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Recent evidence indicates that the activity-regulated cytoskeleton-

associated protein, Arc, facilitates endocytosis of glutamate receptors and 

regulates cytoskeletal organization in neuronal dendrites.  Both of these functions 

may be mediated by its reported interaction with dynamin 2, a large (~100 kDa) 

GTPase that participates in receptor-mediated endocytosis, actin polymerization, 

and microtubule stabilization.  The effects of Arc on dynamin activities have not 

been characterized. Therefore, I have purified bacterially-expressed Arc and have 

shown that it enhances dynamin 2, and the neuronal and testes expressed dynamin 
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3, self-assembly in vitro and stimulates their GTPase activity. However, Arc 

interacts with dynamin 1, the neuronal isoform required for rapid pre-synaptic 

vesicle recycling, but does not stimulate its activity or assembly. The Arc-

dynamin interaction is strongly dependent on ionic strength and the 

polymerization state of dynamin, which Arc enhances. Consequently, biophysical 

studies were used to confirm Arc is capable of forming higher order oligomers. 

Contrary to published findings, binding studies show Arc interacts with the 

proline-rich domain of dynamin and not the pleckstrin homology domain. All 

together, these results provide a mechanism to explain the previously reported 

role of Arc in glutamate receptor internalization. 
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CHAPTER 1 

Introduction 

 

1.1. Identification of Arc as an Immediate-Early gene product in neurons.   

Long-term changes in synaptic strength, such as those that occur during 

long-term depression (LTD) and long-term potentiation (LTP), are thought to 

underlie learning and memory ([1]). A key event in both LTP and LTD is the 

change in the number of glutamate (AMPA subtype) receptors expressed at the 

postsynaptic membrane, which is accomplished through activity-dependent 

regulation of receptor exocytosis and endocytosis. LTP is also associated with 

rapid induction of Immediate Early Genes, including those encoding transcription 

factors (e.g., c-fos), growth factors (e.g., BDNF), and the protein investigated in 

this study, Activity-Regulated Cytoskeleton-associated protein (Arc ([2]), also 

known as Arg3.1 ([3])). Arc is also induced by neuronal activity that occurs 

during salient experiences, such as sensory stimulation, novelty and spatial 

exploration ([4] [5]). These results suggest that Arc plays a role in the synaptic 

changes that encode these experiences. In support of this idea, Arc knockout mice 

have a deficit in both LTP and LTD, as well as in their ability to form long-term 

spatial, taste and fear memories ([6]). 
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1.2. Arc and its interactions.   

Apart from the data presented in this study, nothing is known about the 

physical properties of Arc, and only one report has appeared that documents its 

post-translational modifications.  Donai et al. ([7]) showed that Arc interacts 

directly with Ca2+/calmodulin-dependent kinase II (CamKII) in cells, and that Arc 

is phoshporylated by CamKII in vitro.  Phosphorylation of Arc may be 

physiologically significant, as demonstrated by studies showing that treatment of 

hippocampal slices with okadaic acid (to inhibit protein phosphatase 1) or FK506 

(to inhibit calcineurin) block the inhibitory effect of Arc overexpression on 

AMPA receptor-mediated neurotransmission ([8]).  However, more work is 

needed to establish that the effects of these phosphatase inhibitors are the direct 

result of inhibition of Arc dephosphorylation. 

 

1.3 Arc in memory consolidation.   

Memory consolidation refers to the stabilization of newly formed memory 

traces with time, and is believed to involve the strengthening of connections 

between neurons that are recruited upon the initial acquisition of information 

([9]).  The cellular process that underlies this strengthening of neuronal 

connections has been termed “synaptic consolidation” and requires activation of 

signal transduction pathways, gene transcription, and new protein synthesis.  

Long-term potentiation (LTP), a potential mechanism for synaptic consolidation, 
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refers to the increase in synaptic efficacy resulting from high frequency neuronal 

stimulation.  LTP is accompanied by the insertion of AMPA receptors into the 

dendritic plasma membrane ([10] [11]).  Therefore, it appears paradoxical that 

Arc synthesis is induced during LTP, yet the best-characterized function of Arc is 

to facilitate removal of surface AMPA receptors (see Section 1.5).  An alternative 

(or additional) potential Arc function, i.e., participation in the restructuring of 

post-synaptic densities (see below) provides a more reasonable linkage with LTP 

and synaptic strengthening. 

                 

1.4. Potential role of Arc in regulation of dendritic spine morphology.   

Although the significance of Arc in fundamental brain processes is 

evident, its precise neuronal function(s) remain to be elucidated.  Due to its 

association with the actin cytoskeleton, and the presence within the molecule of a 

spectrin repeat homology domain, early attention focused on the potential role of 

Arc in regulation of the dendritic cytoskeleton.  Although Arc does not bind 

directly to actin ([2]), there is evidence that it regulates actin polymerization 

indirectly, by enhancing the phosphorylation of cofilin and thereby preventing 

cofilin from destabilizing actin filaments ([12]). Polymerization of actin is 

essential for activity-dependent changes in the structure of dendrites ([13]). Very 

recently ([14]), overexpression of Arc was found to increase the density of spines 

on dendrites and the proportion of thin spines, which have been associated with 
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the learning process ([15] [16]). The connection, if any, between the role of Arc in 

spine morphogenesis and its role in AMPA receptor endocytosis remains to be 

elucidated. 

  

1.5. Role of Arc in endocytosis.    

There is compelling evidence that Arc enhances endocytosis of AMPA 

receptors in dendrites. For example, surface expression of AMPA receptors is 

increased in cells from Arc knockout mice, or in cells depleted of Arc by RNAi 

treatment ([17] [18]). Conversely, decreased AMPA surface expression occurs in 

dissociated hippocampal neurons that overexpress Arc ([18] [19]). Eight-fold 

overexpression of Arc-GFP in CA1 pyramidal neurons in hippocampal slice 

cultures resulted in ~30% reduction in both evoked and spontaneous AMPA 

receptor-mediated currents, with no significant changes in NMDA receptor- or 

GABA receptor-mediated currents ([8]).  The same study also reported sharply 

reduced AMPA receptor-mediated currents in untransfected cells in which Arc 

levels were elevated 7-10-fold in response to picrotoxin treatment, and these 

reductions were largely eliminated by treatment with siRNA against Arc. The 

involvement of AMPA receptor endocytosis in these events was supported by the 

finding that Arc-dependent reduction in AMPA receptor-mediated current was 

abolished upon introduction of a peptide that prevents the interaction of the 

GluR2 subunit of AMPA receptors with the clathrin adaptor AP2 complex. 
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Further evidence that Arc enhances AMPA receptor internalization emerged from 

studies showing decreased surface AMPA receptor expression in brain tissue 

depleted of the E3 ligase, UBE3, which is responsible for Arc ubiquitylation and 

degradation ([20]; see below). 

The results described above implicate Arc in the process of long-term 

depression (LTD), which has been linked to endocytosis of AMPA receptors ([21] 

[22]). LTD apparently requires a functional interaction between GluR2 and the 

AP2 complex ([23]), the disruption of which has been noted above as preventing 

Arc effects on AMPA receptor-dependent currents. If overexpression of Arc has 

the same net effect as induction of LTD, then LTD protocols should be ineffective 

in Arc overexpressing cells, and this result was observed experimentally by Rial 

Verde et al. (2006).  However, it should be noted that LTD is induced in the 

hippocampus by persistent weak stimulation, whereas Arc expression is induced 

by LTP-associated protocols, involving rapid-fire strong stimulation. Thus, there 

are significant differences between the processes of LTD and Arc induction, 

despite their sharing of at least one underlying mechanism (i.e., removal of 

surface AMPA receptors).       

Biochemical evidence supporting a role for Arc in receptor-mediated 

endocytosis was provided by Chowdhury et al. (2006) who identified two 

elements of the endocytic machinery, dynamin 2 and endophilin 3, as Arc-binding 

partners in a yeast two-hybrid screen.  Dynamin 2 is a large (~100 kDa) GTPase 
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that self-assembles around the necks of vesiculating membranes, thereby 

promoting their constriction and scission (reviewed in [24] [25] [26] [27]).   

In addition to the gene encoding dynamin 2, mammalian cells contain 

genes encoding dynamins 1 and 3. All three isoforms of dynamin have been 

identified in neurons. Dynamin 1, which is neuronal specific, plays a role in the 

process of presynaptic vesicle recycling, whereas dynamin 2 is ubiquitously 

expressed and is required for most forms of receptor-mediated endocytosis.  

Dynamin 3 has been localized in postsynaptic neurons and has been implicated in 

remodeling of the actin cytoskeleton of dendritic spines.  However, the exact 

role(s) of dynamin 3 remain poorly defined, and the protein has been much less 

extensively characterized than dynamins 1 and 2. 

Endophilins are proteins that induce and/or stabilize membrane curvature 

during the vesiculation process (reviewed in [28] [29]). As discussed further in 

Chapter 4, the region in Arc that interacts with endophilin 3 was localized to 

residues 91-100 ([18]). The potential in vivo significance of this interaction was 

highlighted by Rial Verde et al ([8]), who found that deletion of residues 91-100 

from Arc-GFP prevented its ability to diminish AMPA receptor-mediated 

currents. 
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1.6. Arc in disease.  

Based on Arc’s involvement in both LTP and LTD, it is not surprising that 

impairment of cognition has been linked to both reduction and elevation in Arc 

expression. For example, expression of Arc was reported to be reduced in 

neurofibrillary tangle-containing neurons from Alzheimer’s disease (AD) patients 

([30]), in transgenic AD mouse models ([31]) and in the cortex of AD brains 

([32]).  Interestingly, the latter report also showed that Arc levels are diminished 

in rat hippocampal neurons treated with 27-hydroxycholesterol, which has been 

linked to Alzheimer’s disease. However, others have reported up-regulation of 

Arc in hippocampal cells treated with amyloid peptides ([33, 34, 35]). As stated, 

abnormal increases in Arc levels have also been associated with Fragile X 

syndrome (FXS) and Angelman syndrome. FXS is caused by mutations in the 

FXS mental retardation protein, FMRP, a translational repressor of Arc synthesis 

([36]). A recent report ([20]) demonstrated that abnormally high Arc 

concentrations, resulting from impaired ability of Ube3A, its E3 ubiquitin ligase, 

is one cause of Angelman Syndrome and confirmed that high Arc levels correlate 

with reduced AMPA receptor expression on the dendritic plasma membrane, and 

vice versa. This study, together with others implicated altered Arc expression in 

alcoholism ([32]) and drug addiction ([37, 38]) highlight the importance of 

understanding the structure, regulation, and precise cellular function of this 

protein, all of which remain to be elucidated. 
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CHAPTER 2 

Analysis of the physical properties of Arc 

I. INTRODUCTION 

 Despite the evident importance of Arc in normal and diseased brain 

function, its physical properties have not hitherto been examined.  To fill this gap 

in our knowledge, which will be important in understanding how Arc functions in 

endocytosis, I sought to define the quaternary structure of Arc.    

