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T cell effector functions depend on focused secretion. This is accomplished by 

secretory vesicle (SV) clustering around the microtubule organizing center (MTOC) and 

MTOC translocation to the specialized site of cell-cell contact - the immunological 

synapse (IS). The dynein molecular motor has been implicated in both processes. To 

investigate the roles of dynein and dynein-associated proteins we used Jurkat cells 

expressing fluorescent CTLA-4 for SV tracking and molecular traps targeting dynein 

subunits to show that dynein intermediate chain (DIC) and the light chain LC8 are needed 

for both SV clustering and MTOC translocation. We also found that immunostaining 

with different anti-DIC antibodies labeled different pools of dynein at the IS in activated 

Jurkat cells. To discern how dynein separately accomplishes both MTOC and SV 

activities we cloned DIC cDNAs from Jurkat cell mRNA and obtained two isoforms, 

DIC2B and DIC2C. However, both isoforms were concentrated around the MTOC and 

formed a ring-like structure at the IS. We also saw little difference in dynein-binding 

proteins that co-immunoprecipitated with each isoform.  

We then investigated the roles of the dynactin component p150Glued and Lis1 

protein in MTOC translocation and SV clustering. Surprisingly, p150Glued was 

concentrated around the MTOC but was not present at the IS. SVs marked by CTLA-4 
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showed clustering defects while MTOC translocation was not significantly affected in 

p150Glued siRNA knockdown cells. On the other hand, Lis1 immunostaining labeled a 

ring at the IS where it mimicked the distribution of the dynein ring thought to be involved 

in MTOC translocation. MTOC translocation was potently blocked in Lis1 siRNA 

knockdown cells but dynein recruitment was only slightly disrupted and there was no 

visible effect on actin localization at the IS. Overexpression of Lis1 or expression of Lis1 

deletion mutants interfered with MTOC translocation and interfered with dynein 

recruitment, while actin was still localized at the IS. However, studies of calcium flux in 

response to T cell receptor (TcR) stimulation showed that these mutant-expressing cells 

had deficiencies in cell signaling from the TcR. These results suggest that MTOC 

translocation and SV clustering are mediated by dynein but likely involve different 

dynein-binding proteins. 
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Chapter 1:  Introduction 

As part of the adaptive immune response, T cells polarize secretory vesicles and 

secrete them locally at a target cell. This process involves formation of the 

immunological synapse (IS) in the activated T cell, followed by MTOC translocation 

towards the IS and secretory vesicle (SV) clustering around the MTOC. Although many 

of the T cell signaling pathways leading to these events have been examined, it is not 

understood how activation of these pathways results in MTOC translocation and SV 

clustering and secretion, although the dynein molecular motor has been implicated in 

both activities. The goal of this study was to examine the roles and regulation of dynein 

in these two types of movements in activated T cells. 

 

IMMUNE SYSTEM FUNCTIONS OF T CELLS 

The human immune system provides two levels of immunity: innate immunity 

which prevents or eliminates most infections within hours, and adaptive immunity which 

develops during an infection to specifically eliminate it. Adaptive immunity depends on 

lymphocytes and antigen-presenting cells that work in concert to rid the body of 

abnormal cells and foreign invaders (Dempsey et al. 2003). Lymphocytes include B cells 

and T cells. B cells can recognize antigens and produce antibodies, and can be further 

divided into memory and plasma cells. T cells can be classified as cytotoxic, helper, or 

regulatory (a small subpopulation and not discussed here), and have functions ranging 

from antigen recognition and cytokine secretion to infected cell elimination, but they also 

play a role in autoimmune disorders such as rheumatoid arthritis (reviewed in (Sakaguchi 

et al. 2012)). 
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T lymphocytes originate from the bone marrow and mature in the thymus, where 

they undergo rounds of positive and negative selection. This process helps ensure that the 

T cells productively recognize foreign antigens (Germain 2002). Naïve lymphocytes that 

leave the thymus continuously circulate between the blood and lymph. If a T cell 

encounters the antigen that it is equipped to recognize, it will proliferate and differentiate 

into a memory or effector T cell. Memory T cells continue to circulate through the lymph 

and blood, and if challenged with their particular antigen, provide a heightened response. 

Effector T cells consist of cytotoxic T lymphocytes and helper T cells (CTLs and TH 

cells respectively) (reviewed in (Sallusto et al. 2004)). 

CTLs and TH cells both secrete vesicles containing effector molecules when 

activated by an antigen-presenting cell (APC). CTL vesicles contain molecules such as 

perforin, granzymes, and FasL, which cause cell death in the APC (Lee et al. 1996; 

Mullbacher et al. 1999; Podack et al. 2003). TH cell vesicles contain interleukin 2 (IL-2) 

and other cytokines, such as IL-4 or IL-10, which can activate B cells to produce 

antibodies and assist in destruction of pathogenic organisms (Paul et al. 1994; Zhu et al. 

2009).  In order for either type of T cell to recognize an antigenic target, the surface T 

cell receptors (TcRs) bind to an antigen presented in the context of a Major 

Histocompatibility Complex (MHC) expressed on the surface of an APC. CTLs also 

express membrane-bound CD8 which limits their binding only to Type I MHC proteins, 

while TH cells express membrane-bound CD4 which limits their binding only to Type II 

MHC proteins (Germain 2002; Yin et al. 2012). 

It is important to note that the TcR-MHC interaction is not sufficient to induce a 

fully activated T cell response. B7 ligands on the APC also bind to CD28 expressed on 

the T cell surface. This interaction results in production of the growth factor IL-2 and 

upregulation of the anti-apoptotic factor Bcl-XL (Boise et al. 1995). Without this second 
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activating signal, T cells become anergic and can no longer respond to antigens (Nel et al. 

2002). After a T cell has become activated, it will eventually terminate its signaling 

response. In CTLs, cytotoxic T lymphocyte antigen-4 (CTLA-4) is trafficked to the cell 

surface where it competes with CD28 for B7 binding. When CTLA-4 binds B7, the T 

cell’s response is attenuated (Allison 1994; Egen et al. 2002; Thompson et al. 1997). The 

balance of these activating and terminating signals regulates T cell activity in the body. 

 

T CELL SIGNALING DURING ACTIVATION 

Many of the cell signaling pathways triggered during T cell activation have been 

characterized. Binding of TcRs to MHC molecules leads to activation of multiple 

signaling pathways. In order for this to occur, the TcRs and costimulatory molecules such 

as CD28 will cluster together (Campi et al. 2005; Yokosuka et al. 2009). Initially, it was 

thought that one of the driving forces for this coalescence was the formation of lipid rafts, 

which are ordered lipid microdomains composed of mostly cholesterol and sphingolipids, 

containing the TcR (Santana et al. 2006). Most of the evidence for this model comes from 

studies of specific signaling molecules and their relationship to raft domains. For 

example, the kinase Lck (discussed below, this section) has three acylation sites which 

indicate that it is targeted to lipid rafts, and these acylation sites are necessary for its 

kinase activity (Yasuda et al. 2000). The CD4 and CD8 coreceptors also partition to rafts 

during activation (He et al. 2005).  

There has however been much controversy on the exact nature of these lipid rafts. 

Glebov and Nichols have shown that GPI-linked proteins, which are thought to be 

targeted to lipid rafts, do not cluster together with the TcR when monitored by 

fluorescence resonance energy transfer (FRET) (Glebov et al. 2004). It is possible that 
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the lipid raft(s) formed during T cell activation do not contain GPI-linked proteins, but 

this matter remains unresolved (Santana et al. 2006).  

Additional studies by Sharma and colleagues showed that GPI-linked proteins 

could be found in microclusters of no more than four GPI-linked proteins using homo-

FRET (Sharma et al. 2004). Hashimoto-Tane and colleagues have shown that no hetero-

FRET took place between TcR microclusters and lipid raft domains in activated T cells, 

and instead proposed that lipid raft domains regulate protein localization to the plasma 

membrane and TcR microclusters are generated only through protein-protein interactions 

(Hashimoto-Tane et al. 2010). However, it is not entirely clear how these proteins would 

cluster in response to TcR-MHC binding without lipid rafts, and it is still possible that the 

degree of lipid order changes upon TcR engagement (Gaus et al. 2005). 

Cytoskeletal rearrangement is essential to the T cell activation process. When the 

TcR is engaged by an APC, actin polymerization pushes lamellipodia out over the APC 

(Reicher et al. 2010). Costimulation of the TcR and CD28 in the T cell membrane leads 

to phosphorylation of SLP-76, which then recruits Nck-Vav1 dimers (Pauker et al. 2012; 

Wardenburg et al. 1998).  Vav1 acts as a guanine nucleotide exchange factor (GEF) for 

Cdc42 and Rac and allows them activate WASP (Wiscott-Aldrich syndrome protein). 

WASP is a major regulator of the actin elongation protein complex Arp2/3, and its 

activation leads to actin polymerization near the TcR (Smoligovets et al. 2012). Actin 

polymerization controls the nucleation and movement of membrane microclusters, 

including lipid rafts, containing signaling molecules at the IS (Chichili et al. 2010; 

Lasserre et al. 2010). 

Once TcRs have clustered, immunoreceptor tyrosine-based activation motifs 

(ITAMs) located on the intracellular side of the γ, δ, ε, and ζ chains of the TcR are 

phosphorylated by the Src kinases Lck and Fyn via their association with CD4 or CD8 
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(Sefton et al. 1991). In resting T cells, ITAM phosphorylation is removed by CD45 

phosphatases, which are excluded from the regions surrounding the TcR upon TcR 

clustering and trafficking to the cSMAC (see section below). The stoichiometry of ITAM 

phosphorylation determines the signaling competency of the downstream signal cascade 

– low affinity MHC-TcR interactions lead to low phosphorylation of ITAMs and can lead 

to anergy or altered development, while high affinity interactions lead to high 

phosphorylation of ITAMs and full downstream signaling activation (van Oers et al. 

1998). Zap-70 then binds to the phosphorylated ITAMs where is it phosphorylated by 

Lck (Chan et al. 1992). The role of Fyn kinase is still somewhat unclear, but it seems to 

activate some of the same pathways as Lck, through Zap-70, such as the Ras/ERK and 

Akt pathways involved in cell survival and proliferation (Salmond et al. 2009). 

Once activated by Lck/Fyn, Zap-70 phosphorylates proteins such as LAT (linker 

for activation of T cells) and Slp-76. LAT activation leads to the recruitment of Grb2 to 

the plasma membrane where it activates many other pathways, including the Ras 

pathway, which is a major regulator of cell survival. Phosphorylated LAT also recruits 

GADS, which recruits Slp-76, an adaptor protein that seems to augment calcium 

mobilization and ERK activity in the Ras pathway (Wu et al. 1996). Phosphorylated Slp-

76 recruits Vav1 as discussed above and interacts with Fyn-binding protein (Fyb), also 

known as SLAP (Slp-76 associated phosphoprotein) or ADAP (adhesion and 

degranulation associated protein), which will be discussed further below (Samelson 

2002).  

Activated Lck, Zap-70, and Slp-76 also lead to the activation of PLC-γ1, which 

cleaves phosphatidyl inositol-4,5-bisphosphate into inositol-1,4,5-trisphosphate (IP3) and 

diacylglycerol (DAG) (Samelson 2002; Yablonski et al. 2001). IP3 causes calcium 

release from the endoplasmic reticulum, which leads to calcium influx from the plasma 
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membrane. A sustained high Ca2+ concentration activates calcineurin, which 

dephosphorylates NFAT, leading to NFAT translocation to the nucleus where it promotes 

transcription of growth-promoting cytokines. Signaling from DAG leads to activation of 

PKCθ, which activates NF-κB, leading to expression of IL-2 and further proliferation and 

cell survival (Kindt et al. 2007). Activation of NFAT without concurrent activation of 

NF-κB can lead to T cell anergy (Schwartz 2003).  

