYGATGHPGIIPPH
ATLVFDVELLKLEGGSGGSGGSHHHHHH 

https://ww
w.addgene.
org/101137
/ and this 

paper 

SNAP-FRB SNAP-FRB-
GGS3-His6 pDK280 

MDKDCEMKRTTLDSPLGKLELSGCEQGLHEIKLLGKGTSAADAVEVPAPAAVLGGPE
PLMQATAWLNAYFHQPEAIEEFPVPALHHPVFQQESFTRQVLWKLLKVVKFGEVISY
QQLAALAGNPAATAAVKTALSGNPVPILIPCHRVVSSSGAVGGYEGGLAVKEWLLAH
EGHRLGKPGLGPAGIGAPGSMELIRVAILWHEMWHEGLEEASRLYFGERNVKGMFEV
LEPLHAMMERGPQTLKETSFNQAYGRDLMEAQEWCRKYMKSGNVKDLTQAWDLYYHV
FRRISKQGGSGGSGGSHHHHHH 

https://ww
w.addgene.
org/101137
/ and this 

paper 

SNAP-CapZ 

His9-SNAP-
CapZ β / 

CapZ α, from 
Gallus gallus 

pDK288 

>His9-SNAP-CapZ β 
MGHHHHHHHHHENLYFQGSEFMDKDCEMKRTTLDSPLGKLELSGCEQGLHEIKLLGK
GTSAADAVEVPAPAAVLGGPEPLMQATAWLNAYFHQPEAIEEFPVPALHHPVFQQES
FTRQVLWKLLKVVKFGEVISYQQLAALAGNPAATAAVKTALSGNPVPILIPCHRVVS
SSGAVGGYEGGLAVKEWLLAHEGHRLGKPGLGPAGIGAPGSMSDQQLDCALDLMRRL
PPQQIEKNLSDLIDLVPSLCEDLLSSVDQPLKIARDKVVGKDYLLCDYNRDGDSYRS
PWSNKYDPPLEDGAMPSARLRKLEVEANNAFDQYRDLYFEGGVSSVYLWDLDHGFAG
VILIKKAGDGSKKIKGCWDSIHVVEVQEKSSGRTAHYKLTSTVMLWLQTNKTGSGTM
NLGGSLTRQMEKDETVSDSSPHIANIGRLVEDMENKIRSTLNEIYFGKTKDIVNGLR
SIDAIPDNQKYKQLQRELSQVLTQRQIYIQPDN 
 
>CapZ α 
MADFEDRVSDEEKVRIAAKFITHAPPGEFNEVFNDVRLLLNNDNLLREGAAHAFAQY
NMDQFTPVKIEGYDDQVLITEHGDLGNGRFLDPRNKISFKFDHLRKEASDPQPEDTE
SALKQWRDACDSALRAYVKDHYPNGFCTVYGKSIDGQQTIIACIESHQFQPKNFWNG
RWRSEWKFTITPPTAQVAAVLKIQVHYYEDGNVQLVSHKDIQDSVQVSSDVQTAKEF
IKIIENAENEYQTAISENYQTMSDTTFKALRRQLPVTRTKIDWNKILSYKIGKEMQN
A 

https://ww
w.addgene.
org/101137
/ and this 

paper 

Sra1 
His6-TEV-
hSra1 (1-

1253, FL). 
pDK116 

MSYYHHHHHHDYDIPTTENLYFQGAMAAQVTLEDALSNVDLLEELPLPDQQPCIEPP
PSSLLYQPNFNTNFEDRNAFVTGIARYIEQATVHSSMNEMLEEGQEYAVMLYTWRSC
SRAIPQVKCNEQPNRVEIYEKTVEVLEPEVTKLMNFMYFQRNAIERFCGEVRRLCHA

(Ismail et 
al., 2009) 
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His6 tag 
removed by 