 There are relatively few individual biophysical techniques (e.g., 

sedimentation equilibrium and static light scattering) that directly yield the 

molecular weights of proteins and, hence, their oligomeric states.  Most often, 

these properties are determined by employing a combination of shape-dependent 

hydrodynamic measurements, and then deriving the molecular weights by 

calculation.  My attempts to determine an unambiguous association state for Arc 

by sedimentation equilibrium failed due to the continuous aggregation of the 

protein during the 2-3 day course of centrifugation.  However, I now recognize 

that the multiplicity of Arc oligomeric species would likely have precluded the 

interpretation of sedimentation equilibrium data, even in the absence of large 

scale aggregation. It soon became evident that the issue of Arc self-association 

would have to be addressed using multiple experimental approaches and these are 

described below. 
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II. RESULTS 

2.1. Estimation of the oligomeric states of Arc by chemical cross-linking. 

Chemical cross-linking, followed by SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) of the cross-linked products, is a well-established 

approach to estimate the oligomeric states of proteins.  In a typical experiment, 

Arc was incubated with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), 

a zero-length cross-linker chosen for its solubility in water. The EDC 

carbodiimide reacts with an exposed C-terminal carboxylate or with the β- or γ-

carboxylates of aspartic or glutamic acid side chains. The intermediate of the Sn1 

reaction is the electrophile for a nucleophilic attack by primary amines, such as 

the N-terminal amine or ε-amino of lysine, forming a peptide bond between the 

carboxylate and amino groups with the release of EDC as a urea derivative. For a 

cross-linker to work effectively there must be exposed complementary residues in 

close proximity to the interaction surface and oriented appropriately to allow 

cross-linking. In the case of EDC, the residues must be in direct contact.  

           His-Arc, which has a calculated molecular mass of 46,719 kDa, migrates 

just above the 50 kDa molecular weight marker on SDS gels.  EDC at 10 µM 

concentration readily cross-linked Arc to a dimeric species, with a smear evident 

at a position consistent with the molecular weight of a tetramer (FIGURE 2.1).  In 

addition, multimeric species were formed that were too large (>350 kDa) to 
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migrate into the resolving area of a 7% gel.   Even larger species, which failed to 

enter the 3% stacking gel, formed using 35 mM EDC.   These data suggest that 

Arc is capable of associating into both low-order and high-order oligomeric states, 

but more rigorous methods would be required to establish the nature of these 

states.  

          Before discussing the results of these investigations, it should be noted that 

the native oligomeric states of proteins may be misjudged if they are improperly 

folded or denatured, or if they are inadequately purified.  For example, the 

presence of large oligomeric species in the EDC cross-linking experiments could 

merely reflect the presence of aggregates of denatured Arc. However, to avoid 

this potential artifact as much as possible, all of the studies in this and subsequent 

chapters were performed using Arc preparations of greater than 90% purity (as 

estimated by SDS-PAGE), pre-cleared by centrifugation at 200,000 × g for at 

least 15 min at 4oC. Indeed, the preponderance of purified Arc is likely to be 

properly folded, as >90% is generally recovered in the supernatant after 

centrifugation at 200,000 × g for one hour. 
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FIGURE 2.1. Chemical cross-linking of Arc. His6-Arc (5 µM) was incubated for 1 hr at 
room temperature in the absence or presence of 10 or 35 mM of the zero-length cross-

linker, EDC. The reaction was quenched with 50 mM Tris and 0.5M βME. 
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2.2. Determination of the hydrodynamic radius of Arc by size-exclusion 

chromatography and dynamic light scattering.   

Proteins elute from gel filtration columns according to their hydrodynamic 

radii.  In the case of globular proteins (i.e., those having frictional ratios smaller 

than ~1.2), elution from columns calibrated with globular standards can yield 

reasonable estimates of protein molecular weights, and hence, their oligomeric 

states.  However, in the absence of additional structural information, molecular 

weights should not be derived from size-exclusion chromatography experiments 

alone.  To determine the radius, His6-Arc was chromatographed on a variety of 

matrices, including Superdex 75 (resolving range 3-75 kDa for globular proteins), 

Superdex 200 (resolving range 10-600 kDa) and Sephacryl 300 (resolving range 

10-1500 kDa).  Arc eluted as a single peak approximately at the void volume of 

the Superdex 75 column, but individual peaks were not satisfactorily resolved 

from either Superdex 200 or Sephacryl 300.  Most subsequent experiments were 

carried out using a column packed with Superose-6 (resolving range 5-5,000 

kDa), which gave the most satisfactory elution profiles. When elution volumes 

from this column were plotted against the Stokes’ radii of standards, the best fit 

calibration line through the points had an R2=0.987. Additionally, this was the 

only column capable of resolving the thyroglobulin dimer from the tetramer, but 

insufficient data regarding the tetramer radius prohibited using it as a standard.  
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FIGURE 2.2. Size-exclusion chromatography of His6-Arc. A pre-cleared solution of 
His6-Arc (16 µM) was injected onto a Superose 6 column and eluted with a flow speed of 

0.4 ml/min at 4°C. The broad elution pattern, monitored by Absorbance at 280 nm, is 
indicative of multiple oligomeric species. The predominant peak (2) eluted at ~14 ml 

between the marker proteins thyroglobulin (radius 8.5 nm) and ferritin (radius 6.1 nm). A 
smaller peak (1) eluted near, but not coincident with, the void volume of the column. The 

data shown are representative of triplicate measurements using two preparations. 
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His-Arc eluted from the column in two overlapping broad peaks (FIGURE 2.2), the 

first eluting prior to thyroglobulin dimer (but after the tetramer) and the second 

between thyroglobulin and ferritin. Given that the calibration standards eluted 

from this column as relatively sharp Gaussian peaks, it was evident from the 

elution profile that Arc represents a higher order self-associating system.  The two 

discernible Arc peaks indicated Stokes’ radii of approximately 7 nm and 13 nm.  

A second approach to estimate the radius of a protein is Dynamic Light 

Scattering (DLS), which yields the protein’s diffusion coefficient (D). This 

method resolves the apparent average radii of particles that differ in radius by 5-

fold. If multiple species with similar radii are present, the polydispersity 

parameter is used to express the degree of inhomogeneity within the peak. Indeed, 

the peak for His-Arc was polydisperse with an average calculated radius of 

approximately 13 nm (FIGURE 2.3). Diffusion coefficients of proteins in solution 

are dependent on their shapes and sizes.   As in size-exclusion chromatography, 

radii obtained from DLS can only be used to estimate molecular weights if the 

proteins are approximately spherical (or, using much more complicated 

calculations, if the natures of their equivalent ellipsoids are known).   Therefore, 

the major conclusion that I derive from the DLS data is that Arc can self-associate 

into multiple higher-order species. 
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FIGURE 2.3. Dynamic Light Scattering of Arc. A solution of His6-Arc (16 µM) was 
introduced into a Wyatt DynoPro DLS instrument and attached temperature-controlled 

MicroSampler pre-equilibrated to 4°C.  The data shown are representative of six 
measurements, each consisting of thirty 10 second scans at 90% laser intensity. The 

resulting peak accounts for >99.7% of the mass and >90% of the intensity. 
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2.3. Measurement of the sedimentation coefficient (S) of Arc by density 

gradient centrifugation.   

As stated, sedimentation velocity measurements of purified Arc in the 

analytical ultracentrifuge did not yield useful information, due to the presence of 

multiple species which could not be resolved, using either absorbance or 

interference optics. Therefore, I subjected the protein to sucrose density gradient 

centrifugation in the presence of marker proteins with well-established 

sedimentation coefficients.  In a typical experiment, two 10-40% sucrose 

gradients were prepared in 4 ml centrifuge tubes, one containing protein standard, 

the other containing pre-cleared His-Arc. Samples were then centrifuged at 

240,000 × g for 16 hr at 4oC. After centrifugation, the contents of the tubes were 

fractionated from the bottom and subjected to SDS-PAGE and Coomassie blue 

staining. Additionally, the sucrose concentration of each fraction was measured 

by refractometry and a calibration curve with the migration positions of BSA, 

aldolase, catalase and thyroglobulin standards (R2=0.99) was generated. 

Reminiscent of gel filtration, His-Arc had a broad migration pattern and appeared 

in almost every fraction, but with two predominant peaks; one between BSA and 

aldolase corresponding to a  sedimentation coefficient of ~6 S and the other 

beyond the largest marker, thyroglobulin, but not at the tube bottom, yielding a 

sedimentation coefficient of ~24.5 S (FIGURE 2.4).  
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FIGURE 2.4.  Density gradient centrifugation of Arc.  Pre-cleared 20 µM His6-Arc or 
protein standards (sample sizes 0.4 ml) were layered above a 4 ml 10-40% sucrose 
gradient and centrifuged at 240k × g for 16 h at 4°C in a SW60Ti rotor.  Following 

centrifugation, sucrose concentrations were measured by refractometry.  SDS-PAGE 
revealed that Arc has a broad migration pattern, but with two discernible peaks: one 
species migrating between the marker proteins BSA (4.3 S) and aldolase (7.3 S), the 

other migrating with a higher sedimentation coefficient than thyroglobulin (19.4 S).  The 
data shown are representative of 4 measurements performed using two Arc preparations. 
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The sedimentation coefficients obtained by density gradient centrifugation, 

combined with hydrodynamic radii from gel filtration allow calculation of the 

approximate molecular weights and degree of asymmetry of the two major Arc 

peaks.  These calculations were based on the following equations: 

 

Equation 1:  ƒ = 6πηR 

Equation 2:   S = M(1-νρ)/ NAƒ 

Equation 3:  M = NA4/3πR3/ν 

Equation 4:  ƒ/ƒo 

 

Where ƒ is the frictional coefficient, η is the viscosity of the solvent (~0.01 

g/cm*s), R is radius (cm), S is the sedimentation coefficient (10-13 s), M is mass 

of the protein (Dalton), ν is partial specific volume of the protein (~0.73 cm3/g), ρ 

is the solvent density (~1.0 g/cm3) and NA is Avogadro’s number (6.023 × 1023 

mol-1). 

Assuming the gel filtration peaks of radii ~7 and ~13.3 nm correspond to 

the sucrose gradient peaks of ~6 and ~24.5 S, respectively, combination of 

Equations 1 (Stokes’ law) and 2 (Svedberg equation) allow the masses of the two 

species to be estimated as ~181 kDa and ~1,408 kDa. When divided by the 

calculated monomer mass of His-Arc (47 kDa) these data indicate oligomeric 

states approximating a tetramer and a 30-mer. Assuming that the Arc tetramer is 
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the basic oligomeric species, the larger oligomer is likely to be a 28 or 32-mer 

comprising 7 or 8 Arc tetramers.  