In addition, costimulation of the TcR and CD28 results in activation of 

phosphoinositide-3 kinase (PI3K) (Parry et al. 1997; Reif et al. 1997). PI3K 

phosphorylates phosphatidyl inositol-4,5-bisphosphate, forming phosphatidyl inositol-

3,4,5-trisphosphate (PIP3). Akt (also called protein kinase B) is recruited to PIP3 at the 

membrane, where it is activated and can itself activate a large number of signaling 

pathways resulting in cell survival and proliferation and cytokine secretion (for reviews, 

see (Gamper et al. 2012; Kane et al. 2003; Song et al. 2008)). Coactivation of all these 

signaling pathways leads to cytoskeletal, cytosolic, and surface protein rearrangement 

and transcription factor activation (Nel 2002) (Figure 1.1). 
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Figure 1.1: Overview of signaling at the IS during T cell activation. 

Binding of a T cell to an antigen-presenting cell (APC) via the T cell receptor (TCR) 
leads to clustering of TCRs and phosphorylation of the immunoreceptor tyrosine-based 
activation motifs (ITAMs) on the TCR CD3-ζ chain. Lck and Fyn can then phosphorylate 
Zap-70, which phosphorylates LAT.  Phospho-LAT is a scaffold protein that is recruited 
to the immunological synapse (IS). A number of proteins, including Grb2, GADS, and 
PLC-γ1, are recruited to phospho-LAT. These proteins, along with signals from CD28 
binding to B7 on the APC, transmit the activation signal through multiple signal 
cascades, resulting in IL-2 production, T cell growth and proliferation, and cytoskeleton 
rearrangement which ultimately lead to efficient T cell effector functions. The image is a 
summary of data presented in the text. 
 

FORMATION OF THE IMMUNOLOGICAL SYNAPSE 

T cells must undergo dramatic changes in morphology, protein distribution, and 

gene transcription to achieve efficient cell-cell interaction and activation (Friedl et al. 

2005). Concurrent with these events is the formation of the immunological synapse (IS), 
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seen in the distinctive organization of proteins at the site of contact between a target cell 

and a T lymphocyte. The IS was so named because of its resemblance to the neurological 

synapse (Dustin et al. 1998; Paul et al. 1994). During their examination of a T cell-APC 

interface, Monks and colleagues noted that the molecular composition of the cytosolic 

side of the T cell membrane was not uniform. Molecules such as the TcR and PKCθ 

clustered in the center of this region, while talin and LFA-1 (both involved in integrin-

mediated attachments) were localized to a ring around this central region. They termed 

these regions the supramolecular activation clusters (SMACs), with the central (cSMAC) 

cluster containing signaling molecules, including Lck, and the peripheral (pSMAC) ring 

containing adhesion proteins (Monks et al. 1998) (Figure 1.2). 

In order to form a stable IS, LFA-1 bound to ICAM-1 on the APC first localizes 

to a central region (Grakoui et al. 1999). TcRs in the periphery can then scan the MHC-

antigen peptide complexes and bind if appropriate, causing phosphorylation of ITAMs 

and activation of downstream signaling as discussed above. This is followed by 

movement of these TcR complexes to the center of the forming IS (Varma et al. 2006; 

Yokosuka et al. 2005). Bound LFA-1 molecules segregate out from the center, forming a 

concentric ring around the TcR molecules and the basic structure of a mature IS (Grakoui 

et al. 1999; Monks et al. 1998). The CD45 tyrosine phosphatase that can lead to TcR 

dephosphorylation and thus deactivation is initially recruited to the cSMAC lipid raft 

region, where it can activate Lck. It is then trafficked outside the pSMAC into a distal 

concentric ring, the dSMAC, where it is located in the mature synapse (Freiberg et al. 

2002; He et al. 2005) (Figure 1.2).  
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Figure 1.2: Location and schematic of the immunological synapse (IS). 

Upon binding to an antigen-presenting cell (APC), T cell proteins organize into 
concentric rings at the site where the T cell is contacting the APC. Signaling molecules 
such as the TcR localize to the cSMAC, structural proteins such as integrins localize to 
the pSMAC, and proteins such as the CD45 phosphatase localize to the dSMAC. 

 

Following activation, the TcR is internalized as part of a system to downregulate 

signals from the IS, followed by IS resolution when the T cell and APC separate (Friedl 

et al. 2005). It is currently thought that TcRs found in the cSMAC are correlated with 

endocytosis and signal mitigation, and they have been shown to be associated with 

ubiquitin ligases and the endosomal sorting complex required for transport (ESCRT) 

protein TSG101 (Dustin et al. 2011; Hashimoto-Tane et al. 2011; Lee et al. 2003; 

Vardhana et al. 2010).  

Formation of the cSMAC also seems to be important for signal amplification as 

well as downregulation of strong signals (reviewed in (Alarcon et al. 2011). The cSMAC 

is not properly formed when a T cell binds to an APC that does not display the proper 

antigen (Friedl et al. 2005), indicating its importance in signal amplification. A fully 
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formed IS can result in the continuous activation of PI3K, as discussed in the section 

above, and an elevated calcium concentration for hours after the internalization of TcRs 

in activated helper T cells (Huppa et al. 2003). 

During secretory function in an activated CTL, the IS is rearranged into a 

secretory IS. This is a more dynamic structure than the IS of helper T cells: the CTL 

secretory IS forms and dissipates within 20-30 minutes of T cell activation whereas the IS 

can last for several hours in helper T cells. The secretory IS differs in that it contains a 

separate secretory domain inside the pSMAC ring, free of protein, where secretory 

vesicles can be docked and their contents secreted into the secretory cleft between the 

CTL and its target (Stinchcombe et al. 2007). 
 

T CELL SIGNALING LEADS TO MTOC TRANSLOCATION 

In animal cells, the MTOC, also known as the centrosome, consists of two 

centrioles surrounded by electron-dense pericentriolar material. γ-tubulin ring complexes 

embedded in the pericentriolar material act as nuclei and minus-end caps for growing 

microtubules (reviewed in (Nigg et al. 2011)). During interphase, most microtubules in 

the cell originate at the MTOC with their plus ends free in the cytosol. During the DNA 

synthesis phase of the cell cycle, the centrioles are duplicated and the resulting 2 

centrosomes become the spindle poles during mitosis. The MTOC plays a role in many 

cell types in organizing the cytoplasm. 

In both CTL and TH cells, translocation of the microtubule cytoskeleton MTOC 

to the IS is necessary for secretory vesicle secretion at a specific target cell (Kupfer et al. 

1984; Kupfer et al. 1991; Kupfer et al. 1994). Defects in MTOC localization result in 

decreased or abolished immune response. The importance of MTOC polarization can be 

seen in cases where T cells invade tumors, activate, and yet fail to kill the tumor cells 
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(Prevost-Blondel et al. 1998; Sotomayor et al. 1999). In one study, Radoja et al. showed 

that injection of T cells into mouse tumors led to T cell activation, however, the T cells 

that invaded these tumors were unable to translocate their MTOCs or secrete lytic 

vesicles. Interestingly, the defect was likely due to factors in the tumor microenvironment 

because the T cells regained the ability to translocate their MTOCs after being removed 

from the tumor (Radoja et al. 2001b). These studies illustrate the importance of 

understanding T cell MTOC polarization and vesicle secretion.  

MTOC translocation is tied a number of signaling events associated with T cell 

activation. Studies have shown that signaling through the ZAP-70, LAT, and Slp-76 

pathway, including the kinase Lck, is essential for MTOC translocation (Blanchard et al. 

2002; Davis et al. 2011; Kuhne et al. 2003; Lowin-Kropf et al. 1998; Morgan et al. 2001; 

Tsun et al. 2011). Both calcium and DAG, which are increased by signaling through 

phospholipase Cγ as discussed above, have been implicated in MTOC translocation 

(Nesic et al. 1998; Quann et al. 2009; Quintana et al. 2009). In addition, casein kinase 1δ 

has been implicated in MTOC repositioning through phosphorylation of the microtubule 

plus end-binding protein EB1 leading to microtubule stabilization (Zyss et al. 2011). 

Various other signaling molecules have been implicated in MTOC repositioning. 

These include the small G proteins Rac and Cdc42, the guanine nucleotide exchange 

factor Vav1, and Fyn kinase (Cao et al. 2002; Martin-Cofreces et al. 2006; Stowers et al. 

1995). In addition, the calcium-dependent tyrosine kinase Pyk-2 (RAFTK) has been 

implicated in MTOC movements in NK cells (Sancho et al. 2000). One of the molecules 

associated with Pyk-2 is paxillin which has also been implicated in MTOC repositioning 

in T cells (Avraham et al. 2000; Robertson et al. 2011). At present, the most compelling 

evidence for a signal closely linked to MTOC repositioning is the activation of PKC. 

Two studies by Quann and colleagues showed that the MTOC was recruited to the site of 
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localized formation of diacylglyercol (Quann et al. 2009). In their studies, calcium was 

not required. This movement required activation PKC-θ followed by that of either PKC-ε 

or PKC-η (Quann et al. 2011). 

MTOC polarization is not unique to activated T cells. It also occurs in migrating 

cells such as fibroblasts and neurons, where the MTOC is positioned at the leading edge 

(Gomes et al. 2005; Solecki et al. 2004; Tanaka et al. 2004), or in migrating lymphocytes, 

where the MTOC is positioned in the uropod, located away from the leading edge 

(Gudima et al. 1988). The MTOC in both T cells and natural killer cells moves from the 

rear of the cell toward a target cell upon target cell engagement, which allows for focused 

secretion of secretory vesicle contents (Geiger et al. 1982; Kupfer et al. 1984; Kupfer et 

al. 1983). 

 

THE MECHANISM OF MTOC TRANSLOCATION 

Direct observation of MTOC translocation during T cell activation was first 

described by Kuhn and Poenie using modulated polarization microscopy (MPM) (Kuhn 

et al. 2002; Kuhn et al. 2001). This type of microscopy allowed live, noninvasive imaging 

of cytoskeletal elements in live cells based on their birefringence, an optical property, 

which avoided the issue of photobleaching as with fluorescence microscopy. MPM 

imaging data showed that MTOC movement was associated with development of tension 

in microtubules that pulled the MTOC towards the site of contact with a target cell (Kuhn 

et al. 2002) (Figure 1.3). Once it reached the contact site, the MTOC oscillated laterally 

along the face of the contact site. The magnitude of these oscillations was about three to 

four microns, which is about the same as the inner diameter of the pSMAC. These 

oscillations were even more dramatic when two target cells were bound to a single CTL. 
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Here, the MTOC moved repeatedly from one target cell contact site to the other, a 

distance of approximately eight microns.  

 

 

 

Figure 1.3: MPM microscopy shows real-time MTOC translocation 

(a-f) A CTL (C) was activated by an APC (T) and the MTOC position (arrowhead) was 
tracked over 186 seconds (time indicated in bottom left of each image). (g) The MTOC 
path was plotted against the original (grey outline) and final (black outline) T cell and 
APC positions. (h) Plot of the mean distance between the MTOC and the APC contact 
site over time. Adapted from (Kuhn et al. 2002). 

 

To explore this further, Kuhn and Poenie examined computerized 3D 

reconstructions of CTL-target pairs immunostained for tubulin and LFA-1, an integrin 

found in the pSMAC (Monks et al. 1998). It became clear that the MTOC could be 
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positioned in various regions of the cSMAC, but there were no examples where the 

MTOC crossed into the pSMAC (Kuhn et al. 2002) (Figure 1.4). Thus the inner margin 

of the pSMAC seemed to represent a limit or barrier to oscillations of the MTOC under 

normal conditions.  

 

 

Figure 1.4: The MTOC is located within the pSMAC ring. 

(a) A CTL activated by an APC. Immunostaining shows tubulin (green) and LFA-1 (red). 
The MTOC is marked by the arrowhead. The APC has been cropped out of the right side 
of the image. (b) Face-on view of the IS of CTL in (a). The MTOC is within the LFA-1 
ring which marks the pSMAC. Adapted from (Kuhn et al. 2002). 
 

In addition, when Kuhn and Poenie compared the distribution of microtubules to 

the location of LFA-1 at the IS, they only saw microtubules in regions where LFA-1 was 

clustered. In activated T cells with partial LFA-1 rings, the MTOC generally localized 

close to the partial ring, as opposed to activated T cells with full rings, where the MTOC 

was generally found close to the center of the ring (Kuhn et al. 2002). In cases where two 

target cells are engaged, since partial rings of LFA-1 were sometimes observed at the 

pSMAC, there could be a partial pSMAC at each site which would serve as endpoints for 

the oscillating MTOC. 