TEV cleavage 

ERRKDFVSEAYLITLGKFINMFAVLDELKNMKCSVKNDHSAYKRAAQFLRKMADPQS
IQESQNLSMFLANHNKITQSLQQQLEVISGYEELLADIVNLCVDYYENRMYLTPSEK
HMLLKVMGFGLYLMDGSVSNIYKLDAKKRINLSKIDKYFKQLQVVPLFGDMQIELAR
YIKTSAHYEENKSRWTCTSSGSSPQYNICEQMIQIREDHMRFISELARYSNSEVVTG
SGRQEAQKTDAEYRKLFDLALQGLQLLSQWSAHVMEVYSWKLVHPTDKYSNKDCPDS
AEEYERATRYNYTSEEKFALVEVIAMIKGLQVLMGRMESVFNHAIRHTVYAALQDFS
QVTLREPLRQAIKKKKNVIQSVLQAIRKTVCDWETGHEPFNDPALRGEKDPKSGFDI
KVPRRAVGPSSTQLYMVRTMLESLIADKSGSKKTLRSSLEGPTILDIEKFHRESFFY
THLINFSETLQQCCDLSQLWFREFFLELTMGRRIQFPIEMSMPWILTDHILETKEAS
MMEYVLYSLDLYNDSAHYALTRFNKQFLYDEIEAEVNLCFDQFVYKLADQIFAYYKV
MAGSLLLDKRLRSECKNQGATIHLPPSNRYETLLKQRHVQLLGRSIDLNRLITQRVS
AAMYKSLELAIGRFESEDLTSIVELDGLLEINRMTHKLLSRYLTLDGFDAMFREANH
NVSAPYGRITLHVFWELNYDFLPNYCYNGSTNRFVRTVLPFSQEFQRDKQPNAQPQY
LHGSKALNLAYSSIYGSYRNFVGPPHFQVICRLLGYQGIAVVMEELLKVVKSLLQGT
ILQYVKTLMEVMPKICRLPRHEYGSPGILEFFHHQLKDIVEYAELKTVCFQNLREVG
NAILFCLLIEQSLSLEEVCDLLHAAPFQNILPRVHVKEGERLDAKMKRLESKYAPLH
LVPLIERLGTPQQIAIAREGDLLTKERLCCGLSMFEVILTRIRSFLDDPIWRGPLPS
NGVMHVDECVEFHRLWSAMQFVYCIPVGTHEFTVEQCFGDGLHWAGCMIIVLLGQQR
RFAVLDFCYHLLKVQKHDGKDEIIKNVPLKKMVERIRKFQILNDEIITILDKYLKSG
DGEGTPVEHVRCFQPPIHQSLASS 

Nap1 hNap1 (1-
1128, FL) pDK149 

MSRSVLQPSQQKLAEKLTILNDRGVGMLTRLYNIKKACGDPKAKPSYLIDKNLESAV
KFIVRKFPAVETRNNNQQLAQLQKEKSEILKNLALYYFTFVDVMEFKDHVCELLNTI
DVCQVFFDITVNFDLTKNYLDLIITYTTLMILLSRIEERKAIIGLYNYAHEMTHGAS
DREYPRLGQMIVDYENPLKKMMEEFVPHSKSLSDALISLQMVYPRRNLSADQWRNAQ
LLSLISAPSTMLNPAQSDTMPCEYLSLDAMEKWIIFGFILCHGILNTDATALNLWKL
ALQSSSCLSLFRDEVFHIHKAAEDLFVNIRGYNKRINDIRECKEAAVSHAGSMHRER
RKFLRSALKELATVLSDQPGLLGPKALFVFMALSFARDEIIWLLRHADNMPKKSADD
FIDKHIAELIFYMEELRAHVRKYGPVMQRYYVQYLSGFDAVVLNELVQNLSVCPEDE
SIIMSSFVNTMTSLSVKQVEDGEVFDFRGMRLDWFRLQAYTSVSKASLGLADHRELG
KMMNTIIFHTKMVDSLVEMLVETSDLSIFCFYSRAFEKMFQQCLELPSQSRYSIAFP
LLCTHFMSCTHELCPEERHHIGDRSLSLCNMFLDEMAKQARNLITDICTEQCTLSDQ
LLPKHCAKTISQAVNKKSKKQTGKKGEPEREKPGVESMRKNRLVVTNLDKLHTALSE
LCFSINYVPNMVVWEHTFTPREYLTSHLEIRFTKSIVGMTMYNQATQEIAKPSELLT
SVRAYMTVLQSIENYVQIDITRVFNNVLLQQTQHLDSHGEPTITSLYTNWYLETLLR
QVSNGHIAYFPAMKAFVNLPTENELTFNAEEYSDISEMRSLSELLGPYGMKFLSESL
MWHISSQVAELKKLVVENVDVLTQMRTSFDKPDQMAALFKRLSSVDSVLKRMTIIGV
ILSFRSLAQEALRDVLSYHIPFLVSSIEDFKDHIPRETDMKVAMNVYELSSAAGLPC
EIDPALVVALSSQKSENISPEEEYKIACLLMVFVAVSLPTLASNVMSQYSPAIEGHC
NNIHCLAKAINQIAAALFTIHKGSIEDRLKEFLALASSSLLKIGQETDKTTTRNRES
VYLLLDMIVQESPFLTMDLLESCFPYVLLRNAYHAVYKQSVTSSA 