Equation 3, which allows one to calculate the radius of a spherical particle 

having the mass and partial specific volume of the protein in question, yields the 

minimal radii of the two predominant Arc species: 3.7 nm for the smaller species; 

7.4 nm for the larger species. Introducing these minimal radii into the 

denominator of equation 4, and the measured radii into its numerator, frictional 

ratios of 1.8 - 1.9 are determined for both species.  These values suggest that Arc 

oligomers are very asymmetric.  Even assuming a standard level of protein 

hydration (~0.4 g water per g protein), a frictional ratio of 1.8 corresponds to an 

ellipsoid having an axial ratio of 9:1 ([39]).  Because the hydrodynamic 

calculations upon which this axial ratio is estimated are based on the properties of 

smooth-surfaced ellipsoids (which obviously does not apply to real rather than 

ideal proteins), we can conclude that the actual axial ratio of Arc is less than 9:1.  

For comparison, hemoglobin has a frictional ratio of ~1.1, whereas fibrinogen has 

a frictional ratio of ~2.3 ([40]).  Hemoglobin is an approximately spherical 

protein, whereas fibrinogen has a diameter of 9 nm and a length of 45 nm (axial 

ratio ~ 5:1) ([41]). 

 

 

 



20 

 

2.4. Visualization of Arc by electron microscopy. 

 The experimental evidence obtained to this point suggests that Arc self-

associates into multiple species, which will be extremely challenging to 

characterize unambiguously using available hydrodynamic and spectroscopic 

techniques. Therefore, estimates of Arc size and shape based on these methods 

should be viewed only as crude approximations. To confirm that Arc adopts 

multiple oligomeric states, I attempted to employ transmission electron 

microscopy to visualize negatively-stained Arc molecules, but was unsatisfied 

with the images that were generated.  Therefore, I prepared and sent samples of 

purified His-Arc to Dr. Daniel Southworth (University of California at San 

Francisco) who fixed a solution containing 1 µM protein using uranyl formate 

negative stain and visualized the sample by electron microscopy (EM) at 50,000 × 

magnification.  Four main features were discerned: 1. a significant number of very 

large, heterogeneous aggregates; 2. smaller (~16 nm diameter) particles; 3. 

globular complexes (~8 nm diameter) that appeared relatively structured and 

uniform; and 4. smaller (2-5 nm diameter) particles that were also roughly 

globular. FIGURE 2.5 shows a representative area of the grid, with the three major 

classes of homogeneous species in boxes.     
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FIGURE 2.5.  Electron microscopic images of Arc.  His6-Arc in 100 mM NaCl was 
negatively stained in uranyl formate and imaged at 50,000 × magnification, 0.22 

nm/pixel, 120 keV. Images on the right show that Arc self-associates into particles 
consistent with diameters ranging from 5-16 nm. These data were obtained by Dr. Dan 
Southworth, laboratory of Dr. David Agard, University of California, San Francisco. 
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Using Equation 3 above, the molecular masses of spherical proteins with 

diameters of 5, 8, and 16 nm are approximately 54 kDa, 221 kDa, and 1.77 MDa, 

respectively, consistent with oligomeric states of monomer, tetramer, and 32-mer. 

Although there is reasonable agreement between these oligomeric states and those 

calculated from hydrodynamic data, it must be pointed out that the EM-derived 

oligomeric states were based on the assumption that Arc complexes are globular, 

whereas the hydrodynamic measurements suggest that they are asymmetric. 

Moreover, no attempts have yet been made to quantify the relative particle size 

distribution in the electron micrographs, so it is currently impossible to relate 

these negatively-stained species to either of the two major species observed in gel 

filtration and density gradient experiments. Nevertheless, EM confirms that Arc 

exists in a variety of oligomeric states.  

 

III. DISCUSSION 

At present the quaternary structure of Arc is unknown. However, if Arc serves as 

a scaffold during endocytosis, its tendency to self-associate into higher-order 

oligomers is likely to occur at the plasma membrane, and may be influenced by its 

association with membranes. My attempts to define the oligomeric state(s) of Arc 

in solution have not been completely conclusive, but I have detected two 

predominant species by both size-exclusion chromatography and sucrose gradient 

centrifugation which may correspond to tetramers and 32-mers. Although Arc can 
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form higher order oligomers, it differs from cytoskeletal filamentous systems in 

that it appears to have an upper boundary of size distributions.  For example, Arc 

does not form species which are large enough to be pelleted by 200,000 × g for 

over an hour. In addition, the turbidity (measured at 330 nm) of solutions 

containing up to 5 µM Arc is undetectable (see below).  According to the 

Rayleigh principle for small scatterers, appreciable scattering is evident only if the 

radius of the species in solution is larger than 1/10th the wavelength of light, or, in 

this case, 33 nm. Because Arc does not produce any observable scattering it has a 

functionally defined upper limit to its size. Although it has proven difficult to 

ascertain the precise oligomeric states of Arc, I conclude from the data presented 

in this Chapter that it has a defined range from monomer to approximately a 32-

mer, with the tetramer and 32-mer likely being the predominant species. 
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CHAPTER 3 

Specific enhancement and stabilization of the polymerization and 

GTPase activities of dynamins 2 & 3 by Arc 

I. INTRODUCTION 

As stated in Chapter 1, emerging evidence supports the view that Arc 

promotes endocytosis of synaptic AMPA receptors, although the mechanism(s) 

underlying this activity remain unclear. Data from the Worley laboratory propose 

a direct interaction between Arc and two elements of the membrane budding 

machinery, dynamin and endophilin ([18]), suggesting that Arc may facilitate an 

early step in the endocytic process, perhaps the constriction and scission of the 

plasma membrane at sites of vesiculation. To determine the functional 

significance of the Arc-dynamin interaction I examined the effects of Arc on the 

two best-characterized properties of dynamin: concentration-dependent 

polymerization and assembly-dependent GTPase activation.  These in vitro 

properties are believed to reflect essential in vivo activities of dynamin, as 

mutants which fail to polymerize or to catalyze the hydrolysis of GTP in vitro also 

fail to support endocytosis in cells. 

  In this Chapter I present data obtained using purified, recombinant 

proteins that address the following questions: 

 1. Does Arc bind preferentially to a specific form of dynamin?    
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 2. Does Arc influence the ability of dynamin(s) to self-assemble? 

 3. Does Arc stabilize dynamin polymers? 

 4. Does Arc affect dynamin GTPase activity?  

 

II. RESULTS 

3.1. Analysis of the specificity of Arc-dynamin interactions. 

In a yeast two-hybrid screen to identify Arc-binding partners, Chowdhury 

et al. (2006) identified an interacting clone that contained the C-terminal portion 

(residues 503-871) of dynamin 2. They confirmed this interaction by co-

immunoprecipitation of this dynamin fragment with Arc, using anti-Arc 

antibodies, from extracts of co-transfected HEK293 cells.  Finally, they showed 

that Arc can bind to endogenous dynamin in tissues by detecting dynamin in anti-

Arc immunoprecipitates from rat brain lysates.  Although the monoclonal 

antibody used to identify dynamin in these studies (HuDy-1) had been raised 

against dynamin 1, it recognizes an epitope (residues 822-838) that is 65% 

identical to the corresponding sequence in dynamin 2.  Indeed, HuDy-1 has been 

used to localize both dynamins 1 and 2 in cells ([42, 43]).  Therefore, to date only 

the interaction between Arc and dynamin 2 has been suggested biochemically. 

Here I verify that Arc binds directly to purified full-length dynamin 2, and 

also demonstrate that Arc can bind to dynamins 1 and 3.  To our knowledge, 

dynamin 3 had not previously been purified or characterized, but its potential 
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interaction with Arc could be significant because, similarly to Arc, this dynamin 

isoform has important post-synaptic functions ([44-46]).  In contrast, dynamin 1 is 

found predominantly in pre-synaptic regions of neurons, where it participates in 

rapid recycling of synaptic vesicles ([47])   

I first employed GST pull-down assays to monitor the Arc-dynamin 

interaction.  Dynamins 1, 2, and 3 were expressed in baculovirus-infected Sf9 

cells and incubated with glutathione beads coated with GST-Arc or, as controls, 

GST alone.  Following low-speed centrifugation to pull down the beads, the 

precipitated complexes were analyzed by SDS gel electrophoresis.  As shown in 

FIGURE 3.1, Arc interacts with dynamin 2 and, to a lesser extent, with dynamin 3. 

In contrast, binding to dynamin 1 was nearly undetectable.  It is also evident from 

this figure that Arc binds appreciably to dynamins 2 and 3 only at low ionic 

strength (in buffer containing 50 mM NaCl), suggesting that these interactions are 

determined, at least in part, by electrostatic forces. However, this simple 

interpretation is complicated by the sensitivity of dynamin self-assembly to ionic 

strength.  At room temperature, polymers of dynamins 2 and 3 would be expected 

to form at 50 mM NaCl, but not at 75 and 100 mM NaCl.  Thus, an alternative 

explanation for the data in FIGURE 3.1 is that Arc can only bind to polymerized 

dynamins. 

To test whether Arc binds to polymerized dynamin 1, co-sedimentation 

assays were performed under conditions that allowed dynamin 1 to self-assemble, 



27 

 

i.e., 2 µM dynamin, 40 mM NaCl, and 37oC. As shown in FIGURE 3.2, under 

these conditions ~10% of 4 µM Arc pelleted in the absence of dynamin 1, 

whereas ~80% pelleted in its presence.  Thus, Arc is able to interact with all three 

mammalian forms of dynamin but, at least in the case of dynamin 1, binding 

occurs preferentially to polymerized dynamin. 
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FIGURE 3.1.  Analysis of the interactions between GST-Arc and the three dynamin 
isoforms.  GST (control) or GST-Arc (4 µM) bound to glutathione resin were incubated 
with dynamins 1, 2 or 3 (1 µM) in 50, 75 or 100 mM NaCl for 15 min at 22°C.  Samples 

were then subjected to low speed centrifugation to separate bound (pellet) from free 
(supernatant) dynamins.  Pellets were resuspended to the original volumes.  Coomassie 

blue-stained gels of supernatants (S) and pellets (P) are shown. 
 



29 

 

 

 

 

 

 

 

 

FIGURE 3.2.  Interaction of Arc with polymerized dynamin 1.  dynamin 1 (2 µM) was 
pre-assembled by dilution into low ionic strength buffer containing 40 mM NaCl for 30 
min at 37°C, then incubated for a further 30 min in the presence or absence of  His6-Arc 
(4 µM).  Samples were subjected to high speed centrifugation (320k × g for 15 min at 

22oC), and the resulting pellets (P) and supernatants (S) were electrophoresed.  
Quantification of the gels by intensity scanning revealed that ~80 % of Arc redistributes 

to the pellet in the presence of dynamin 1. 
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3.2. Arc stimulation of the GTPase activities of dynamin 2 and 3. 