As the MTOC moves toward the synapse, the microtubules projecting from the 

MTOC to the synapse take on the form of a hollow cone, where the central region of the 
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cone is devoid of microtubules. The cone becomes progressively wider as the MTOC 

comes closer to the membrane. Microtubules at the edge of the cone appear to contact the 

cell surface or cortex in the region of the pSMAC and then bend backwards towards the 

rear of the cell.  

Since studies by Kuhn and Poenie showed that microtubules contact a ring of 

LFA-1 at the pSMAC, it was initially thought that LFA-1 might be an important link to 

MTOC polarization (Kuhn et al. 2002).  However, Combs et al. found that LFA-1 is not 

required for MTOC polarization in activated T cells (Combs et al. 2006). An alternate 

possibility was that microtubule contact points were more closely correlated with ADAP, 

a molecule needed for LFA-1 clustering (Kliche et al. 2012; Wang et al. 2004). 

Immunostaining and computerized 3D reconstructions of ADAP and microtubules 

showed that ADAP formed a ring at the synapse that was closely related to where 

microtubules contacted the pSMAC. Furthermore, when ADAP expression was reduced 

by introduction of antisense morpholino oligonucleotides, MTOC translocation was 

blocked. On the other hand, when T cells were prepared from ADAP-/- mice, MTOC 

translocation was essentially normal (Combs et al. 2006). The reason for this difference 

was not clear. 

The observation that microtubule tension is associated with movement of the 

MTOC towards the synapse suggested that there may be a motor protein, anchored at the 

synapse, which reels in the microtubules. The most likely candidate is the microtubule 

minus end-directed motor, dynein (Combs et al. 2006). Combs et al. determined that 

there is a ring of dynein at the IS of activated Jurkat T cells  (Figure 1.5). This ring 

overlapped the ring of ADAP present at the IS, and loss of ADAP caused dynein and 

MTOC mislocalization in activated T cells (Combs et al. 2006). 
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Figure 1.5: Dynein is localized to a ring at the IS of activated Jurkat T cells. 

(a-b) Activated Jurkat T cells were immunostained for dynein intermediate chain (green) 
and tubulin (red). Images were cropped and rotated to show these views of the IS. Dynein 
forms a ring at the IS with the MTOC (arrow) in the center of a full ring (a), or offset 
from the center towards a partial ring of dynein (b). Scale bar = 5 μm. Adapted from 
(Combs et al. 2006) and Copyright 2006 National Academy of Sciences, U.S.A.). 

 

AN ALTERNATIVE MECHANISM FOR MTOC TRANSLOCATION 

Although there is data to support MTOC translocation as a result of microtubule 

tension generated by dynein, alternative or supplemental mechanisms have been 

proposed. Several studies have implicated an actin or actomyosin-based movement. One 

proposed mechanism is based on observations that actin is initially localized to the region 

of the cSMAC during T cell activation. As the IS matures, actin is cleared out of the 

cSMAC in the form of an expanding ring (Stinchcombe et al. 2006). Bunnel and 

colleagues made similar observations by following actin polymerization at the surface 

where Jurkat cells contact anti-TcR coated coverslips (Bunnell et al. 2001). If 

microtubule plus ends were tied to actin, then tension would develop on microtubules as 

the ring expanded (Figure 1.6). 

 

a 
b
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Figure 1.6: Theoretical mechanism of actin-based MTOC polarization. 

Some studies show support for an expanding ring of actin driving MTOC polarization. In 
early T cell activation, actin (red) is concentrated as a small patch at the forming IS. In a 
mature IS, actin has expanded out to form a ring in the pSMAC area. If microtubules 
(blue) are attached to the actin patch at their plus ends, expansion of actin can pull on 
microtubules and pull the MTOC towards the APC contact site. 
 

In support of this idea, studies reported that the small G protein Cdc42, which 

triggers actin polymerization, was also needed for MTOC reorientation (Stowers et al. 

1995).  Based on reports that IQGAP links microtubule plus ends to the actin cortex 

(Fukata et al. 2002; Watanabe et al. 2004), Stinchcombe and colleagues found that both 

actin and IQGAP clear out of the IS before the MTOC arrives. They proposed that 

IQGAP might link microtubules to actin. Then as the actin ring expanded, the 

microtubules would spread out with it generating the tension that would pull the MTOC 

forward (Stinchcombe et al. 2006).  

In support of this hypothesis, a study of NK cells by Banerjee and colleagues 

showed that overexpression of normal or mutant Cdc42 interacting protein (CIP4) 

blocked MTOC translocation (Banerjee et al. 2007). CIP4, like IQGAP, is also thought to 

link actin to microtubules. On the other hand, when Tskvitaria-Fuller and colleagues 

actin actin

T cell
APC

Early T cell activation Late T cell activation

Microtubules and MTOC
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loaded T cells with a dominant negative Cdc42, it had only a small effect, slowing down 

MTOC repositioning (Tskvitaria-Fuller et al. 2006). When Chemin et al. or Gomez et al. 

reduced Cdc42 expression using shRNA, this apparently had no effect on MTOC 

translocation. Gomez et al. argued instead that the small G protein Rac1 was necessary, 

perhaps though its ability to activate the formin FML1 (Chemin et al. 2012; Gomez et al. 

2007).  

The idea of microtubules linked to an expanding actin ring is in theory a plausible 

way to drive the MTOC towards the IS, but it is hard to reconcile this theory with the 

oscillating MTOC seen when two target cells are in contact with one CTL (Kuhn et al. 

2002). The initial support for the role of Cdc42 in actin-based MTOC polarization is 

undermined by the papers described above. In addition, Sedwick and colleagues 

demonstrated that the MTOC could be induced to translocate to the opposite end of the 

cell from where actin accumulated (Sedwick et al. 1999). Finally, an IQGAP mutant 

construct that had a nonfunctional actin-binding domain (IQGAP G75Q) had no effect on 

MTOC translocation (Sarah Tan and Martin Poenie, unpublished data), although Gomez 

et al. indicated that in their initial experiments, IQGAP siRNA knockdown cells had 

impaired MTOC translocation (Gomez et al. 2007).  

 

T CELL SECRETORY VESICLE MOVEMENT 

As discussed above, CTL vesicles contain molecules which form holes in the 

membrane of a target cell and molecules which trigger apoptosis in the target cell, while 

TH cell vesicles mostly contain molecules important for cell proliferation and activation 

of the immune response (Hoves et al. 2010; Zhu et al. 2009). After antigen recognition, 

these vesicles are trafficked along microtubules towards the interface between the T cell 
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and the APC (Sykulev 2010) (Figure 1.7). This process is regulated by two movements: 

movement of vesicles towards the MTOC (Mentlik et al. 2010), and MTOC translocation 

to the T cell contact surface (Poenie et al. 2004; Stinchcombe et al. 2006).  

 

a b c da b c d

 

Figure 1.7: Secretory vesicles are present at the IS in activated T cells. 

(a,c) Secretory vesicles (green) are concentrated at the boundary between the T cell and a 
target cell (actin, red). (b,d) Cropped and rotated view of the IS in (a,d). Secretory 
vesicles are concentrated in the secretory domain of the CD8+ CTL IS in (b), while 
vesicles in CD4+ CTLs (a T cell class separate from CD4+ Th cells) were scattered at the 
IS. Adapted from (Beal et al. 2009). 

 

A rise in intracellular Ca2+ concentration regulates dynein-dependent vesicle 

movement towards the MTOC (Beal et al. 2009). Dynein motors can function in the 

absence of Ca2+ in a cell-free system (Gennerich et al. 2007) indicating that Ca2+ 

exercises its activity indirectly, and the precise nature of the downstream events is not 

understood. The kinetics of intracellular Ca2+ accumulation determine how rapidly 

vesicles are translocated towards MTOC (Beal et al. 2009) and thus which of the two 

movements occurs first. If the Ca2+ response is rapid, vesicles accumulate at the MTOC 

prior to MTOC translocation, and MTOC polarization delivers the vesicles to the 

secretory domain at the IS. CTLs use this "short path" of vesicle delivery to rapidly 

eliminate target cells. Less rapid Ca2+ accumulation allows the MTOC to polarize before 
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the vesicles reach the MTOC. The vesicles then have to travel across the IS in order to be 

released at the center of the IS (Sykulev 2010). This "long path" of vesicle delivery is 

linked to slow target cell destruction by CTLs, and may also describe vesicle movements 

in helper T cells. 
 

THE DYNEIN MOTOR 

Dynein, a molecular motor protein complex that walks toward the minus end of 

microtubules, is involved in a wide array of cell functions. There are two main classes of 

dynein: 1) Axonemal dynein which generates sliding forces on adjacent microtubules in 

cilia and flagella to cause beating of these structures (Gibbons et al. 1965; Witman 1992), 

and 2) Cytoplasmic dynein which transports membranous organelles toward microtubule 

minus ends in the cytoplasm, among other functions (Paschal et al. 1987a; Schroer 1994). 

Within the cytoplasmic dynein family, there are two main complexes. The first, 

cytoplasmic dynein 1, is the most abundant, and plays roles in processes as varied as 

spindle pole organization during mitosis (Pfarr et al. 1990), positioning of the 

endoplasmic reticulum and Golgi apparatus (Corthesy-Theulaz et al. 1992) and the 

nucleus (Eshel et al. 1993), and retrograde axonal transport in neurons (Paschal et al. 

1987b). Cytoplasmic dynein 2 plays an important role in intraflagellar transport, required 

for the growth and maintenance of cilia and flagella (Mikami et al. 2002). 

Cytoplasmic dynein is composed of dimers of multiple subunits (Figure 1.8).  A 

dimer of heavy chains is responsible for the motor activity of the protein. These heavy 

chains, about 530 kDa each, have a globular head, stalk, and tail (or “stem”) domain. The 

head contains the force-generating ATPase activity, while the stalk binds to the 

microtubule surface. The tail domain extends behind the head and is where intermediate 

and light chain subunits bind to the heavy chain (Ichikawa et al. 2011; King 2000). 
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Dynein intermediate chain (DIC) is a 74 kDa protein that binds the heavy chain, 

dynein light and light intermediate chains, and other accessory proteins such as dynactin 

(Schroer 1994). At least five isoforms of DIC have been identified from rat brain.  There 

are two genes encoding DIC and multiple alternatively spliced forms of each gene.  

Expression of these isoforms is cell-specific as well as developmentally regulated.  

Isoforms 1A and 2A, from genes 1 and 2 respectively, are found only in the brain. 

Isoform 1B is also found in the testis, but isoform 2C is found in all cell types that have 

been studied (Brill et al. 2000).    

The dynein complex also includes light intermediate chains (55-59kDa) (Hughes 

et al. 1995) which are involved in many dynein processes, including mitotic checkpoint 

signaling (Sivaram et al. 2009) and maintenance of endoplasmic reticulum to Golgi 

transport (Palmer et al. 2009). Dynein light chains (DLCs) are the final subunits of the 

dynein complex. There are three DLCs: LC8, Tctex1, and Roadblock. The functions of 

these subunits are not well understood, but LC8 has been suggested to be an adaptor 

between dynein and cargo (Lo et al. 2001). In addition, LC8 has been shown to bind 

other molecules apart from the dynein motor complex, such as Myosin Vα (Wagner et al. 

2006) and nNOS, a nitric oxide synthase (Radnai et al. 2010). The most recent data 

supports a role for LC8 as a dimerization and structural stabilization factor (Rapali et al. 

2011). 

While cytoplasmic dynein alone is sufficient to move microtubules along a 

surface in vitro, a second protein complex is required for most in vivo dynein motor 

functions by increasing dynein processivity (King et al. 2000). Dynactin, itself a complex 

of many subunits, is thought to link dynein to cargoes (see next section) (Karki et al. 

1999). 
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Figure 1.8: The dynein motor complex. 