(Ismail et 
al., 2009) 

WAVE1230∆
WCA 

MBP-TEV-
hWAVE(1) 1-
230, MBP tag 
removed by 

TEV cleavage 

pDK071 

MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDG
PDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEAL
SLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFK
YENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTIN
GPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYL
LTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWY
AVRTAVINAASGRQTVDEALKDAQTNSSSNNNNNNNNNNLGIEGRISEFENLYFQGH
MPLVKRNIDPRHLCHTALPRGIKNELECVTNISLANIIRQLSSLSKYAEDIFGELFN
EAHSFSFRVNSLQERVDRLSVSVTQLDPKEEELSLQDITMRKAFRSSTIQDQQLFDR
KTLPIPLQETYDVCEQPPPLNILTPYRDDGKEGLKFYTNPSYFFDLWKEKMLQDTED
KRKEKRKQKQKNLDRPHEPEKVPRAPHDRRREWQKLAQGPELAEDDANLLHKHIEVA
NG 

(Chen et 
al., 2017) 

WAVE1230W
CA 

MBP-TEV-
hWAVE(1) 1-
230 – GGS6 – 

VCA, MBP 
tag removed 

by TEV 
cleavage 

pDK081 

MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDG
PDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEAL
SLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFK
YENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTIN
GPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYL
LTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWY
AVRTAVINAASGRQTVDEALKDAQTNSSSNNNNNNNNNNLGIEGRISEFENLYFQGH
MPLVKRNIDPRHLCHTALPRGIKNELECVTNISLANIIRQLSSLSKYAEDIFGELFN
EAHSFSFRVNSLQERVDRLSVSVTQLDPKEEELSLQDITMRKAFRSSTIQDQQLFDR
KTLPIPLQETYDVCEQPPPLNILTPYRDDGKEGLKFYTNPSYFFDLWKEKMLQDTED
KRKEKRKQKQKNLDRPHEPEKVPRAPHDRRREWQKLAQGPELAEDDANLLHKHIEVA
NGGGSGGSGGSGGSGGSGGSKRHPSTLPVISDARSVLLEAIRKGIQLRKVEEQREQE
AKHERIENDVATILSRRIAVEYSDSEDDSEFDEVDWLE 

(Chen et 
al., 2017) 

Abi2 (1-158) 

MBP-TEV-
hAbi(2) 1-

158, MBP tag 
removed by 

TEV cleavage 

pDK075 

MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDG
PDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEAL
SLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFK
YENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTIN
GPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYL
LTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWY

(Ismail et 
al., 2009) 
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AVRTAVINAASGRQTVDEALKDAQTNSSSNNNNNNNNNNLGIEGRISEFENLYFQGH
MAELQMLLEEEIPGGRRALFDSYTNLERVADYCENNYIQSADKQRALEETKAYTTQS
LASVAYLINTLANNVLQMLDIQASQLRRMESSINHISQTVDIHKEKVARREIGILTT
NKNTSRTHKIIAPANLERPVRYIRKPIDYTILDDIGHGVKVSTQ 

Abi2 (1-
158)-sortase 

MBP-TEV-
hAbi(2) 1-

158-LPGTG, 
MBP tag 

removed by 
TEV cleavage 

pDK255 

MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDG
PDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEAL
SLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFK
YENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTIN
GPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYL
LTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWY
AVRTAVINAASGRQTVDEALKDAQTNSSSNNNNNNNNNNLGIEGRISEFENLYFQGH
MAELQMLLEEEIPGGRRALFDSYTNLERVADYCENNYIQSADKQRALEETKAYTTQS
LASVAYLINTLANNVLQMLDIQASQLRRMESSINHISQTVDIHKEKVARREIGILTT
NKNTSRTHKIIAPANLERPVRYIRKPIDYTILDDIGHGVKVSTQGGLPGTGG 