I next checked whether the GTPase activities of dynamins were affected 

by the presence of Arc.  At 0.1 µM dynamin concentrations, His6-Arc stimulated 

GTPase activity of dynamin 2 from approximately 50 min-1 to 100 min-1 (FIGURE 

3.3 A) and dynamin 3 from 80 min-1 to 120 min-1 of (FIGURE 3.3 B), peaking at 

~0.5 µM Arc, when assayed at 37°C in 50 mM NaCl. It is worth noting that this 

study represented the first in vitro characterization of dynamin 3.  Arc did not 

stimulate dynamin 1 GTPase activity (FIGURE 3.3 A), even under conditions 

wherein Arc binds to preformed dynamin 1 polymers, as mentioned above (not 

shown). To verify that our dynamin 1 preparations were catalytically competent, I 

ascertained that their GTPase activities were stimulated by GST-Grb2 which 

cross-links dynamins by binding to their C-terminal proline/arginine-rich domains 

(PRDs) ([48, 49]). As shown in FIGURE 3.3 C, GST-Grb2 stimulated the GTPase 

activity of dynamin 1 approximately 40-fold under conditions wherein Arc had no 

effect on activity. 

Dynamin activity is tightly linked to its state of self-association. The 

specific GTPase activities of dynamins 1 and 2 increase as a function of protein 

concentration, reflective of the higher catalytic activities of assembled vs. 

unassembled dynamins ([50]). Dynamin 2 has a greater ability to self-assemble 

than dynamin 1, and expresses at least ten-fold higher GTPase activity (~100 min-

1 vs. ~10 min-1 at  1 µM dynamin concentrations) ([51]). 
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FIGURE 3.3.  Stimulation of the GTPase activities of dynamins 2 and 3 by Arc.  A.  
GTPase activities of dynamin 1 (●) or dynamin 2 (○) measured as a function of the 

concentration of His6-Arc.  B. GTPase activity of dynamin 3 measured as a function of 
His6-Arc concentration.  C. GTPase activity of dynamin 1 assayed in the presence or 

absence of His6-Arc (●) or GST-Grb2 (○).  All activities were performed using 0.1 µM 
dynamin for 1 min at 37oC in buffer containing 50 mM NaCl.  Data represent the mean 

(+/- SD) of triplicate measurements from 3 experiments. 
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I found that in this respect dynamin 3 behaves like dynamin 2, i.e., its 

concentration dependent GTPase activity is almost identical to that of dynamin 2. 

To determine if Arc shifts the dynamin concentration dependent activity curve, I 

measured the activities of dynamins 2 and 3 in the presence or absence of 0.5 µM 

Arc as a function of dynamin concentration (FIGURE 3.4).  Although Arc did not 

stimulate the activity of dynamin 1, it potentiated the activities of dynamins 2 and 

3, shifting the dynamin concentration required for half-maximal activation from 

0.05 µM to 0.02 µM for dynamin 2 and from 0.03 µM to 0.02 µM for dynamins 

3.  For the previous GTPase experiments, the length of the assay was kept to a 

short 1 min, such that the rate of released phosphate is close to the initial 

enzymatic rate. Shorter times are possible but become increasingly difficult.  

As stated, dynamin GTPase activities are tightly linked to the states of 

assembly of dynamins.  Therefore, because dynamins disassemble upon addition 

of GTP, their specific activities also decrease steadily, in close correspondence 

with their rates of depolymerization.  Indeed, we are unable to determine initial 

rates of hydrolysis, and compromise by conducting most assays over a one minute 

time course.  However, we were surprised to observe that the specific GTPase 

activities of dynamins 2 and 3 remained relatively stable for at least 20 min.  

Consequently, Arc-dependent activation of dynamin GTPase activities was much 

more evident in 20 min assays (FIGURE 3.5 A and B) than in the more commonly 

used 1 min assays.  FIGURE 3.5 C shows the change in specific activity of 
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dynamin 2, measured over 1 or 2.5 min intervals, over a 20 min period.  The data 

clearly demonstrate that the GTPase activity of dynamin 2 alone decreased 

profoundly within 5 min of addition of GTP, whereas ~70% of the initial specific 

activity was maintained even 20 min after GTP addition if the assays were 

performed in the presence of Arc. These results provided the first clue that Arc 

might function as a stabilizer of dynamin polymers.  
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FIGURE 3.4.  Effect of Arc on the concentration-dependent GTPase activation of 
dynamins 2 and 3.  The GTPase activities of dynamin 2 (panel A) and dynamin 3 (panel 
B) were assayed for 1 min in 50 mM NaCl  at 37oC in the absence (●) or presence (○) of 

0.5 µM His6-Arc.  Data represent the mean (+/- SD) of three experiments, each 
performed in triplicate. 
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FIGURE 3.5.  Stabilization of the specific GTPase activity of dynamin 2 by Arc. 
Dynamin 2 (panel A) and 3 (panel B) were incubated in the absence or presence of 0.5 

µM His6-Arc for 20 minutes in 50 mM NaCl at 37oC. Activation of 0.1 µM dynamin 2 or 
3 ranged from approximately 3 to 5-fold averaged across the 20 min assay. Dynamin 2 
GTPase activity (panel C) was measured in the absence (●) or presence (○) of 0.5 µM 
His6-Arc. Each point corresponds to the average percent of maximal specific activity 
across a 1 min (points below 10 min) or 2.5 min (points above 10 min) time interval. 

Data represent the mean (+/- SD) of triplicate measurements from 3 experiments. 
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3.3. Enhancement and stabilization of polymerized dynamin 2 & 3 by Arc. 

 The self-activated GTPase activity of dynamin is highly dependent on its 

state of polymerization and, similarly to GST-Grb2, it is likely that Arc stimulates 

the activity of dynamin by further enhancing its polymerized state. I confirmed 

these results using a sedimentation assay, which also allowed quantification of the 

amounts of dynamin that assemble in the presence or absence of Arc. To ensure 

that not all of dynamins 2 or 3 would assemble even in the absence of Arc, assays 

were conducted at an NaCl concentration of 75 mM NaCl.  Upon dilution into this 

intermediate salt buffer, both dynamins 2 and 3 at 1 µM concentration partially 

self-assembled into sedimentable structures, with approximately 40% of 

dynamins pelleting after high-speed centrifugation for 15 min at 22°C (FIGURE 

3.6).  Strikingly, approximately 80% of dynamins 2 and 3 pelleted in the presence 

of 4 µM Arc, and ~25% of His6-Arc co-sedimented with dynamins 2 and 3, 

whereas Arc alone remained almost entirely in the supernatant. 
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FIGURE 3.6.  Enhancement of dynamin 2 and dynamin 3 assembly by Arc.  
Dynamins 2 and 3 (1 µM) were assembled by dilution from buffer containing 300 mM 

NaCl into buffer containing 75 mM NaCl and incubation, in the presence or absence of  4 
µM His6-Arc, for 15 min at 22°C. Supernatants (S) and pellets (P) obtained after high-

speed centrifugation were subjected to SDS-PAGE and Coomassie blue staining. 
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Dynamin self-assembly can also be detected by increases in turbidity 

(apparent absorbance at 330 nm), which allows the time-course of assembly into 

rings and coils to be monitored ([52]).  Thus, a turbidity assay was used to test the 

possibility that Arc stimulates the GTPase activities of dynamins 2 and 3 by 

enhancing their ability to polymerize. FIGURE 3.7 shows that the turbidity of 

solutions containing 0.6 µM dynamin 2, increased upon reduction of NaCl 

concentration from 300 mM to 75 mM at 22°C. The turbidity of dynamin 1-

containing solutions did not increase under these conditions, regardless of the 

presence of Arc. Room temperature and 75 mM salt conditions ensured there 

would be sufficient free dynamin for further polymerization.  

Prior to these investigations, the self-assembly properties of dynamin 3 

had not been examined. Therefore, it was not known whether this isoform 

displays the low or high propensity to polymerize as dynamin 1 or 2, respectively. 

Turbidity measurements clearly showed that dynamin 3 is more similar to 

dynamin 2 than dynamin 1 in terms of its ability to polymerize (FIGURE 3.7, right 

panel). Turbidity increases of dynamin 2 and 3 solutions were much more rapid 

and pronounced in the presence of 1 µM Arc and it is clear that dynamin alone 

plateaus below the levels reached in the presence of Arc.  
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FIGURE 3.7. Enhancement of dynamin 2 and dynamin 3 assembly by Arc.  Dynamin 
polymerization, initiated by reduction of NaCl concentration from 300 mM to 75 mM at 
22oC, was monitored by measuring increases in turbidity (apparent Absorbance) at 330 

nm. The left panel shows the time courses of assembly of 0.6 µM dynamin 2 in the 
presence (blue) or absence (green) of 1 µM His6-Arc, and of 2 µM dynamin 1 in the 

absence or presence of 2 µM His6-Arc (pink).  The right panel shows the time courses of 
assembly of 0.6 µM dynamin 3 in the presence (blue) or absence (red) of 1 µM His6-Arc. 
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Thus, both the turbidity and pelleting assays demonstrate that Arc enhances the 

assembly of dynamins 2 or 3, but has no effect on the assembly of dynamin 1.   

 Having established that Arc enhances dynamin polymerization, I next 

examined whether Arc can also stabilize dynamin polymers against disassembly 

by GTP.  Dynamin 2 (final concentration 1 µM) was allowed to polymerize in the 

presence or absence of 0.5 µM or 1 µM His6-Arc for 10 min at 37°C in buffer 

containing either 50 mM, 75 mM or 100 mM NaCl. At the 10 min time point a 

very small volume of MgGTP was added to the cuvette to achieve final 

concentrations identical to those used in GTPase assays. 