The cytoplasmic dynein complex contains two heavy chains (blue) of about 530 kDa, two 
intermediate chains (ICs) of about 74 kDa, and may also contain light intermediate chains 
(LICs), and the light chains Roadblock, LC8, and Tctex-1. Also shown is the region of 
dynein IC that interacts with the dynactin molecule. Adapted from (Vale 2003). 
 

DYNEIN REGULATION AND ACCESSORY PROTEINS 

The intermediate chain of dynein is an important point of regulation for the 

complex because it is where many dynein accessory proteins bind to the dynein 

holoenzyme (reviewed in (Akhmanova et al. 2010; Vale 2003; Vallee et al. 2012)), as 

well as having multiple phosphorylation sites which can modulate its binding to these 

accessory proteins (Vaughan et al. 2001). Some of the proteins commonly bound to DIC 

(in addition to dynein light and light intermediate chains) are dynactin, Lis1, and 

NudE/NudEL. 

Lis1 is a phosphoprotein that has been shown to bind dynein intermediate chain, 

dynein heavy chain, and microtubules (Sapir et al. 1999; Sasaki et al. 2000; Tai et al. 
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2002). Lis1 haploinsufficiency causes the human disease lissencephaly, which is the 

result of neurons failing to migrate properly during brain development (Reiner et al. 

1995). Lis1 has been shown to regulate cytoplasmic dynein distribution in cells (Faulkner 

et al. 2000; Niethammer et al. 2000; Sasaki et al. 2000; Smith et al. 2000; Tai et al. 2002), 

but the role that Lis1 plays in dynein function is still unclear. It has been proposed in non-

lymphocyte cells that Lis1 is an important mediator of dynein function during MTOC or 

nuclear translocation (Li et al. 2005; Markus et al. 2009; Smith et al. 2000; Yamada et al. 

2008). Lis1 is discussed further in Chapter 4 of this study. 

NudE and NudEL are related proteins that bind to Lis1, dynein, and each other 

(Efimov et al. 2000; Feng et al. 2000; Niethammer et al. 2000; Sasaki et al. 2000; 

Stehman et al. 2007). They have a large variety of cellular functions, but are thought to 

regulate dynein motor function in conjunction with Lis1 (Mesngon et al. 2006; Yamada 

et al. 2008) and are possibly involved in intracellular dynein targeting (Liang et al. 2004; 

Vergnolle et al. 2007). 

The dynactin molecule is made up of a large number of subunits and interacts 

with dynein intermediate chain through its p150Glued subunit (Karki et al. 1995; Vaughan 

et al. 1995). Dynactin binds microtubules and enhances the processivity of the dynein 

motor, as well as acting as an adaptor for dynein cargo (Gill et al. 1991; Schroer 2004; 

Schroer et al. 1991). Dynactin is discussed further in Chapter 3 of this study. 

 

ACTIVATION OF JURKAT T CELLS 

We have used Jurkat T cells to dissect the roles of dynein in T cell activation in 

the studies described here. The Jurkat E6-1 clone is a human leukemic TH cell line which 

has been used extensively since the 1980s (Abraham et al. 2004). It is known that Jurkat 
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T cells are deficient in the protein PTEN (a D3 phosphoinositide phosphatase). This 

causes constitutive localization of the kinase Itk to the plasma membrane and 

hyperresponsiveness of Jurkat cells to CD3 (a part of the TcR) stimulation (Shan et al. 

2000).  

These cells have a number of advantages and disadvantages when compared to 

mouse or human primary T cells. The main disadvantage is that they are a T helper tumor 

line and less representative of normal T cells. The antigen for the TcR in Jurkat cells is 

unknown, so Jurkat cells will be stimulated in this study by superantigen-coated Raji 

(Human Burkett’s lymphoma) B cells (Figure 1.9). Superantigens such as Staphylococcus 

aureus enterotoxin E (SEE) circumvent specific antigen-TcR interactions and allow the 

TcR to be crosslinked in the presence of MHC complexes, stimulating CD28 and TcR 

pathways as in normal T cell activation (Fraser et al. 1992; Kappler et al. 1989; Li et al. 

1999; Papageorgiou et al. 1998).  
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Figure 1.9: Model of SEE-based activation of Jurkat T cells. 

The Jurkat TcR is crosslinked to a Raji B cell MHC by SEE. This allows other T cell-B 
cell interactions, such as the interaction of CD28 with B7, to occur. This provides the 
closest mimic of a specific T cell recognizing antigen in the context of an MHC and 
results in strong activation of the Jurkat T cell. 

 

The strong Jurkat cell TcR engagement by SEE, while an artificial stimulus, also 

has certain advantages when it comes to trying to understand the basic mechanism of 

MTOC translocation. Signal transduction through the TcR is complex and certain 

molecules may be important for T cell activation under conditions of weak TcR-antigen 

binding that might not otherwise be necessary. For example, when CTLs were treated 

with monoclonal antibodies to LFA-1, their cytolytic function was profoundly inhibited 

indicating a defect in polarized secretion (Davignon et al. 1981). On the other hand, when 

LFA-1-deficient Jurkat cells were stimulated by SEE-coated Raji cells, MTOC 

reorientation was not greatly affected (Combs et al. 2006). Similarly, siRNA knockdown 

of Fyn kinase to undetectable levels in Jurkat cells also had little effect on MTOC 

translocation (Sarah Tan and Martin Poenie, unpublished observations), while Fyn was 

found to be necessary in other studies (Martin-Cofreces et al. 2006). 
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The molecules above are known to be involved with numerous signaling events in 

T cells as well as being implicated in MTOC translocation. Vav1 is another such 

molecule. Ardouin and colleagues showed that Vav-/- thymocytes had reduced MTOC 

reorientation (from 74% to 49% of all T cell-target cell pairs). This partial reduction of 

MTOC translocation correlated with impaired calcium elevation and signaling events 

(Ardouin et al. 2003). It was noted however that in Vav-1-/- Jurkat cells, these effects 

were less severe leading to the suggestion that there may be developmental defects that 

contribute to defects in Vav-/- mice (Cao et al. 2002). The SEE-coated Raji cell activation 

of Jurkats is advantageous in that it reduces or eliminates differences in the requirements 

for T cell activation in response to weak vs. strong stimuli. 

 

SUMMARY OF STUDY FINDINGS 

Using molecular traps (described in Chapter 2) against DIC, we have now shown 

that dynein activity and the dynein light chain LC8 are required for both MTOC 

translocation towards the IS and SV clustering around the MTOC in Jurkat T cells. In 

Chapter 3, we also observed that two different patterns of DIC immunostaining in 

activated Jurkat cells could be obtained by using different antibodies against DIC. These 

two staining patterns do not seem to reflect different roles for different DIC isoforms, 

although two DIC isoforms were cloned from Jurkat cell mRNA. We also show that 

dynactin, through its p150Glued subunit, is required for SV clustering but not MTOC 

translocation in Chapter 3, suggesting that dynein accessory proteins control dynein 

functions. In Chapter 4, we show that Lis1, most likely in the context of a dynein 

complex, is localized to a ring resembling the pSMAC and is necessary for MTOC 

translocation. 
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Chapter 2:  Molecular trapping of dynein shows that it is required for 
both MTOC translocation and secretory vesicle clustering. 

INTRODUCTION 

One of the main functions of T cells is the focused delivery of cytotoxic 

molecules or helper molecules to cognate target or antigen presenting cells.  Focused 

delivery is accomplished by formation of a specialized contact site known as the 

immunological synapse (IS), movement of secretory vesicles (SVs) towards the 

microtubule organizing center (MTOC), and the translocation of the MTOC to the IS.  

The mechanism for MTOC translocation is still unclear. One model suggests that 

microtubule plus ends become attached to a patch of actin as it begins to form at the 

center of the IS (Stinchcombe et al. 2006). This initial patch of actin evolves into a 

widening ring and as the ring expands, it pulls microtubules laterally drawing the MTOC 

up to the IS. However, a number of studies show that actin dynamics may not be the main 

or only driving force for MTOC polarization (Chemin et al. 2012; Gomez et al. 2007; 

Sedwick et al. 1999; Tskvitaria-Fuller et al. 2006). Dynein has also been strongly 

implicated in MTOC translocation (Combs et al. 2006; Martín-Cófreces et al. 2008; 

Quann et al. 2009) as well as SV movement to the MTOC (Mentlik et al. 2010; 

Stinchcombe et al. 2006). However, in vivo dynein function remains difficult to study in 

T cells due to the prominent role that dynein plays in cellular functions such as protein 

trafficking and mitosis and the difficulty of disrupting protein function in these cells in a 

short period of time such as with siRNA or microinjection. 

 

Dynein molecular traps 

One new method that is potentially useful in studies of perturbation-sensitive 

proteins is to use a homodimerizable molecular trap aimed at binding and sequestering or 
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inhibiting the protein of interest. This homodimerization technology was originally 

described by Crabtree and colleagues (Pruschy et al. 1994). In their studies, Pruschy et al. 

used the protein FKBP12, an immunophilin, which binds to either FK506 or rapamycin 

in vivo. These FKBP12 complexes can then bind calcineurin (FKBP12-FK506-

calcineurin) or FRAP, a lipid kinase (FKBP12-rapamycin-FRAP), resulting in 

immunosuppression (Brown et al. 1994; Liu et al. 1991; Sabatini et al. 1994). Fusion of 

FKBP12 to the ζ chain of the T cell receptor (TcR) in Jurkat cells yielded a form of TcR 

that could be dimerized (and thereby activated) by addition of a dimeric form of FK506. 

This dimeric form of FK506 was cell permeable and did not promote interaction of 

FKBP12 with calcineurin. Signaling competency downstream from the TcR was not 

affected in these cells (Pruschy et al. 1994). 

This technology was further developed as the Argent regulated homodimerization 

kit from Ariad Pharmaceuticals. In place of FKBP12, FKBP with a Phe to Val 

substitution was generated. The homodimerizer drug AP20187, which binds with 

subnanomolar affinity to the modified FKBP, was developed to replace the FK506 dimer 

and eliminate all binding to endogenous FKBP12 (Clackson et al. 1998). Each of the 

molecular traps in this study consists of a fluorescent protein domain (GFP), the modified 

FKBP, and a peptide that binds to a particular dynein subunit when the construct is 

dimerized (Figure 3.1). Before dimerization of the molecular trap, dimeric dynein 

subunits have a significantly higher affinity for the dynein complex than the monomeric 

trap.  After dimerization, the molecular trap essentially becomes a high-affinity, bivalent 

ligand that competes with endogenous dynein complexes for a particular subunit (Figure 

2.1B) (Varma et al. 2010). 

 



 29

 

 

Figure 2.1: Structure and mechanism of dynein molecular traps. 

(A) A hypothetical ribbon model of the LC8 molecular trap (purple and blue) dimerized 
by AP20187 (yellow) in complex with LC8 (tan) was determined by deriving information 
from known protein crystal structures. (B) Model of dynein on a microtubule before and 
after trap dimerization. Before addition of AP20187, equilibrium favors LC8 (tan) 
binding to the dynein complex (IC + LC8) over binding the monomeric trap. After 
addition of AP20187, the equilibrium favors LC8 binding to the dimerized trap and the 
molecule is lost from dynein complexes. Adapted from (Varma et al. 2010). 
 

Trap peptides were designed to target specific dynein subunits; DIC, LC8 and 

TcTex, which are all dimers within the dynein complex. The DIC trap peptide consists of 

a known region of the dynactin subunit p150Glued that binds DIC. The LC8 and TcTex 

trap peptides consist of the regions of DIC that are known to bind these dynein light 

chains (Figure 2.1A, 2.2) (Siglin et al. Manuscript submitted; Varma et al. 2010). Siglin 

et al. have shown DIC trap-mediated disruption of the Golgi apparatus within 1 hour of 

incubation with the drug AP20187 (Siglin et al. Manuscript submitted). Although the 

LC8 and TcTex traps required more incubation time with the drug, possibly due to slower 

dissociation kinetics of these constructs from their complexes, Golgi dispersal was seen 

in cells containing each dynein light chain trap in under 8 hours (Varma et al. 2010). 
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Figure 2.2: Known binding regions of dynein complex molecules on dynein intermediate 
chain. 