This paper 

(MBP)2-
Abi2 

2MBP-
Thrombin-

StrepII-
hAbi(2) 1-158 

pDK119 

MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDG
PDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEAL
SLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFK
YENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTIN
GPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYL
LTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWY
AVRTAVINAASGRQTVDEALKDAQTNSSSLEWSHPQFEKAGGMKIEEGKLVIWINGD
KGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYA
QSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKT
WEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDN
AGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNY
GVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPL
GAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQT
VDEALKDAQTNSSSNNNNNNNNNNLGEFLVPRGSWSHPQFEKAGGHMAELQMLLEEE
IPGGRRALFDSYTNLERVADYCENNYIQSADKQRALEETKAYTTQSLASVAYLINTL
ANNVLQMLDIQASQLRRMESSINHISQTVDIHKEKVARREIGILTTNKNTSRTHKII
APANLERPVRYIRKPIDYTILDDIGHGVKVSTQ 

This paper 

HSPC300 

MBP-TEV-
hHSPC300, 

MBP tag 
removed by 

TEV cleavage 

pDK069 

MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDG
PDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEAL
SLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFK
YENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTIN
GPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYL
LTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWY
AVRTAVINAASGRQTVDEALKDAQTNSSSNNNNNNNNNNLGIEGRISEFENLYFQGH
MGAAMAGQEDPVQREIHQDWANREYIEIITSSIKKIADFLNSFDMSCRSRLATLNEK
LTALERRIEYIEARVTKGETLT 

(Ismail et 
al., 2009) 

(MBP)2-
HSPC300 

2MBP-
Thrombin-

StrepII-
hHSPC300 

pDK118 

MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDG
PDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEAL
SLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFK
YENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTIN
GPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYL
LTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWY
AVRTAVINAASGRQTVDEALKDAQTNSSSLEWSHPQFEKAGGMKIEEGKLVIWINGD
KGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYA
QSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKT
WEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDN
AGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNY
GVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPL
GAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQT
VDEALKDAQTNSSSNNNNNNNNNNLGEFLVPRGSWSHPQFEKAGGHMGAAMAGQEDP
VQREIHQDWANREYIEIITSSIKKIADFLNSFDMSCRSRLATLNEKLTALERRIEYI
EARVTKGETLT 

(Chen et 
al., 2014) 

GG-(MBP)2 

MKI-GGS-
TEV-GG-

2MBP-TEV, 
N-terminal 

and C-
terminal 
regions 

removed after 
TEV cleavage 

pDK256 

MKIGGSENLYFQGGGKTEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDK
LEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRY
NGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYF
TWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIA
EAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAAS
PNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKG
EIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTNSSSNNGGSGGSGGSKTE
EGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDII
FWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIY
NKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFKYENG
KYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGPWA
WSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDE
GLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRT
AVINAASGRQTVDEALKDAQTNSSSNNNNNNNNNNLGIEGRISEFENLYFQGHMLEE

This paper 
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FGSSRVDLQASLALAVVLQRRDWENPGVTQLNRLAAHPPFASWRNSEEARTDRPSQQ
LRSLNGEWQLGCFGG 

Sortase 5M Sortase 5M-
His6 pDK085 

MQAKPQIPKDKSKVAGYIEIPDADIKEPVYPGPATREQLNRGVSFAEENESLDDQNI
SIAGHTFIDRPNYQFTNLKAAKKGSMVYFKVGNETRKYKMTSIRNVKPTAVEVLDEQ
KGKDKQLTLITCDDYNEETGVWETRKIFVATEVKLEHHHHHH 

https://ww
w.addgene.
org/75144/ 

Rac1QP hRac1Q61L/P29S 
Δ4 pDK077 

MQAIKCVVVGDGAVGKTCLLISYTTNAFSGEYIPTVFDNYSANVMVDGKPVNLGLWD
TAGLEDYDRLRPLSYPQTDVFLICFSLVSPASFENVRAKWYPEVRHHCPNTPIILVG
TKLDLRDDKDTIEKLKEKKLTPITYPQGLAMAKEIGAVKYLECSALTQRGLKTVFDE
AIRAVLCPPPVKKRKRK 

This paper 
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