At 50 mM NaCl and 37oC, 1 µM dynamin 2 is predominantly in the 

assembled state. Therefore, only slight enhancement of polymerization by 0.5 µM 

and 1 µM Arc was detectable. However, there was a striking increase in the 

resistance of dynamin against destabilization by MgGTP in the presence of Arc, 

with the turbidity of dynamin alone solutions decreasing rapidly by ~80%, but 

decreasing only by 30% and 15% in the presence of 0.5 µM  and 1 µM Arc, 

respectively (FIGURE 3.8 A and B). At 75 and 100 mM NaCl, the enhancement of 

both the rate and extent of dynamin 2 and 3 (not shown) assembly by Arc became 

evident, and the stabilization against MgGTP-dependent disassembly was 

pronounced, although less so than at 50 mM NaCl (FIGURE 3.8 C and D). 
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FIGURE 3.8. Stabilization of dynamin 2 polymers by Arc. Polymerization and 
stabilization of 1 µM dynamin 2 was initiated by dilution of a stock dynamin solution 

containing 300 mM NaCl into buffers containing final a NaCl concentration of 50 mM at 
37°C to determine the concentration dependence on His6-Arc (A). Mg2+ (2 mM) and GTP 

(1 mM) were added at the designated times (arrows). Time courses of polymerization 
were monitored by measuring increases in turbidity at 330 nm. Similar procedures were 
used for polymerization of dynamin 2 by 1 µM His6-Arc in buffers with 50 mM (B), 75 

mM (C) and 100 mM (D) NaCl. 
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III. DISCUSSION 

In this Chapter I demonstrate that Arc binds preferentially to the two forms of 

dynamin that are found in the neuronal dendrites, dynamins 2 and 3. Binding to 

dynamin 1, which is enriched in presynaptic terminals and functions in synaptic 

vesicle recycling, could only be detected under conditions that allow dynamin 1 to 

polymerize. Nevertheless, as Arc presumably serves strictly post-synaptic 

functions, potential interactions with dynamin 1 are not likely to have 

physiological relevance. I further showed that Arc increases the rate and extent of 

dynamin 2 assembly, and stabilizes dynamin 2 polymers against disassembly by 

MgGTP and salt. These results suggest that Arc may serve as a scaffold in 

neuronal dendrites to facilitate the formation of dynamin polymers around 

endosomes in the process of internalizing AMPA receptors. Future in-cell studies, 

perhaps using total internal reflection microscopy (TIRF) microscopy, will be 

required to verify that Arc and dynamin 2 co-assemble on clathrin-coated pits.  In 

addition, the central question of the specificity of Arc in promoting endocytosis of 

AMPA receptors (and not of, e.g., NMDA or GABA receptors) remains to be 

explored, as dynamin does not display such specificity. 
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CHAPTER 4 

Elucidation of Arc-dynamin functional interactions 

I. INTRODUCTION 

Data presented in Chapter 3 demonstrate that Arc stabilizes dynamin 

polymers and, hence, allows dynamin to express assembly-dependent GTPase 

activity over prolonged time periods. As shown in Chapter 2, Arc is a self-

associating protein, and this property may explain its ability to promote dynamin 

polymerization and stabilization.  In this Chapter, attempts are made to identify 

and characterize interaction sites in the Arc and dynamin molecules.  To date, the 

report by Chowdhury et al. (2006) is the only one to address this question.  Using 

a combination of yeast two-hybrid analysis and pull-down assays, those authors 

suggested that the Pleckstrin Homology (PH) domain is the major Arc-binding 

site in dynamin and that amino acids 195-214 represent the major dynamin-

binding site in Arc.  My initial goal was to confirm these published results, and 

then to determine if additional (or alternative) regions in the two proteins 

contribute to the interaction.   

Although the dynamin PH domain has been primarily characterized for its 

role in binding to phosphoinositide lipids ([53-56]), it has also been implicated in 

protein-protein interactions, specifically with βγ subunits of heterotrimeric G 

proteins ([57] [31]), which appear to function as negative regulators of dynamin 
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GTPase activity, and with syndecan 4, which may link dynamin to the 

extracellular matrix ([30]).  The putative association of Arc with the PH domain 

raises several important questions.  For example, does Arc compete with 

phosphoinositides for binding to dynamin?  If not, do phosphoinositides and Arc 

activate dynamin GTPase activity in an additive or synergistic manner?  Finally, 

do mutations in the dynamin 2 PH domain, which have been identified in patients 

with Charcot-Marie-Tooth disease and Centronuclear Myopathies ([58]) influence 

the dynamin-Arc interaction? 

Residues 195-214 of Arc have been identified by deletion analysis as 

being necessary for dynamin binding ([18]), but it has not yet been established 

whether these residues are sufficient for binding.  In the original identification of 

Arc by Lyford et al. ([2]), the Spectrin Repeat Homology (SRH) domain was 

reported in the text as comprising residues 155-316, but in a sequence alignment 

in the same paper the SRH spanned residues 228-375.  If the text assignment is 

correct, the putative dynamin-binding region of Arc is within the SRH domain, 

which may be significant if this domain is important in mediating Arc interactions 

with the cytoskeleton.     

The findings presented in this Chapter must be developed further, but they 

extend, and in some cases differ with, the published data regarding the molecular 

determinants of the Arc-dynamin interaction ([18]).  For example, my results 

indicated that the PH domain alone does not bind to Arc, and that the C-terminal 
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PRD of dynamin is required for binding.  The importance of the PRD was 

highlighted by analyses of the interaction of Arc with two dynamin chimeras: 

dynamin 112 and dynamin 221, in which the PRDs of the two dynamin isoforms 

have been exchanged, e.g. 112 is dynamin 1 with the PRD of 2.  As shown in 

Chapter 2, Arc binds preferentially to dynamin 2 over dynamin 1, and enhances 

the assembly and GTPase activation of dynamin 2 but not those of dynamin 1.  

Consistent with a role for the PRD in mediating these differences, Arc 

preferentially activated dynamin 112 over dynamin 112.  Moreover, it was found 

that deletion of residues 195-214 from Arc did not interfere with its binding to 

dynamin.    

 

II. RESULTS 

4.1. Failure of Arc to interact with the dynamin 2 PH domain. 

Chowdhury et al. (2006) showed that a dynamin 2 fragment consisting of 

residues 503-871 co-immunoprecipitates with Arc, whereas a fragment consisting 

of residues 612-871 of dynamin 2 does not co-immunoprecipitate.  Based on these 

results, they concluded that residues 503-611 are necessary for the Arc-dynamin 

interaction.  This segment contains almost the entire dynamin 2 PH domain 

(residues 519-625), as well as residues 503-518 of the middle domain.  To 

determine if the PH domain is sufficient for Arc binding, I mixed the GST-PH 

domain (4 μM) with His6-Arc (1 or 2 μM) and tested whether the two proteins co-
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sedimented upon addition of glutathione beads (to pull down GST-PH) or Ni2+ 

resin (to pull down His6-Arc). As shown in FIGURE 4.1, neither of these 

experiments revealed detectable binding between His6-Arc and GST-PH, 

suggesting that the dynamin molecule contains additional, or alternative, Arc 

binding sites. 

 

4.2. Requirement of the dynamin 2 PRD for Arc binding.   

The dynamin PRD mediates most of the interactions of dynamin with 

other proteins.  The majority of these PRD-binding proteins do so via their SH3 

domains, although electrostatic interactions (e.g., with microtubules) have also 

been described.  In view of the acidic nature of Arc, and the aforementioned 

failure of Arc to bind to the dynamin 2 PH domain, the potential participation of 

the PRD in Arc binding was examined. Unfortunately, it proved impossible to 

obtain sufficient amounts of soluble, recombinant PRD to directly measure its 

association with Arc. Therefore, I tested whether Arc binds to a dynamin 2 

construct lacking the PRD (dynamin 2 ΔPRD). 
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FIGURE 4.1. Pull-down assays to test for direct interaction between Arc and the 
dynamin 2 PH domain. Left panel: His6-Arc (1 µM) bound to Ni2+ NTA resin, or Ni2+ 

NTA resin alone (as control), were incubated with 4 µM GST-tagged dynamin 2 PH 
domain in 75 mM NaCl for 15 min at 22°C. Samples were then centrifuged at low speed 
and the resulting pellets (P, resuspended to the initial volume) and supernatants (S) were 
subjected to SDS-PAGE and Coomassie blue staining.  Right panel: GST (control) and 
GST-tagged dynamin 2 PH domain (4 µM) bound to glutathione resin were incubated 

with His6-Arc (2 µM) in 75 mM NaCl for 15 min at 22°C prior to low speed 
centrifugation, SDS-PAGE, and  Coomassie blue staining, as in the left panel. 
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 A GST pull down assay utilizing 1 μM Dyn 2 ΔPRD and 4 μM of either 

GST or GST-Arc bound to GSH resin revealed that in the presence of GST-Arc 

there was no additional Dyn 2 ΔPRD found in the pellet compared to the GST 

control (FIGURE 4.2). To confirm the importance of the PRD for Arc binding to 

dynamin 2, His6-Arc was incubated with Dyn 2 ΔPRD under conditions favorable 

for dynamin polymerization, and the ability of Arc to co-sediment with dynamin 

polymers following high-speed centrifugation was analyzed.  His6-Arc distributed 

almost entirely to the supernatant whether in the presence or absence of Dyn 2 

ΔPRD, indicating that even in the polymerized state Dyn 2 ΔPRD did not interact 

with Arc (FIGURE 4.3). 

Having established the significance of the PRD for the interaction of Arc 

with dynamin 2, I next asked whether Arc binds preferentially to the PRD of one 

dynamin over another. Although the PRDs of all three forms of dynamin are 

proline-rich and basic, their sequences are the most diverse among the five 

dynamin domains. To perform these studies, I took advantage of two dynamin 

hybrid constructs generated by Dr. L. Wang: Dyn1(PRD2), also termed Dyn 112, 

and Dyn2(PRD1), also termed Dyn 221, in which the PRDs of dynamins 1 and 2 

have been interchanged. As shown in FIGURE 4.4, Dyn 112 redistributed almost 

completely from the supernatant of a low-speed spin to the pellet when incubated 

with glutathione beads coupled to GST-Arc. 
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FIGURE 4.2. GST-Arc pull down with dynamin 2 ΔPRD. GST (control) and GST-Arc 
(4 µM) bound to glutathione resin were incubated with dynamin 2 ΔPRD (1 µM) in 75 
mM NaCl for 15 min at 22°C prior to low speed centrifugation. Coomassie blue-stained 

supernatants (S) and pellets (P) from gels are shown. 
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FIGURE 4.3. Failure of Arc to co-sediment with assembled dynamin 2 ΔPRD.  Left: 
Dynamin 2 ΔPRD (1 µM) was allowed to polymerize by dilution from buffer containing 
300 mM NaCl into low salt (75 mM NaCl) buffer followed by incubation for 15 min at 

22°C in the presence or absence of His6-Arc (4 µM) and high-speed centrifugation. 
Right:  Centrifugation of His6-Arc under identical conditions but in the absence of 

dynamin. The migration positions of dynamin and Arc are shown. 
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Dyn 221 also bound to GST-Arc, although somewhat less efficiently than Dyn 

112. Thus, differences between the dynamin 1 and 2 PRDs cannot account for the 

selectivity in Arc binding shown in FIGURE 3.1. To confirm that Arc interacts 

with both Dyn 112 and Dyn 221, the two dynamin hybrids were allowed to 

polymerize, in the presence or absence of His6-Arc, by dilution from 300 mM to 

75 mM NaCl-containing buffer. The ability of Arc to co-sediment with these 

dynamin polymers was examined. A recent study from our laboratory 

demonstrated that both Dyn 112 and Dyn 221 self-assemble upon dilution into 

low-salt buffers ([59]), and this result was confirmed (FIGURE 4.5). As before, 

Arc bound to polymers assembled from both forms of dynamin hybrid, although 

preferentially to Dyn 112 over Dyn 221.  