A schematic of the dynein intermediate chain is shown with its coiled coil domain, two 
alternatively-spliced sites (A1, A2), serine-rich domain (S), dimerization domain, and 7 
WD repeat domains. The binding regions for p150Glued, the light chains Tctex, LC8 and 
Roadblock, and the dynein heavy chain are shown on top of the DIC schematic. Adapted 
from (Lo et al. 2006). 

 

Here we have used molecular traps to obtain further evidence that both MTOC 

translocation and vesicle clustering depend on dynein. The traps were expressed in Jurkat 

cells as monomers which show little binding but are converted to high affinity ligands 

when dimerized by AP20187. Traps against DIC and LC8 both decreased MTOC 

polarization and SV clustering, supporting the hypothesis that dynein mediates both types 

of events during T cell activation. 

 

MATERIALS AND METHODS 

Reagents and antibodies 

Poly-L-lysine (58kDa), Tween-20, Triton X-100, Ethylene diamine tetracetic acid 

(EDTA), Tris, and paraformaldehyde were purchased from Sigma (St. Louis, MO). 

Partially purified Staphylococcus enterotoxin E (SEE) was purchased from Toxin 

Technology (Sarasota, FL). Cell Tracker Blue, RPMI medium 1640, glutamine, and 

sodium pyruvate were purchased from Invitrogen (Carlsbad, CA). Heat-inactivated fetal 
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bovine serum (FBS) was purchased from Atlas Biologicals (Fort Collins, CO). G418 was 

purchased from Calbiochem (San Diego, CA) or Gold Biotechnology (St. Louis, MO). 

Complete, mini EDTA-free protease inhibitor tablets were purchased from Roche 

Applied Science (Indianapolis, IN). The trap homodimerization reagent AP20187 was 

obtained from Ariad Pharmaceuticals (Cambridge, MA) or Clontech (Mountain View, 

CA). All other reagents used in this study were of the highest quality available. 

Anti-β tubulin antibody (clone TUB2.1), and rabbit anti-hamster antibody were 

purchased from Sigma. Mouse anti-DIC clone 74.1 was from Covance (Princeton, NJ). 

Mouse anti-human Vβ8 antibody were from BD Biosciences (San Jose, CA). The rabbit 

anti-GFP antibody was a generous gift from Dr. Arturo De Lozanne. Anti-CTLA-4 

antibody (Santa Cruz Biotechnology, Santa Cruz, CA). TRITC anti-mouse IgG (Fc 

specific) was purchased from Sigma. HRP-conjugated goat anti-mouse antibody was 

purchased from Fisher Scientific (Pittsburgh, PA). HRP-conjugated anti-goat antibody 

was a gift from Dr. Jeff Gross. Recombinant Alexa 594-conjugated cholera toxin B 

subunit was from Molecular Probes (Eugene, OR). Lysotracker red was from Invitrogen. 

Cell Culture 

Jurkat (clone E6-1) and Raji cells were obtained from ATCC (Manassas, VA) and 

maintained in RPMI 1640 supplemented with 10% FBS, 50 μM β-mercaptoethanol, 24 

mM NaHCO3, 1 mM pyruvate, 1 mM glutamine, 100 U/ml penicillin and 100 μg/ml 

streptomycin. The cells were cultured in an incubator (Forma) that maintained the 

environment at 37 °C and 5% CO2. Cell viability was at least 98% as assessed by Trypan 

blue exclusion before each experiment. 
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CTLA-4 plasmid cloning 

The mouse CTLA-4-YFP construct was a gift from Dr. James Allison. To obtain 

CTLA-4-mCherry, first mCherry fused to the N terminus of α-tubulin was subcloned 

from pCDNA3.1-mCherry-tubulin (kindly provided by Dr. Roger Tsien) into pIRES 

PURO3 (Invitrogen) by using PCR mutagenesis to insert a BamHI site at the 3' end of the 

tubulin gene, followed by restriction digests with NheI and BamHI to form pIRES 

PURO3-mCherry-tubulin. PCR mutagenesis was used to insert an additional BamHI cut 

site at the 3' end of mCherry, followed by a restriction digest and ligation to remove 

tubulin DNA, forming pIRES PURO3-mCherry. CTLA-4 from the CTLA-4-YFP 

construct was then subcloned into the N-terminal side of mCherry at the ClaI and NheI 

cut sites to form pIRES PURO3-CTLA-4-mCherry. mCherry was placed on the 3' end of 

CTLA-4 to avoid complications with membrane insertion of the CTLA-4 protein. 

Transfection of plasmids 

Plasmids were introduced into Jurkat cells by electroporation.  For each 

electroporation, 2 × 107 Jurkat cells were suspended in 400 μl of OPTI-MEM I reduced 

serum medium (Invitrogen) in a 0.4 cm gap cuvette (Fisher Scientific), and 10 μg of 

plasmid was added. After incubation at room temperature for 10 minutes, cells were 

electroporated with a Bio-Rad Gene Pulser II set to 950 μF and 250 V and then were 

immediately resuspended in 10 mL of growth media.  

For development of stable cell lines, cells containing CTLA-4-YFP, GFP-DIC 

trap, GFP-LC8 trap, GFP-TcTex trap, or pEGFP-C1 (Clontech) were selected in media 

containing 1.2 μg/mL G418 for at least 2 weeks followed by sorting using a FACSAria 

IIu cell sorter (BD Biosciences) in the ICMB Core Facility at The University of Texas at 

Austin. Cells containing the CTLA-4-mCherry plasmid were selected in media 

containing 2.5 ng/mL puromycin  for at least 10 days, sorted, and then electroporated 
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with one of the trap plasmids or pEGFP-C1 plasmid followed by selection with G418 for 

at least 2 weeks and sorted for cells with both GFP and mCherry fluorescence. 

Thereafter, cells were maintained with 1.2 μg/mL G418 and/or 2.5 ng/mL puromycin as 

appropriate and periodically sorted. Cell lines were designated as follows: JDIC2B 

(express GFP-DIC2B), JDIC2C (express GFP-DIC2C), JDICt (express GFP-DIC trap), 

JLC8t (express GFP-LC8 trap), JTcText (express GFP-TcTex trap), Jm4DICt (express 

mCherry-CTLA-4 and the DIC trap), Jm4LC8t (express mCherry-CTLA-4 and the LC8 

trap).   

Co-immunoprecipitation and Western blotting 

Trap-expressing Jurkat cells were incubated with 50 or 100 nM AP20187 for 1 

hour in complete medium followed by lysis in ice cold lysis buffer (100 mM Tris pH 8.0, 

50 mM NaCl, 0.25% Triton X-100, 1 mM EDTA, 10 mM NaF, 2 mM NaVO4, 1x Roche 

mini EDTA-free protease inhibitor tablet) for 10 minutes. Samples were homogenized 

using a 21-gage syringe needle and centrifuged for 10 minutes. The resulting 

supernatants were precleared by incubation with protein A agarose (Invitrogen) for 1 

hour at 4°C. The supernatant was then transferred to tubes containing protein A agarose 

pre-incubated with rabbit anti-GFP antibody for 3 hours at 4 °C. Subsequently the beads 

were pelleted, washed with lysis buffer three times and boiled in SDS-PAGE sample 

buffer for 5 minutes.  

Proteins were separated by SDS-PAGE and transferred to nitrocellulose 

membrane (Bio-Rad). The membranes were blocked in Tris buffered saline (TBS: 25 

mM Tris, 137 mM NaCl, 2.7 mM KCl pH 7.4) containing 5% non-fat dry milk for 1 hour 

followed by incubation with primary antibodies overnight at 4 °C in TBS containing 5% 

bovine serum albumin (Sigma) and 0.5% Tween-20. The blots were then washed in TBS 
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containing 0.05% Tween-20 three times. Secondary antibody was added in TBS 

containing 5% nonfat dry milk for 1 hour at room temperature followed by three washes 

as above. The blots were developed using a Pierce Super Signal West Pico 

chemiluminescence detection kit and CL-Xposure X-ray film (Fisher Scientific). 

Preparation of Coverslips and Jurkat–Raji Cell Pairs 

Glass coverslips were cleaned by immersion in ethanol containing 10% saturated 

KOH for one hour and then rinsed repeatedly in distilled water. They were then coated 

with 1 mg/mL poly-L-lysine, rinsed a second time, and air-dried. Raji cells were 

incubated for 45 minutes with 2 μg/ml partially purified SEE in RPMI. Raji cells were 

distinguished by labeling with 1 mM cell tracker blue or by depolymerizing microtubules 

with 10 mM colchicine for the last 15 minutes of the SEE incubation. For MTOC 

polarization and SV localization counts in dynein molecular trap-expressing cells, Jurkat 

cells were incubated with 50 nM (DIC trap cells) or 100 nM (LC8 and TcTex trap cells) 

AP20187 for 1 hour in complete medium prior to activation. Jurkat and Raji cells were 

washed by centrifugation, mixed, and pelleted together. The pellet was resuspended and 

plated on the polylysine-coated coverslips where they were allowed to adhere at 37 °C for 

15 minutes before fixation or for 30 minutes when examining vesicles. 

Cell fixation and immunostaining 

Cells on coverslips were fixed for 30 minutes at room temperature in modified 

phosphate buffered saline (PBS: 3.8 mM KCl, 1.2 mM KH2PO4, 139 mM NaCl, 3.15 mM 

Na2HPO4, 1 mM MgSO4, pH 7.2) containing 1 mM CaCl2, 5mM glucose, and 4% fresh 

depolymerized paraformaldehyde. Cells were subsequently permeabilized in ice cold 1:1 

acetone:methanol for 15 minutes, washed in PBS, and blocked for 30 minutes in PBS 

containing 5% goat serum (Sigma) and 0.5% Tween-20. The cells were then washed in 
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PBS and incubated with primary antibody for one hour or overnight at 4 °C and rinsed 

through six changes of PBS. This was repeated for the secondary antibody. Coverslips 

were mounted on glass slides using Prolong Gold antifade reagent (Invitrogen) and sealed 

with nail polish. 

Image Acquisition 

Images were acquired using a Nikon Diaphot 200 inverted microscope with a 

Hamamatsu Orca CCD (Hamamatsu Corp., Bridgewater, NJ). Some images for the 

molecular trap studies were acquired on a Nikon Eclipse TE 200 microscope with a 

Photometrics cooled CCD camera in the lab of Dr. Arturo De Lozanne.  

Calcium fluorometer measurements 

DIC trap-expressing Jurkat cells were resuspended in 1x PBS pH 7.0 containing 

5mM glucose, 1mM Ca2+, and 1% FBS and incubated with or without 50 nM  AP20187 

for 1 hour at 37 ˚C. During the last 30 minutes, indo-1-AM (Molecular Probes, Eugene, 

OR) was added to give 1μM loading concentration,  Cells were washed and resuspended 

at a concentration of 1x106 cells/mL in the PBS buffer and transferred to a standard 

fluorometer cuvette. Measurements were performed in fluorometer equipped with dual 

emission detectors (PTI, Birmingham, NJ). Indo-1-AM was excited at 354nm and 

emission wavelengths were monitored at 404 and 485 nm (Grynkiewicz et al. 1985). 

During the measurements, cells were maintained at 37 ˚C with a circulating water bath 

and in constant agitation with a magnetic stirrer.  

For each experiment, baseline indo-1-AM signals were obtained and then 500 

ng/mL of anti-Vβ8 antibody was then added, and fluorescence was recorded for 400 

seconds. For calibration ionomycin was added to a concentration of 2 μM, followed by 
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cell lysis with 0.1 mg/mL digitonin followed by the addition of  2mM EGTA and 6mM 

Tris base. 

Golgi apparatus staining 

GFP only- or molecular trap-expressing cells were resuspended at 1x106 cells/mL 

in complete medium containing 1 μg/mL Alexa 594-conjugated Cholera toxin B subunit 

(CTX) for 30 minutes. Ethanol or AP20187 in ethanol was then added for 1 hour to GFP-

expressing (100 nM AP20187) and JDICt cells (50 nM AP20187), or 6 hours to JLC8t 

cells (100 nM AP20187) after incubation with CTX. Cells were resuspended in warm 

PBS containing 1% FBS and visualized within 5 minutes on the microscope.  