 

4.3. Role of the PRD in Arc-dependent stimulation of dynamin GTPase 

activity.   

As shown above, Arc binds to pre-assembled dynamin 1, but does not 

stimulate its GTPase activity, whereas Arc both binds to and activates dynamin 2.  

To determine if differences in the PRDs of the two dynamins could be responsible 

for the ability of Arc to stimulate the activity of dynamin 2 but not dynamin 1, the 

effects of Arc on the activities of the two dynamin hybrids were examined. 
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FIGURE 4.4. Association of GST-Arc with Dyn 112 and Dyn 221. GST (control) and 
GST-Arc (4 µM) bound to glutathione resin were incubated with 1 µM concentrations of 

a dynamin 1 construct containing the PRD of dynamin 2 (Dyn 112) or a dynamin 2 
construct containing the PRD of dynamin 1 (Dyn 221) in 75 mM NaCl for 15 min at 

22°C prior to low speed centrifugation.  Coomassie blue-stained SDS gels of supernatants 
(S) and pellets (P) are shown. 
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FIGURE 4.5. Co-sedimentation of Arc with assembled Dyn 112 and Dyn 221.  
Dynamin hybrids (1 µM) were allowed to polymerize by dilution from buffer containing 

300 mM NaCl into buffer containing 75 mM NaCl and incubation, in the presence or 
absence of His6-Arc (4 µM), for 15 min at 22°C. Supernatants (S) and pellets (P) 
obtained after high-speed centrifugation were electrophoresed and stained with 

Coomassie blue. 
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After confirming that Arc does not stimulate the GTPase activity of Dyn 2 

ΔPRD (FIGURE 4.6), as expected from its failure to bind to this construct, I tested 

whether Arc influences the activities of Dyn 112 or Dyn 221. GTPase assays 

conducted as a function of His6-Arc concentration revealed striking differences in 

activation between the two hybrids. Dyn 112 alone expressed an activity slightly 

below that of wild-type dynamin 2, but was stimulated to a comparable level by 

Arc.  In contrast, Dyn 221 alone expressed a slightly higher activity than dynamin 

1, but was incapable of being activated by Arc (FIGURE 4.6). These results 

suggest that the PRD of dynamin 2 is necessary both for binding to Arc and for 

Arc-dependent stimulation of its GTPase activity. Although the PRD of dynamin 

1 is also necessary for its binding to Arc, it is not sufficient to allow activation of 

GTPase activity by Arc, either in wild-type dynamin 1 or in the context of 

dynamin 2. 

 

4.4. Generation of Arc fragments for identification of functional 

determinants.  

The Arc molecule contains a potential coiled-coil forming segment 

(residues 50-80), a spectrin repeat homology (SRH) domain extending from 

residues 228-375 (although this domain has been reported elsewhere to comprise 

residues 155-316), and a PEST sequence (residues 351-391) that may be involved 

enhancing the proteasomal breakdown of Arc.  
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FIGURE 4.6. The PRD of dynamin 2 is required for Arc-stimulated dynamin GTPase 
activity. Activities of dynamin 112 (○), dynamin 221 (●), and dynamin 2 ΔPRD (□) were 

assayed as a function of the concentration of His6-Arc for 20 min in 50 mM NaCl at 
37°C. Data represent means of triplicate measurements from a single experiment for 

dynamin hybrids, and means (+/- SD) of triplicate measurements from two experiments 
for dynamin 2 ΔPRD. 
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FIGURE 4.7. Schematic diagram of Arc constructs used in this study.  Constructs 
generated include, from top to bottom in the figure, a C-terminal truncation construct 
lacking residues 228-396 (and, thus, lacking the SRH domain), an internal deletion 
construct lacking the coiled-coil segment (residues 50-80), a C-terminal fragment 

extending from residues 228-396, which contains the SRH domain, a deletion construct 
lacking the putative dynamin-binding residues (195-214), an N-terminal deletion 

construct lacking residues 1-49, and a deletion construct lacking the so-called “middle 
domain” (residues 81-227). 
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Regions necessary for endophilin binding (residues 89-100) and dynamin binding 

(residues 195-214) were identified by Chowdhury et al. (2006). To identify the 

determinants in Arc that are necessary and/or sufficient for activation of dynamin 

GTPase activity, I generated a series of constructs, shown schematically in 

FIGURE 4.7.  

 

4.5. Residues 195-214 of Arc are not the sole determinants of dynamin 2 

binding.   

Contrary to published findings ([18]), an Arc construct lacking residues 

195-214 was found to interact with polymerized dynamin 2, as determined using a 

co-sedimentation assay (FIGURE 4.8). Thus, Arc contains additional (or 

alternative) dynamin-binding sites. Interestingly, ArcΔ195-214 did not increase 

the amount of dynamin 2 that polymerized, in contrast to results obtained using 

full-length Arc (see FIGURE 3.6). Although ArcΔ195-214 was also able to 

stimulate the GTPase activity of dynamin 2, higher concentrations of the mutant 

Arc were required to achieve maximal activation, compared to wild-type Arc 

(FIGURE 4.9). 
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FIGURE 4.8. Co-sedimentation of ArcΔ195-214 with assembled dynamin 2. Dynamin 
2 (1 µM) was assembled by dilution from buffer containing 300 mM NaCl into buffer 

containing 75 mM NaCl and incubation, in the presence or absence of  2 µM His6-
ArcΔ195-214, for 15 min at 22°C. Supernatants (S) and pellets (P) obtained after high-

speed centrifugation were subjected to SDS-PAGE and Coomassie blue staining. 
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FIGURE 4.9. Stimulation of the GTPase activity of dynamin 2 by ArcΔ195-214. The 
activity of dynamin 2 was assayed as a function of His6-ArcΔ195-214 concentration for 

20 min in 50 mM NaCl at 37°C.  Results represent the means (+/- SD) of triplicate 
measurements from two experiments. 
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4.6. Requirement of the Arc “middle” domain for binding to dynamin.   

Because removal of residues 195-214 from Arc did not abolish its interactions 

with dynamin 2, an effort was undertaken to identify other portions of the Arc 

molecule that may bind to dynamin. The first segment of Arc to be examined was 

the SRH domain, as this is the largest and best-defined potential domain in the 

protein. A co-sedimentation assay was used to determine the dynamin binding 

properties of an Arc construct lacking the SRH domain (ArcΔSRH, truncated at 

residue 227 and, hence, also lacking the portion of the C-terminus that extends 

beyond the SRH domain) and of the SRH domain itself (SRH, comprising 

residues 228-396 and, hence, including a portion C-terminal to the SRH domain). 

As shown in FIGURE 4.10, ArcΔSRH redistributed to the pellet to a larger extent 

that wild-type Arc following high-speed centrifugation to sediment dynamin 

polymers, whereas SRH did not redistribute. Thus, the N-terminal 227 residues 

contain dynamin interaction determinants, but the SRH domain is not sufficient to 

support dynamin binding. However, unlike full-length Arc, ArcΔSRH did not 

induce further polymerization of dynamin 2.  As expected from the results of 

these binding assays, SRH had no effect on the GTPase activity of dynamin 2 

(FIGURE 4.11).  
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FIGURE 4.10. Co-sedimentation analysis of the binding of ArcΔSRH and SRH to 
assembled dynamin 2.  Dynamin 2 (1 µM) was allowed to polymerize by dilution from 

300 mM NaCl-containing buffer into buffer containing 75 mM NaCl. Assembly 
proceeded  for 15 min at 22°C in the absence or presence of 2 µM His6-ArcΔSRH 

(residues 1-227 of Arc; panel A) or 2 µM SRH (residues 228-396 of Arc; panel B) in the 
presence or absence of dynamin. Pellets (P) and supernatants (S) following high-speed 

centrifugation to sediment dynamin polymers were subjected to SDS-PAGE and 
Coomassie blue staining. 
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FIGURE 4.11. Stimulation of the GTPase activity of dynamin 2 by ArcΔSRH.  The 
GTPase activity of dynamin 2 was assayed for 20 minutes in 50 mM NaCl at 37°C as a 
function of the concentration of His6-Arc (○), His6-ArcΔSRH (●), or SRH (■).  Results 

represent the means (+/- SD) of triplicate measurements from two experiments. 
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However, the activation profile elicited by ArcΔSRH was somewhat surprising, 

given the inability of that construct to promote dynamin assembly. As shown in 

FIGURE 4.11, ArcΔSRH not only stimulates dynamin 2 activity to a higher extent 

than does wild-type Arc, but also displays a more conventional (i.e., more 

hyperbolic) concentration dependence. Taken together, the binding and kinetics 

results indicate that removal of the C-terminal 168 residues of Arc, while not 

abrogating the interaction of Arc with dynamin, changes the character of the 

interaction. 

 

4.7. Preliminary analysis of the binding of additional Arc constructs to 

dynamin 2.   

Time permitted only a superficial and preliminary analysis of the 

remaining constructs shown in FIGURE 4.7. For example, deletion of residues 50-

80 of Arc, which have coiled-coil forming potential, did not eliminate binding of 

Arc to dynamin 2 polymers, and slightly enhanced the polymerization of dynamin 

(FIGURE 4.12), although more work is needed to confirm these observations.  

Preliminary GTPase assays demonstrated stimulation of dynamin activity by 

ArcΔCC and a construct lacking the N-terminal residues 1-49 (ArcΔNT) (not 

shown), but not by a construct lacking the “middle” domain (deletion of residues 

81-227; FIGURE 4.13). A compilation of the GTPase and binding data, including 

the aforementioned preliminary results, is presented in TABLE 4.1. 
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FIGURE 4.12. Interaction of ArcΔCC with dynamin 2. Dynamin 2 (1 µM) was 
assembled by dilution from buffer containing 300 mM NaCl into buffer containing 75 

mM NaCl in the presence or absence of His6-ArcΔCC (2 µM). Pellets (P) and 
supernatants (S) were obtained following high-speed centrifugation to sediment dynamin 

polymers, and subjected to SDS-PAGE and Coomassie blue staining. 
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FIGURE 4.13. Effect of ArcΔMiddle on the GTPase activity of dynamin 2. GTPase 
activities were measured for 20 minutes in 50 mM NaCl at 37°C as a function of the 
concentration of His6-ArcΔMiddle construct. Results represent the means (+/- SD) of 

triplicate measurements from two experiments. 
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TABLE I 

 

 

TABLE 4.1. Summary of Dynamin interaction with Arc constructs. The 
effects of all Arc constructs are compared to those obtained with wild-type (WT). Blank 

spaces designate analyses that remain to be performed. 
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III. DISCUSSION 

Published findings indicate that Arc interacts with dynamin via residues 

195-214 of Arc and the PH domain of dynamin ([18]). These experiments were 

performed by co-immunoprecipitation from lysates of cells expressing Arc and 

dynamin fragments, analyzed by immunoblotting. My results, obtained using 

purified proteins, demonstrate that residues 195-214 of Arc are not necessary for 

its interaction with dynamin, and that the PH domain of dynamin is not sufficient 

to support the Arc-dynamin interaction. My results further show that the dynamin 

PRD has a role in this interaction, although more work is required to elucidate this 

role. 