 

 

RESULTS 

To test whether dynein is needed for MTOC translocation, we developed Jurkat 

cell lines that express GFP-tagged traps designed to bind to the N-terminus of the DIC 

(DIC trap; JDICt cells), to the dynein light chain LC8 (LC8 trap; JLC8t cells) or to the 

dynein light chain TcTex (TcTex trap; JTcText cells). To test for binding of the DIC trap 

to dynein in the presence or absence of AP20187, we used anti-GFP antibody to 

immunoprecipitate the expressed trap. Western blots were used to probe for the presence 

of DIC (Figure 2.3). The data show that DIC is present in the immunoprecipitate from 

JDICt cells when AP20187 was added but not in the absence of AP20187. It should be 

noted however that some DIC remained in the post-IP supernatant after the 

immunoprecipitation indicating that the binding either is incomplete or the complex 

comes apart during the IP procedure. The WCL and post-IP sup. lanes contained 6% of 

the total input in the IP lanes. 
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Figure 2.3: Co-immunoprecipitation of GFP-DIC trap with and without AP20187. 

JDICt cells were lysed after 1 hour incubation with ethanol only (-) or 50 nM added 
AP20187 in ethanol (+) and immunoprecipitated using anti-GFP antibody (DICt), an 
irrelevant antibody (Ir. Ig), or beads only (Beads). The whole cell lysate (WCL), material 
pulled down with the beads (IP) and the supernatant remaining after pelleting the beads 
(post-IP sup.) were then probed on Western blots using anti-DIC 74.1 antibody. 

 

We then examined whether the DIC trap would block MTOC translocation in the 

presence of AP20187 (Figure 2.4). Little effect on MTOC translocation was seen in 

JDICt cells in the absence of AP20187 or in cells expressing GFP only that were treated 

with AP20187. However, when JDICt cells were treated with AP20187, MTOC 

translocation was reduced from 94% to 28% of control values (p = 0.014 by Student's T-

Test) (Figure 3.5A).  
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Figure 2.4: Activation of DIC and LC8 traps both decrease MTOC polarization. 

(A-P) JDICt or JLC8t cells or Jurkat cells expressing GFP only were incubated for 1 hour 
with ethanol only (/-) or 50 nM AP20187 (DICt /+) or 100 nM AP20187 (LC8t /+), 
paired with SEE-coated Raji cells, and then fixed and immunostained for tubulin (TRITC 
secondary). (A) After immunostaining cells were independently scored three times (50 
cells/trial) for MTOC translocation to the Jurkat-Raji interface. The percent MTOC 
polarization is expressed relative to control values with background polarization 
subtracted. Data are normalized means ± standard error multiplied by the normalization 
factor. DICt /+: p = 0.014 versus DICt /-, LC8t /+: p = 0.0002 versus LC8t /- (Student's 
T-Test). (B-P) Image data is presented that corresponds to the graph in (b). Images were 
recorded using a GFP filter showing the expressed trap, a rhodamine filter showing 
primarily the MTOC (arrowheads) and a blue filter set for cell tracker blue (CTB) 
showing the position of the Raji cells. Scale bar = 5 μm. 

 

Similar experiments were attempted using JLC8t and JTcText cells, but technical 

difficulties prevented us from fully characterizing these traps. While the LC8 trap also 
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blocked MTOC translocation (p = 0.0002 by Student's T-Test) (Figure 3.5A),  we were 

not able to show that this trap bound endogenous LC8 due to rapid loss or degradation of 

LC8 in JLC8t cell lysates even after only 1 hour incubation of the whole cell lysate with 

antibody-coated beads (Figure 2.5). The TcTex trap showed no effect on MTOC 

translocation in the presence or absence of AP20187 (data not shown) but using 

commercial antibodies, we were not able to verify that it bound TcTex in JTcText cell 

lysates.  

 

 

Figure 2.5: LC8 protein is not detectable in GFP-LC8 trap co-immunoprecipitates. 

JLC8t cells were lysed after 1 hour incubation with ethanol only or 100 nM added 
AP20187 in ethanol (+ drug) and immunoprecipitated using anti-GFP antibody, an 
irrelevant antibody (Irr. Ig), or beads only. The whole cell lysate (WCL), material pulled 
down with the beads (IP) and the supernatant remaining after pelleting the beads (post-IP 
sup.) were then probed on Western blots using anti-LC8 antibody and anti-GFP antibody 
(LC8t).  

 

The choice of AP20187 concentration and length of incubation with the drug was 

based on other studies with these traps (Siglin et al. Manuscript submitted; Varma et al. 

2010). Since inhibition of MTOC translocation was less than 100%, we tested multiple 

concentrations of AP20187 and different lengths of incubation with the drug, but we 

found minimal improvement in inhibition of MTOC translocation (Figure 2.6).  
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Figure 2.6: Effect of increased drug concentration or time of incubation with drug on 
MTOC polarization. 

GFP only, JDICt, or JLC8t cells were incubated with 250 nM AP20187 in ethanol for 1 
hour or 8 hours before pairing with SEE-coated Raji cells. Cells were then fixed and 
immunostained for tubulin (TRITC secondary). After immunostaining cells 50 cells per 
condition were scored for MTOC translocation to the Jurkat-Raji interface. The percent 
MTOC polarization is expressed relative to control values with background polarization 
subtracted. 

 

 

In addition, since blocking dynein is known to disperse the Golgi, we examined 

the effects of the molecular traps on Golgi dispersal (Burkhardt et al. 1997; Corthesy-

Theulaz et al. 1992).  In the case of both the DIC trap and LC8 trap, we observed Golgi 

dispersion only upon addition of AP20187 (Figure 2.7) whereas JTcText cells showed 

only a small amount of Golgi dispersion in the presence of the drug even after an 8 hour 

incubation period (data not shown).  
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Figure 2.7: Golgi dispersion in molecular trap cells. 

(A-L) The following cell lines were labeled with Alexa594-conjugated Cholera toxin B 
subunit (CTX) for 30 minutes, followed by incubation with or without AP20187: GFP 
only-expressing cells were incubated with (C-D; GFP +) or without (A-B; GFP -) 100 
nM AP20187 for  6 hours,  JDICt cells were incubated with (G-H; DICt+) or without (E-
F; DICt -) 50nM AP20187 for 1 hour, and JLC8t cells were incubated with (K-L; LC8t 
+) or without (I-J; LC8t -) 100 nM AP20187 for 6 hours before examination. Scale bar = 
5 μm. 

 

Previous studies by Martin-Cofreces et al. reported that overexpression of 

p50/dynamitin, a procedure known to disrupt the dynein-dynactin complex required for 

many dynein-mediated processes, also blocked MTOC translocation (Martín-Cófreces et 

al. 2008). However, they also noted that several aspects of T cell signaling were also 

diminished. Quann et al. have reported that localized formation of diacylglycerol (DAG) 

induced MTOC translocation in T cells (Quann et al. 2009). Since DAG and inositol 

trisphosphate are formed together by the action of phospholipase C, we reasoned that 
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monitoring the initial cytoplasmic calcium peak triggered by anti-T cell receptor (TcR) 

antibody would be one way to test whether the DIC trap was affecting this signaling 

pathway. To test this, JDICt cells, incubated with or without AP20187, were loaded with 

indo-1-AM (Grynkiewicz et al. 1985) and stimulated with anti-TcR antibody. The results 

show that the initial calcium response is essentially identical in presence or absence of 

AP20187 (Figure 2.8). 

 

 

Figure 2.8: Calcium flux in response to TcR stimulation in DIC trap cells. 

JDICt cells were incubated in ethanol  (AP20187 -) or with 50 nM AP20187 in ethanol 
(AP20187 +) for 1 hour and loaded with 1 μM indo-1/AM ester during the last 30 
minutes of the incubation. Fluorescence of the loaded cells was monitored using a dual-
emission monochromator fluorometer. After obtaining a baseline measurement, anti-TcR 
(Vβ8) antibody was added and the calcium response was monitored. Data is shown as the 
ratio of [Ca2+]-bound indo-1 to unbound indo-1. 
 

After having shown that the DIC and LC8 traps could be successfully used to 

show dependence of MTOC polarization on dynein, we set out to determine the same for 

secretory vesicle (SV) movement. In an effort to track SVs in Jurkat cells we initially 



 43

labeled cells with dyes such as acridine orange or Lysotracker red that accumulated in 

acidic compartments but the data did not show a definitive accumulation of these 

compartments at the IS (not shown). As an alternative, CTLA-4-YFP, which is a 

transmembrane protein known to accumulate in T cell secretory lysosomes (Egen et al. 

2002; Iida et al. 2000), was expressed in Jurkat cells.  

Prior to activation, SVs labeled with CTLA-4-YFP were found to be loosely 

spaced in the cytoplasm but centered around the MTOC (Figure 2.9A-C). Comparisons of 

unstimulated Jurkat cells with those after engaging SEE-coated Raji cells show that after 

activation the CTLA-4-YFP signal accumulates at the contact site, consistent with SV 

secretion (Figure 2.9D-E). Comparisons between the distribution of acidic compartments 

labeled with Lysotracker Red and vesicles labeled with CTLA-4-YFP shows only partial 

overlap (Figure 2.9F-H). In addition, we tested Jurkat whole cell lysate for the presence 

of endogenous CTLA-4 with anti-CLTA-4 antibody on a Western blot, but did not detect 

any protein. The same antibody recognized a band at the expected size in Jurkat cells 

expressing CTLA-4-YFP (Figure 2.9I). 
  



 44

 

 

Figure 2.9: Expression of CTLA-4-YFP in Jurkat cells. 

(A-C) Jurkat cells expressing CTLA-4-YFP were immunostained for tubulin using a 
TRITC secondary antibody (A) and photographed for endogenous CTLA-4-YFP 
fluorescence (B). The overlay is shown in (C) with tubulin in red and CTLA-4-YFP in 
green. The arrowhead in (A) points to the MTOC. (D-E) Jurkat cells expressing CTLA-4-
YFP were paired with SEE-coated Raji cells (R). CTLA-4 fluorescence was recorded 
with (D) or without (E) weak transmitted illumination to reveal the accumulation of 
CTLA-4 at the interface (Arrow). (F-H) Jurkat cells expressing CTLA-4-YFP and loaded 
with Lysotracker red. The YFP fluorescence (F) and the Lysotracker fluorescence (G) are 
overlayed (H), with CTLA-4-YFP fluorescence shown in green and Lysotracker 
fluorescence shown in red. Scale bar = 5 μm. (I) Jurkat (-) or CLTA-4-YFP-expressing 
Jurkat (+) whole cell lysate was separated by SDS-PAGE. Anti-CTLA-4 antibody was 
used to detect any CLTA-4 protein present by Western blot. Molecular weight markers 
are given in kDa. 
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To determine if the DIC trap blocked both MTOC translocation and movement of 

CTLA-4-labeled vesicles, Jurkat cell lines were developed that expressed both the DIC 

trap and CTLA-4-mCherry (Jm4DICt cells), the LC8 trap and CTLA-4-mCherry 

(Jm4LC8t cells), or GFP only and CTLA-4-mCherry. We initially examined these cells 

activated by SEE-coated Raji cells to ensure that the CTLA-4-mCherry labeled vesicles 

showed the same pattern of accumulation at the IS as seen for CTLA-4-YFP (data not 

shown).  

In order to quantify SV clustering, we distinguished 6 main vesicle patterns in 

activated CLTA-4-mCherry Jurkat cells (Figure 2.10).  If vesicles were observed in a 

band at the Jurkat-Raji interface, in a tight cluster next to this interface, or in a tight 

cluster elsewhere in the cell, we counted the vesicles as "clustered" (Figure 2.10A-C). On 

the other hand, if CLTA-4-mCherry-expressing Jurkat cells were observed to have a large 

quantity of vesicles (at least 15) dispersed away from the main cluster, regardless of the 

location of this main cluster, we counted the vesicles as "dispersed" (Figure 2.10D-E). 

Finally, some CTLA-4-mCherry-expressing cells did not display any large clusters of 

vesicles, and these vesicles were also counted as "dispersed" (Figure 2.10F).  
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Figure 2.10: Patterns of CTLA-4-mCherry-labeled vesicles in activated Jurkat cells. 