Our laboratory recently showed that a dynamin 2 hybrid containing the PRD of 

dynamin 1 expresses very low concentration-dependent GTPase activity, because 

polymers formed from this hybrid rapidly depolymerize upon addition of 

substrate, Mg2+GTP ([59]). In the present work, I found that this hybrid, termed 

Dyn 221, binds to Arc but cannot be activated by Arc. Thus, it appears that Arc is 

incapable of stabilizing polymers of Dyn 221 to an extent that allows GTPase 

activation. By extension, I suggest that Arc is incapable of stimulating the GTPase 

activity of wild-type dynamin 1 (as shown in Chapter 3) because it fails to induce 

its polymerization, or to stabilize dynamin 1 polymers against GTP-dependent 

disassembly. In contrast, Arc together facilitates and enhances the polymerization 

of dynamin 2 by way of its PRD and renders dynamin 2 polymers more resistant 
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to GTP-disassembly, ultimately resulting in stimulation of dynamin 2 GTPase 

activity by Arc (Chapter 3). 
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CHAPTER 5 

Association of Arc with lipids and membranes 

I. INTRODUCTION 

Receptor-mediated endocytosis occurs at the plasma membrane.  

Therefore, elements of the endocytic machinery must interact, either directly or 

indirectly, with lipids and/or integral proteins of the plasma membrane. For 

example, dynamin associates directly with phosphoinositides, as described above, 

but also inserts into the hydrophobic core of the bilayer ([60, 61]), and binds to a 

variety of peripheral membrane proteins, including endophilin, amphiphysin, and 

sorting nexin 9 (reviewed in [27]). Although Arc is an acidic (pI 4.5) protein that 

lacks obvious membrane-binding motifs, it has been localized to the plasma 

membrane and, when co-expressed with fragments of dynamin 2 (residues 503-

871) or endophilin 3 (residues 172-347), to early and recycling endocytic vesicles 

([18]). However, the ability of Arc to bind directly to membrane lipids had not 

been explored, and is the principal theme of this Chapter.  In addition, because 

Arc has been reported to interact with the PH domain of dynamin ([18]), I also 

examined the possibility that Arc influences, either positively or negatively, the 

association of dynamin with phosphoinositides.   
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II. RESULTS 

5.1. Effect of Arc on the PIP2-stimulated GTPase activities of dynamins.   

Our laboratory previously showed that dynamin GTPase activities are 

synergistically stimulated by the combined presence of GST-Grb2 and PIP2 ([34]). 

We explained this observation by suggesting that GST-Grb2, by crosslinking 

dynamins via their C-terminal PRDs, optimize the self-association of dynamins 

on the surfaces of PIP2-containing liposomes.  Unlike Grb2, Arc has been 

reported to bind to the dynamin PH domain, raising the possibility that it 

competes with dynamin for phosphoinositide binding.  Therefore, I asked whether 

Arc stimulates, inhibits, or has no effect on PIP2-stimulated dynamin GTPase 

activity. To address this question, GTPase assays were carried out for 20 min at 

37oC as a function of PIP2 concentration, in the presence or absence of 0.5 µM 

His6-Arc. I observed that GTPase activation of dynamins 2 and 3 by Arc and PIP2 

was lower than additive at PIP2 concentrations of 2 µM or below (FIGURE 5.1 A 

and B). At higher PIP2 concentrations, GTPase activities of the two dynamins did 

not increase in the presence of Arc, suggesting that Arc has no effect on activity 

that is maximally stimulated by PIP2. These results support the view that Arc and 

PIP2 compete for dynamin binding.  Interestingly, Arc inhibited PIP2-simulated 

GTPase activity of dynamin 1 (FIGURE 5.1 C), despite my finding that Arc alone 

does not affect the activity of this dynamin isoform (Chapter 3).  
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In light of the apparently low affinity of Arc for dynamin 1, it seemed 

improbable that Arc inhibited PIP2-stimulated GTPase activity by competing 

successfully with PIP2 for binding to the dynamin 1 PH domain. A more likely 

possibility is that Arc inhibits dynamin 1 activity by interacting with lipids 

directly. As previously determined, Dyn 2 ΔPRD GTPase activity is stimulated as 

a function of PIP2 concentration ([62]) and Arc does not bind to or activate Dyn 2 

ΔPRD. If Arc inhibition of PIP2-simulated GTPase activity is observed in an 

assay with Dyn 2 ΔPRD, similar to dynamin 1 (FIGURE 5.1 C), then any alteration 

of the GTPase activation curve is likely due to Arc binding to lipids containing 

PC and PIP2. Indeed, alteration of the activation profile was observed, Arc 

inhibited the PIP2 stimulated Dyn 2 ΔPRD activity at every point until the PIP2 

concentration where dynamin molecules are sequestered from each other causing 

a reduction in dynamin intermolecular self-activation (FIGURE 5.2). 
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FIGURE 5.1. Effect of Arc on the PIP2-stimulated GTPase activities of dynamins. 
Dynamin 2 (A), dynamin 3 (B) or dynamin 1 (C) were incubated in the absence (●) or 
presence (○) of 0.5 µM His6-Arc and GTPase activities were measured as a function of 

PIP2 for 20 min in 50 mM NaCl at 37°C.  Results are the means (+/- SD) of three 
experiments, each experiment performed in triplicate. 
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FIGURE 5.2. Arc inhibits the PIP2-stimulated GTPase activity of dynamin 2 ΔPRD.  
The GTPase activity of dynamin 2 ΔPRD (0.1 µM) was measured in the absence (●) or 

presence (○) of 0.5 µM His6-Arc as a function of PIP2 concentration for 20 min in 50 mM 
NaCl at 37°C. Data represent the means (+/- SD) of three assays performed in triplicate. 
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FIGURE 5.3. Co-sedimentation of Arc with Folch fraction liposomes.  His6-Arc (1 and 
4 µM) was incubated in the presence or absence of Folch fraction liposomes (0.6 mg/ml) 

for 15 min at 22°C in 75 mM or 200 mM NaCl.  Following high-speed centrifugation, 
pellets (P) and supernatants (S) were subjected to SDS-PAGE and Coomassie blue 

staining. 
 



75 

 

 

 

 

 

 

 

 

 

FIGURE 5.4. Co-sedimentation of Arc, liposomes, and dynamins.  His6-Arc (4 µM) 
was incubated in 75 mM NaCl for 15 min at 22°C in the presence or absence of Folch 

fraction liposomes (0.6 mg/ml) and 1 µM dynamin 2 or dynamin 3.  Pellets (P) and 
supernatants (S) obtained following high-speed centrifugation were subjected to SDS-

PAGE and Coomassie blue staining. 
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5.2 Analysis of Arc binding to phospholipids.   

To determine whether Arc binds directly to lipids, a pelleting assay was 

performed using artificial phospholipid vesicles of ~100 nm diameter, prepared 

by extrusion from Folch fraction lipids extracted from bovine brain. In the 

absence of liposomes, Arc was recovered almost entirely in the supernatant 

following high-speed centrifugation, whereas >50 % pelleted in the presence of 

liposomes (FIGURE 5.3).  Interestingly, there was no decrease in liposome binding 

when the concentration of NaCl in the assays was increased from 75 mM to 200 

mM, suggesting that hydrophobic effects may drive the interaction. 

          Co-sedimentation assays were then performed to test the possibility that 

Arc competes with dynamin for lipid binding. As shown in FIGURE 5.4, dynamins 

2 and 3 redistribute almost entirely to the pellets upon high-speed centrifugation 

in the presence of Arc alone, liposomes alone, or Arc and liposomes together.  

These results can be interpreted in two ways: either Arc does not interfere with 

the association of dynamin with lipids, or the dynamin-binding site in Arc is not 

occluded by Arc’s association with lipids. To test the feasibility of the second 

alternative, I took advantage of the availability of a dynamin 2 mutant, Dyn 2 

K558E, which fails to interact with phosphoinositides and, hence, does not 

express PIP2-stimulated GTPase activity (Tassin et al., manuscript in preparation).   



77 

 

 

 

 

 

 

 

FIGURE 5.5. Stimulates of the GTPase activity of Dyn2-K558E as a function of PIP2 
concentration. The GTPase activity of dynamin 2 K558E was assayed for 20 min in 50 

mM NaCl at 37°C as a function of PIP2 concentration incubated in the absence of 
additional activator (●) or in the presence of 4 µM GST-Grb2 (■) 0.5 µM His6-Arc (○) or 

1.25 µM His6-endophilin A2 (□). Data represent the mean (+/- SD) of one assay in 
triplicate. 
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FIGURE 5.5 shows that the activity of Dyn 2 K558E was not increased as a 

function of PIP2 concentration in the presence of Grb2, as expected based on the 

inability of either the dynamin mutant or Grb2 to bind to lipids. In contrast, strong 

PIP2-stimulated GTPase activity was evident in the presence of endophilin, which 

can bind simultaneously to lipids (via its BAR domain) and to dynamin (via its 

SH3 domain). Although PIP2-dependent GTPase activation of Dyn 2 K558E is 

less pronounced in the presence of Arc than of endophilin, its occurrence 

demonstrates that liposome-associated Arc is able to associate with dynamin.   

      

III. DISCUSSION 

I show here, for the first time, that Arc interacts directly with phospholipids. 

Thus, Arc can serve as a membrane-associated scaffold for the recruitment of 

dynamin (and perhaps endophilin) to the vicinity of AMPA receptors destined for 

internalization. Further work will be necessary to characterize the Arc-liposome 

interaction quantitatively, and to determine if there is specificity with regard to 

lipid binding. 
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CHAPTER 6 

Conclusions and future directions 

I. CONCLUSIONS 

This work presents biochemical and enzymatic evidence to support the 

original observation from Chowdhury et al. (2006) that dynamin interacts with the 

immediate/early gene product, Arc. Moreover, the observation that Arc promotes 

dynamin assembly and stimulates dynamin GTPase activity provide a potential 

mechanism for its observed enhancement of AMPA receptor endocytosis ([8, 19, 

20]).  Although a direct Arc-dynamin interaction in intact neuronal dendrites has 

not yet been established, my results suggest that Arc may function as a scaffold to 

facilitate dynamin-dynamin interactions at the plasma membrane. 