Jurkat cells expressing CTLA-4-mCherry were paired with SEE-coated Raji cells (R) and 
fixed. "Clustered" vesicles were observed in a band at the Jurkat-Raji interface (A), in a 
tight cluster next to this interface (B), or in a tight cluster elsewhere in the cell (C). 
Vesicles were classified as "dispersed" if at least 15 vesicles were dispersed away from 
the main cluster at the Jurkat-Raji interface (D), away from the main cluster located 
elsewhere in the cell (E), or if no main cluster of vesicles was observed (F). Scale bar = 5 
μm. 

 

The results show that SV clustering around the MTOC was blocked in Jm4DICt 

trap or Jm4LC8t cells when AP20187 was present (DICt: p = 0.011, LC8t: p = 0.012 by 

Student's T-Test) (Figure 2.11A-B). Since there was usually a residual group of vesicles 

clustered around the MTOC, we used this cluster to quantify MTOC translocation as 

well. The data showed that in the presence of AP20187, MTOC translocation was 

blocked to approximately the same degree as seen in Figure 2.4 (data not shown). 
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Figure 2.11: Trapping DIC or LC8 decreases secretory vesicle clustering. 

(A) Jm4DICt (DICt), Jm4LC8t (LC8t) cells or Jurkat cells expressing CTLA-4-mCherry 
and GFP were incubated for 1 hour with either ethanol carrier (/-) or 50 nM AP20187 
(DICt /+) or 100 nM (LC8t /+) AP20187. Subsequently cells were paired with SEE-
coated Raji cells that had been preloaded with CTB and the conjugates were fixed. Cells 
on coverslips were scored (three separate experiments, 50 cells each) for vesicle 
clustering. The percent SV clustering is expressed relative to control values with 
background clustering subtracted. Data are normalized means ± standard error multiplied 
by the normalization factor. DICt /+: p = 0.011 versus DICt /-, LC8t /+: p = 0.012 versus 
LC8t /- (Student's T-Test). (B) Image data corresponding to the graph shown in (A). 
Images were recorded using a rhodamine filter set (mCherry fluorescence), a GFP filter 
for trap expression, and a blue filter set for CTB–labeled Raji cells. Scale bar = 5 μm. 
 

DISCUSSION 

In this study, we examined the role of dynein in both MTOC translocation and in 

secretory vesicle movements. Previous studies in NK cells and T cells showed that 
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vesicle clustering around the MTOC depended on dynein (Mentlik et al. 2010; 

Stinchcombe et al. 2006). Likewise, studies have implicated dynein in MTOC 

translocation (Combs et al. 2006; Martín-Cófreces et al. 2008; Quann et al. 2009). 

Interestingly, these two movements can occur in either order and which comes first seems 

to depend on the strength of the initial calcium signal during T cell activation (Beal et al. 

2009).  

We found that molecular traps targeted to both DIC and LC8 effectively blocked 

MTOC translocation. The DIC trap was based on peptides corresponding to the region of 

p150Glued that binds to the N-terminus of the DIC dimer (Siglin et al. Manuscript 

submitted). This trap was effective at blocking both MTOC translocation and vesicle 

clustering around the MTOC. The LC8 trap was based on the peptides corresponding to 

region of the DIC where LC8 binds. This trap was also effective at blocking MTOC 

translocation and SV clustering although not as effective as the DIC trap. Neither trap 

was 100% effective at blocking MTOC translocation. For the DIC trap, this might be 

explained by the fact that binding of DIC to the molecular trap was incomplete.  

Initially we attempted to visualize SVs based on accumulation of weak bases such 

as acridine orange or Lysotracker red. However, while there are many vesicles that 

accumulate these dyes, there was no unequivocal accumulation at the IS. In addition, 

changing the pH of these vesicles might block their function or secretion. Since CTLA-4 

is targeted to secretory lysosomes that are secreted by both CD4+ and CD8+ lymphocytes 

(Iida et al. 2000; Linsley et al. 1996), we used a fluorescent CTLA-4 construct to track 

these vesicles. Virtually all these labeled vesicles accumulated at the IS or were tightly 

clustered near the IS when Jurkat cells were paired with SEE-coated Raji cells.  With 

respect to the acidic vesicles labeled with Lysotracker red, there appears to be some 

overlap but it is not complete. 
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While more studies are needed, the use of molecular traps to study dynein 

function have some advantages over other methods of perturbing protein function. 

Studying protein function where transfection efficiencies are low such as in lymphocytes 

usually requires a period of selection. This is problematic when dealing with proteins 

such as dynein that are needed for mitosis. Furthermore, dynein is needed for vesicle 

movements, which, if blocked over a period of days, might interfere with protein 

trafficking. Molecular traps allow for the development of stable cell lines without 

interfering with protein function and then, with application of a drug, inhibition can be 

achieved in an hour. 

Previous studies have implicated dynein in MTOC translocation. For example, 

Quann and colleagues showed that the MTOC translocated to sites of local diacylglycerol 

formation and dynein accumulation always preceded MTOC movement (Quann et al. 

2009). In the study by Combs et al., when expression of ADAP was reduced by 

morpholino oligonucleotides, MTOC translocation was greatly reduced and dynein was 

not recruited to the IS (Combs et al. 2006). Finally, Martin-Cofreces and colleagues 

showed that MTOC translocation was blocked either when the dynactin complex was 

disrupted due to overexpression of dynamitin or when expression of the heavy chain was 

reduced by siRNA knockdown (Martín-Cófreces et al. 2008).   

While our studies indicate that dynein is needed for both SV clustering and 

MTOC translocation, others have suggested MTOC translocation is driven by an 

expanding actin ring (Stinchcombe et al. 2006). Stinchcombe and colleagues proposed a 

model in which activation of Cdc42 causes linkage of microtubules to actin through 

IQGAP and the expansion of the actin ring draws the MTOC to the synapse (Fukata et al. 

2002; Watanabe et al. 2004). A similar model was proposed by Banerjee and colleagues 

where Cdc42 acts through CIP4 to link microtubules to actin (Banerjee et al. 2007). 
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Either model presupposes that Cdc42 plays a role in MTOC translocation as previously 

reported (Stowers et al. 1995) . However, some studies have called into question whether 

Cdc42 is needed MTOC translocation. For example, Tskvitaria-Fuller and colleagues 

loaded T cells with a dominant negative Cdc42, but this did not block MTOC 

translocation (Tskvitaria-Fuller et al. 2006). Reducing Cdc42 expression with shRNA 

also reportedly had no effect on MTOC translocation (Chemin et al. 2012; Gomez et al. 

2007). Instead, Gomez and colleagues argued that Rac1 activation of the formin FML 

was required (Gomez et al. 2007). In previous studies from our lab, a expression of a 

dominant negative mutant of IQGAP in Jurkat cells had no effect on MTOC translocation 

(Sarah Tan and Martin Poenie, unpublished data). Perhaps arguing against the actin 

model is data from Sedwick et al. who showed that MTOC translocation could be 

induced towards the opposite end of a T cell from where actin had polymerized (Sedwick 

et al. 1999). 

Real time imaging data also raises questions concerning the actin-based model for 

MTOC translocation. The MTOC has been shown to oscillate at the T cell-target 

interface, which seems to take place after the actin ring has already expanded. In 

addition, in cases where two targets were attached to a T cell the MTOC was observed to 

oscillate between these two target cells, with distances up to 8 μm. (Kuhn et al. 2002). 

For actin polymerization to drive these movements, there would need to be 

commensurate cycles of actin polymerization which would be capable of driving the 

MTOC these large distances. This seems unlikely but to our knowledge, it has not been 

directly examined. 

Although our studies do not eliminate a role for actin MTOC translocation, they 

do suggest that dynein plays an important role in the process. We anticipate that it will be 

difficult to clearly dissect out a specific role for actin in MTOC translocation given that 
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actin plays such an important role in T cell activation (Babich et al. 2012; Beemiller et al. 

2010). In particular, the actin-binding protein IQGAP is reportedly important for 

phospholipase activity (Gorman et al. 2012). Phospholipase C activity gives rise to 

diacylglycerol which is thought to trigger MTOC translocation (Quann et al. 2011; 

Quann et al. 2009). A recent report also implicates the dynein-binding protein NDEL in 

cell signaling events (Chansard et al. 2011). These reports led us to test whether blocking 

DIC with a molecular trap had an impact on the calcium transient triggered by anti-TcR 

antibody. Since we saw no difference in the indo-1-AM response, we conclude that 

trapping dynein is not blocking this aspect of T cell signaling. Our data support the 

conclusion that dynein activity is directly needed for both MTOC translocation and SV 

clustering, and it will be important to determine how dynein is regulated to perform both 

of these functions during T cell activation. 
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Chapter 3:  Dynein accessory proteins, not dynein intermediate chain 
isoforms, distinguish between dynein functions in activated T cells. 

INTRODUCTION 

Efficient immune responses require helper and cytotoxic T cells to secrete the 

contents of their secretory vesicles (SVs) directly towards a target cell. This process 

requires MTOC translocation to the immunological synapse (IS) in the activated T cell, 

which may occur before or after SV concentration around the MTOC. The exact timing 

of these events may differ between cytotoxic and helper T cells and depends on the 

strength of calcium signaling downstream of the T cell receptor (Beal et al. 2009). 

Our studies using molecular traps to perturb dynein function (Chapter 2) suggest 

that the dynein molecular motor is largely responsible for both translocation of the 

MTOC to the IS and SV concentration around the MTOC in activated T cells. When T 

cells engage cognate targets, dynein accumulates at the IS where it forms a ring (Combs 

et al. 2006). Martin-Cofreces and colleagues reported that siRNA knockdown of the 

dynein heavy chain or overexpression of p50/dynamitin, which interferes with dynein 

functions, blocked MTOC translocation (Martín-Cófreces et al. 2008). Clustering of 

vesicles around the MTOC as a prerequisite for secretion has also been shown to require 

dynein (Mentlik et al. 2010; Stinchcombe et al. 2006). This is consistent with real time 

studies showing minus end-directed movement of secretory vesicles along microtubules 

(Poenie et al. 2004). However, it is unclear how dynein may be recruited and regulated to 

mediate both MTOC translocation and SV movements in activated T cells. 

It was initially thought that LFA-1, an integrin in the pSMAC of the IS, might be 

important for positioning of dynein to pull on microtubules thereby "reeling in" the 

MTOC. However, studies by Combs et al. showed that LFA-1-deficient Jurkat cells had 

no significant defect in MTOC polarization (Combs et al. 2006). Studies by Anikeeva 
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and colleagues also showed that in human CTLs, the Golgi apparatus still polarized in the 

presence of LFA-1 inhibitory Fab fragments (Anikeeva et al. 2005), indicating that LFA-

1 is not essential for MTOC polarization. Instead, Combs et al. showed that dynein 

recruitment to the IS was dependent on adhesion- and degranulation-promoting adaptor 

protein (ADAP) which seems to be responsible for anchoring dynein at the pSMAC 

(Combs et al. 2006). Dynein-mediated movement of vesicles is thought to depend on the 

dynactin complex (Gill et al. 1991; Kardon et al. 2009), and although dynactin has also 

been implicated in dynein function in MTOC polarization (Martín-Cófreces et al. 2008), 

our studies to be detailed in this chapter show that this may not be a strict requirement. 

 

Regulation of dynein function via dynein intermediate chain 

To address the issue of dynein regulation, we chose to focus on the intermediate 

chain of dynein for several reasons. There are several well-characterized antibodies 

commercially available for dynein intermediate chain (DIC). It has been shown that a 

large variety of proteins bind to DIC, including the dynein heavy chain, light 

intermediate, and light chains (Lo et al. 2006) (Figure 3.1), as well as other dynein 

binding proteins such as Lis1, NudE/L, and p150Glued (dynactin) (Faulkner et al. 2000; 

Kitagawa et al. 2000; Niethammer et al. 2000; Sasaki et al. 2000; Smith et al. 2000; 

Vaughan et al. 1995). DIC has multiple phosphorylation sites and one such site has been 

shown to control association of dynein with the dynactin complex (Vaughan et al. 2001). 