The results presented here differ from those of Chowdhury et al. (2006) in 

two important respects.  First, I was unable to detect a direct interaction between 

Arc and endophilin 2 in GST pull-down experiments (not shown), although more 

work needs to be done to confirm this result.  Second, mutational analyses 

indicate that the PH domain of dynamin, and residues 195-214 of Arc, are not the 

major, or at least not the sole, sites that mediate the dynamin-Arc interaction.  
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II. FUTURE DIRECTIONS 

 Future experiments should be directed at defining the precise sites that are 

both necessary and sufficient to sustain the interaction.  In addition, the sites 

involved in Arc-Arc interactions should be identified, in order to establish the 

functional significance of Arc oligomerization in the endocytic process. 

Another observation made in this dissertation that warrants further 

development is the direct binding of Arc to lipids.  As stated, this interaction must 

be quantified, in terms of its association equilibrium constant.  Perhaps more 

importantly, the specificity of lipid binding must be determined.  Experiments in 

cells should also be performed to establish whether Arc associates with so-called 

“raft” domains, as these domains have been implicated in receptor-mediated 

endocytosis ([63]). 

Finally, the significance of the in vitro experiments described in this work 

must be established, using neuronal cell cultures, slice preparations, and/or mouse 

models.  Once these systems become available, it will also be possible to address 

mechanistic questions.  For example, Arc was originally discovered as a 

cytoskeleton-associated protein, and later shown to have a role in endocytosis.  

Interestingly, dynamin also has a dual role in regulation of endocytosis and the 

cortical actin cytoskeleton.  It will be important to determine whether the Arc-

dynamin interaction functions in the endocytic pathway by controlling actin 

polymerization on clathrin-coated pits ([64]). 
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EXPERIMENTAL PROCEDURES 

Materials 

Primers were obtained from IDT (Coralville, IA).  Arc cDNA was 

obtained from Thermo Scientific (Huntsville, AL).  Cloning and mutagenesis 

reagents were from Stratagene (La Jolla, CA).  Nickel nitrilotriacetic acid (Ni2+-

NTA) agarose was from Qiagen (Valencia, CA) and Glutathione agarose (GSH) 

was from Sigma (St. Louis, MO). Reagents for electrophoresis and 

immunoblotting were from Bio-Rad (Hercules, CA). [γ-32P]GTP was from 

Perkin-Elmer (Waltham, MA). Other reagents, including GTP, buffers, and 

protease inhibitors, were from Sigma (St. Louis, MO). 

  

Methods  

DNA Constructs - Arc PCR products were cloned into pGEX-KG (ATCC) and 

pQE-80L (Qiagen) expression vectors for production of GST-Arc and His6-Arc, 

respectively. Dynamin 1, 2 and 3 cDNA (encoding rat dynamin 1aa, 2aa and 

human dynamin 3a) obtained from GeneCopoeia (AM393667-1), was used to 

introduce a His6 tag at its C-terminus and the product was inserted between 

BamH1 and EcoR1 sites into pBacPak8 vector (Clontech) by PCR.  The resulting 

plasmid was co-transfected with BacPak6 viral DNA, digested with Bsu361, into 

Sf9 cells to produce recombinant baculovirus. Recombinant virus was plaque 

purified and amplified.   
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Purification of recombinant proteins - Recombinant dynamins 1, 2, and 3 

containing  His6 tags at their C-termini were expressed and purified from Sf9 cells 

as previously described ([34, 59]).  GST-Grb2 was expressed in E. coli and also 

purified as described previously ([62, 65]).  For bacterial expresson of GST-Arc 

and His6-Arc, E. coli were resuspended in lysis buffer containing 20 mM HEPES 

(N-2-Hydroxyethylpiperazine-N’-2-ethanesulfonic acid) (pH 8.0), 100 mM NaCl, 

1 mM β-mercaptoethanol, a protease inhibitor cocktail (0.2 mM 

phenylmethylsulfonyl fluoride (PMSF), and 10 µg/ml each of N α-p-tosyl-L-

lysine chloromethyl ester, N α-p-tosyl-L-arginine methyl ester, N α-p-tosyl-L-

lysine chloromethyl ketone, leupeptin, and pepstatin A), and lysozyme (0.05 

mg/ml).  The cell suspension was sonicated and centrifuged at 100,000 × g for 30 

min at 4°C.  To obtain His6-Arc, the extract was mixed with Ni2+- NTA resin and 

15 mM imidazole for 1 h at 4°C.  The resin was washed with lysis buffer 

supplemented with 80 mM imidazole (pH 8.0) and 300 mM NaCl.  His6-Arc was 

eluted with solution containing 20 mM HEPES (pH 8.0), 100 mM NaCl, 1 mM β-

mercaptoethanol, and 0.2 mM PMSF supplemented with 150 mM imidazole (pH 

8.0).  For GST-Arc preparation, the extract was mixed with Glutathione-

Sepharose for 1 h at 4°C and the resin was washed with extraction buffer 

containing 0.5 M NaCl.  The protein was eluted with solution containing 20 mM 

HEPES (pH 7.5), 100 mM NaCl, 1 mM β-mercaptoethanol, 0.2 mM 

phenylmethylsulfonyl fluoride (PMSF), and 10 mM glutathione.  Purified proteins 
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were dialyzed against 20 mM HEPES pH 7.5, 100 mM NaCl, 0.5 mM DTT, and 

0.2 mM PMSF.  Aliquots of the protein were frozen in liquid N2. Prior to all 

assays (binding, GTPase, turbidity etc.), thawed proteins were centrifuged at 

214,000 × g for 15 min at 4°C to remove potential aggregates. 

 

Chemical cross-linking - His6-Arc (5 µM) was incubated in 20 mM HEPES pH 

7.5, 5 mM MgSO4, 25 mM KCl, and 0.5 mM EDTA for 1 hr at room temperature 

in the absence or presence of 10 or 35 mM of the zero-length cross-linker, EDC. 

The reaction was quenched with 50 mM Tris and 0.5M βME. 

 

Size-exclusion chromatography - A pre-cleared solution of 16 µM His6-Arc (200 

µl) was injected onto a 23 ml Superose 6 column equilibrated with 20 mM 

HEPES pH 7.5, 1 mM βME, 0.2 mM PMSF and 100 mM NaCl. Protein was 

eluted with a flow speed of 0.4 ml/min at 4°C monitored by Absorbance at 280 

nm using an ATKA FPLC 900 system. 

 

Dynamic Light Scattering - A pre-cleared solution of His6-Arc (5 µM) in 20 mM 

HEPES pH 7.5, 1 mM βME, 0.2 mM PMSF and 100 mM NaCl was introduced 

into a Wyatt DynoPro DLS instrument and attached temperature-controlled 

MicroSampler pre-equilibrated to 4°C.  Each data set consists of thirty 10 second 

scans at 90% laser intensity. 
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Density gradient centrifugation - Pre-cleared 20 µM His6-Arc or protein standards 

(sample size 0.4 ml) were layered above a 4 ml continuous 10-40% sucrose 

gradient in 20 mM HEPES pH 7.5, 1 mM βME, 0.2 mM PMSF and 100 mM 

NaCl and centrifuged at 240,000 × g for 16 h at 4°C in a SW60Ti rotor.  

Following centrifugation, sucrose concentrations of collected fractions were 

measured by refractometry.  Samples were ran on SDS-PAGE gels and stained 

with Coomassie blue. 

 

Electron microscopy - His6-Arc in 20 mM HEPES pH 7.5, 1 mM DTT, 0.2 mM 

PMSF and 100 mM NaCl was negatively stained in uranyl formate and imaged at 

50,000 × magnification, 0.22 nm/pixel, 120 keV. Images were taken by Dr. Dan 

Southworth, laboratory of Dr. David Agard, University of California, San 

Francisco. 

 

GTPase assay - Prior to initiation of GTPase assays, reaction solutions containing 

dynamin were incubated alone for 10 min at 37°C (22°C for a 20 min assay), then 

for another 10 min at 37°C (22°C for a 20 min assay) in the presence of Arc.  

GTPase activities were measured by release of 32Pi from [γ-32P]GTP after 

incubation at 37°C for 1-20 min in buffer containing 20 mM HEPES (pH 7.5), 50 

mM or 75 mM NaCl, 2 mM MgCl2 and 1 mM [γ-32P]GTP in a total volume of 50 
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µl.  The reaction was terminated by adding 750 µl of 5% (w/v) Norit in 50 mM 

NaH2PO4 (0°C) according to Higashijima et al. ([66]).  Charcoal was removed by 

centrifugation and radioactivity of the 600 µl supernatant was measured by 

scintillation counting. 

  

Binding assays - GST or GST-Arc (or GST-PH) bound to glutathione resin (or 

His6-Arc bound to nickel resin) were incubated with dynamins in 20 mM HEPES, 

pH 7.5, 1 mM DTT and NaCl concentration as indicated in a total volume of 150 

µl for 30 min at 22°C on a rotator, than centrifuged at 1,500 × g for 1 min. 

Supernatants were removed and the pellets were resuspended in the original 

volume.  Pellets and supernatants were analyzed by SDS-PAGE and staining with 

Coomassie blue. 

 

Sedimentation assay - Dynamins 2 and 3 were pre-assembled by dilution into 

buffers containing final NaCl concentrations of 75 mM at 22°C, incubated for 10 

min in the absence or presence of His6-Arc, then centrifugation at 200,000 × g for 

15 min at 22°C.  Binding buffer was similar to the GTPase assay buffer but 

containing 75 mM NaCl and without GTP. Supernatants and pellets (resuspended 

to the original volumes) were subjected to SDS-PAGE and the gels were stained 

with Coomassie blue. 
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Liposome pelleting assay - Preformed 100 nm Folch Fraction liposomes were 

diluted to 0.6 mg/ml into 20 mM HEPES pH 7.5, 1 mM βME and 0.2 mM PMSF 

incubated for 10 min in the presence or absence of 1 or 4 µM His6-Arc in buffer 

with 75 or 200 mM NaCl at 22°C. Dynamins 2 and 3 were diluted into solutions 

and incubated for a 15 min at 22°C, then centrifugation at 180,000 × g for 15 min 

at 22°C. Supernatants and pellets (resuspended to the original volumes) were 

subjected to SDS-PAGE and the gels were stained with Coomassie blue. 

 

Turbidity assay - Dynamins (in 300 mM NaCl, 20 mM HEPES pH 7.5, 5 mM 

MgCl2), were diluted into buffer containing 20 mM HEPES, 5 mM MgCl2 and 

sufficient NaCl to achieve a final concentration and temperature as indicated in 

the figure legend. Arc in 100 mM NaCl, 20 mM HEPES (pH 7.5) was added prior 

to adding dynamin. Turbidity was measured for 10 min before Mg2+ (2 mM) and 

GTP (1 mM) were added. Measurements were performed in a Beckman DU-650 

at 330 nm in a 10 mm quartz cuvette. 
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