DIC is required for active dynein complexes, as shown in studies where anti-DIC 

antibody disrupts dynein-dependent trafficking in vitro and in vivo (Burkhardt et al. 1997; 

Heald et al. 1996). 
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Figure 3.1: Known binding regions of dynein complex molecules on dynein intermediate 
chain. 

A schematic of the dynein intermediate chain is shown with its coiled coil domain, two 
alternatively-spliced sites (A1, A2), serine-rich domain (S), dimerization domain, and 7 
WD repeat domains. The binding regions for p150Glued, the light chains Tctex, LC8 and 
Roadblock, and the dynein heavy chain are shown on top of the DIC schematic. Adapted 
from (Lo et al. 2006). 

 

In addition, there are also multiple isoforms of DIC characterized from two DIC 

genes in mammals. Only isoform DIC2C, from the second gene, is known to be 

expressed in all cell types tested (Brill et al. 2000). Susalka and colleagues have shown 

that different DIC isoforms can be associated with different transport complexes in 

neurons (Susalka et al. 2000), however, the function of different isoforms has yet to be 

elucidated in other cell types. 

Interestingly, in previous studies, immunostaining data using 70.1 and 74.1 anti-

DIC antibodies suggested there were two pools of dynein in Jurkat T cells: one clustered 

around the MTOC and one that accumulated at the IS when Jurkat cells were paired with 

Staphylococcus Enterotoxin E (SEE)-coated Raji cells (Soo Jin Kim and Martin Poenie, 

unpublished data) (Figure 3.2), but the reason for these different staining patterns is not 

understood.  

 



 55

 

Figure 3.2: Labeling of DIC at the IS with different antibodies. 

Jurkat cells were paired with SEE-coated Raji cells and then fixed and immunostained for 
DIC using anti-DIC mAbs 74.1 (A; TRITC-labeled, IgG-specific secondary) and 70.1 (B; 
FITC-labeled, IgM-specific secondary). Images were processed by deconvolution and 
computerized 3D reconstruction. The reconstructed 3D image stack was then cropped and 
rotated to display only the region near the IS. The overlay is shown in (C) with 74.1 in 
red and 70.1 in green. Scale bar = 5μm. Data was obtained by Soo Jin Kim and Martin 
Poenie. 
 

Soo Jin Kim also found that these two dynein antibodies as well as a rabbit 

polyclonal anti-DIC antibody (clone 1467) are each able to bind to the same DIC 

molecules. Immunoprecipitation of DIC from Jurkat cell lysate with one of these 

antibodies yielded DIC that could be detected on a Western blot with another of the anti-

DIC antibody clones (Figure 3.3). In addition, each antibody recognized a band of 

approximately the same molecular weight from Jurkat whole cell lysate ((Combs et al. 

2006); Soo Jin Kim and Martin Poenie, unpublished data), suggesting that the difference 

between the two DIC staining patterns observed was due to epitope masking rather than 

DIC isoforms. 
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Figure 3.3: Anti-DIC antibodies recognize the same DIC molecules from Jurkat cell 
lysate. 

(A) Jurkat whole cell lysate (WCL) was Western blotted for dynein with monoclonal 
anti-DIC antibody clones 74.1, 70.1, and a rabbit polyclonal anti-DIC antibody clone 
1467. (B) DIC was immunoprecipitated (IP) from Jurkat whole cell lysate by rabbit 
polyclonal anti-DIC clone 1467 or protein G beads only (Protein G no Ab). Anti-DIC 
clone 70.1 was used to probe the Western blot. (C) DIC was immunoprecipitated from 
Jurkat whole cell lysate by monoclonal mouse anti-DIC clone 74.1 or protein G beads 
only. Anti-DIC clone 70.1 was used to probe the Western blot. This experiment was 
published in part in (Combs et al. 2006) and includes data from Soo Jin Kim and Martin 
Poenie. 
 

Dynactin 

Although it will be important to determine if dynein isoforms play roles in 

different dynein functions in activated T cells, it will also be essential to study the role of 

dynactin in these processes. The dynactin complex was first identified as a dynein 

accessory protein that stimulated vesicle transport along microtubules (Gill et al. 1991; 

Schroer et al. 1991). Further studies showed that dynactin is required for most dynein 

activity in cells, and that it seems to act as a link between dynein and cargo (Holleran et 
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al. 1998; Schroer 2004). Dynactin is essential for mitosis, and mutations in some of its 

subunits cause defects in axonal transport which have been shown to lead to motor 

neuron disease (Puls et al. 2003; Schroer 2004). The largest subunit of dynactin, 

p150Glued, binds directly to dynein intermediate chain (DIC) and studies have shown it to 

be required for dynein processivity (Karki et al. 1995; King et al. 2000; Vaughan et al. 

1995). The other subunits of dynactin are also required as mutations that prevent the 

incorporation of p150Glued into the complex render dynactin nonfunctional (McGrail et al. 

1995). 

The dynactin complex contains two structural domains: a 40 nm multi-subunit rod 

thought to be involved in binding cargo and a 50 nm arm thought to bind microtubules 

(Figure 3.4). Dynein is thought to bind to p150Glued at the base of the arm (Schroer 2004). 

The rod domain contains an octameric polymer of Arp1. Arp1 is related to actin and is 

capable of polymerization and nucleotide hydrolysis, but the Arp1 polymer is shorter and 

significantly more stable than actin filaments (Bingham et al. 1999). It has been 

suggested that this Arp1 filament mediates dynactin's interactions with membranes 

because of its known association with spectrin family proteins (Holleran et al. 2001). The 

Arp1 rod is capped on one end by CapZ, a conventional actin plus end-capping protein, 

and on the other end by Arp11. Another protein found at the Arp11 end of the Arp1 rod is 

p62, which is thought to  mediate protein-protein interactions through a zinc-binding 

motif (Schroer 2004). 
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Figure 3.4: Diagram of the dynactin molecule. 

Dynactin consists of two main regions: a rod-like Arp1 region thought to be responsible 
for binding cargo and an arm-like projection important for binding to dynein and 
microtubules. The p150Glued subunits (grey) are where motor and microtubule binding 
take place. (Schroer 2004) 

 

The arm domain of dynactin notably contains dynamitin (four copies) and 

p150Glued (two copies). Dynamitin, also known as p50, links the two structural domains of 

dynactin. Overexpression of dynamitin is commonly used to study dynein-dynactin 

functions because this causes the p150Glued-containing arm to dissociate from the Arp1 

rod structure, thereby disrupting dynein-dynactin complexes (Echeverri et al. 1996; 

Eckley et al. 1999; Karki et al. 1998). Notably, Martin-Cofreces and colleagues showed 

that overexpression of dynamitin in T cells interfered with MTOC polarization, however, 

they also noted effects on signaling from the TcR, indicating that p50 overexpression 

may have additional consequences (Martín-Cófreces et al. 2008). 

The p150Glued subunit (Figure 3.5) is the vertebrate homolog of Glued, a 

Drosophila gene (Gill et al. 1991; Holzbaur et al. 1991; Waterman-Storer et al. 1996). 
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The N-terminal, globular head region of p150Glued contains a CAP-Gly (cytoskeleton-

associated protein, gycine-rich) motif which associates with microtubules (Vaughan et al. 

2002; Waterman-Storer et al. 1995). This association is thought to be mediated by a 

phosphorylation event on p150Glued (Vaughan et al. 2002). Both the p150Glued CC1 coiled-

coil region and a downstream region at amino acids 600-811 have been implicated in 

binding to DIC (King et al. 2003; Vaughan et al. 1995). More recently, McKenney et al. 

have shown that a subregion of the CC1 domain is sufficient to pull down DIC in vitro 

(McKenney et al. 2011). 

 

 

 

Figure 3.5: Schematic of the domains of p150Glued. 

p150Glued contains an N-terminal GAP-Gly domain, which binds to microtubules, as well 
as several coiled-coil domains. DIC is thought to bind p150Glued largely within the first 
coiled-coil domain. Adapted from (Schroer 2004). 

 

In this study, we found that immunostaining with the 70.1 and 74.1 anti-DIC 

antibodies repeatedly indicates that two pools of dynein are present in activated T cells. 

To investigate if there may be differences in DIC isoform function in activated T cells, 

dynein intermediate chain (DIC) was cloned from Jurkat mRNA using RT-PCR. This 
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yielded two known dynein isoforms, DIC2B and DIC2C. We initially attempted to 

express each DIC isoform as a fusion protein with a small N-terminal tag that can be 

labeled in vivo with a fluorophore, however, this labeling yielded inconclusive data. 

When expressed as GFP-fusion proteins, both DIC isoforms co-immunoprecipitated with 

other known dynein-binding proteins, indicating that both formed complexes in vivo. 

Each GFP-DIC isoform showed accumulation around the MTOC and in the cytoplasm in 

resting Jurkat cells but also accumulated at the IS, resembling a combination of the anti-

DIC 70.1 and anti-DIC 74.1 immunostaining patterns, when Jurkat cells were paired with 

SEE-coated Raji cells. This indicated that the differences between the two pools of 

dynein are not necessarily due to the presence of a specific DIC isoform. 

Having shown that p150Glued does not colocalize with dynein at the pSMAC ring 

and instead resembles dynein around the MTOC, we used siRNA against p150Glued to 

determine if dynactin was involved in either process. In the absence of p150Glued, SVs 

became dispersed in the cytoplasm and did not accumulate at the IS whereas 

translocation of the MTOC was not significantly affected. These results suggest the roles 

of dynein in both MTOC translocation and SV clustering are likely mediated by dynein 

accessory proteins. 

 

MATERIALS AND METHODS 

Reagents and antibodies 

Poly-L-lysine (58kDa), Tween-20, Triton X-100, Ethylene diamine tetracetic acid 

(EDTA), Tris, and paraformaldehyde were purchased from Sigma (St. Louis, MO). 

Partially purified Staphylococcus enterotoxin E (SEE) was purchased from Toxin 

Technology (Sarasota, FL). Cell Tracker Blue, RPMI medium 1640, glutamine, and 
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sodium pyruvate were purchased from Invitrogen (Carlsbad, CA). Heat-inactivated fetal 

bovine serum (FBS) was purchased from Atlas Biologicals (Fort Collins, CO). G418 was 

purchased from Calbiochem (San Diego, CA) or Gold Biotechnology (St. Louis, MO). 

Complete, mini EDTA-free protease inhibitor tablets were purchased from Roche 

Applied Science (Indianapolis, IN). All other reagents used in this study were of the 

highest quality available. 

Anti-DIC antibody (clone 70.1), anti-β tubulin antibody (clone TUB2.1), anti-

Lis1 antibody (clone Lis1-338) and rabbit anti-hamster antibodies were purchased from 

Sigma. Mouse anti-p150Glued was from BD Biosceinces (San Jose, CA). The anti-NudE 

antibody (10233-1-AP) was obtained from Proteintech (Chicago, IL) and shows cross-

reactivity with NudEL. Therefore, reactivity on Western blots was designated NudE/L. 

Rat anti-α tubulin antibody (clone YOL1/34, Novus Biologicals, Littleton, CO) was used. 

TRITC anti-mouse IgG (Fc specific), and FITC anti-mouse IgM (μ-chain specific) were 

purchased from Sigma. HRP-conjugated goat anti-mouse antibody was purchased from 

Fisher Scientific (Pittsburgh, PA). Alexa Fluor 594 goat anti-rabbit antibody was 

purchased from Invitrogen (Carlsbad, CA). Dylight 405 anti-mouse antibody was 

purchased from Jackson Immunoresearch Laboratories, Inc. (West Grove, PA). Alexa 

Fluor 594 goat anti-rabbit antibody was purchased from Invitrogen (Carlsbad, CA). 

Cell Culture 

Jurkat (clone E6-1) and Raji cells were obtained from ATCC (Manassas, VA) and 

maintained in RPMI 1640 supplemented with 10% FBS, 50 μM β-mercaptoethanol, 24 

mM NaHCO3, 1 mM pyruvate, 1 mM glutamine, 100 U/ml penicillin and 100 μg/ml 

streptomycin. The cells were cultured in an incubator (Forma) that maintained the 
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environment at 37 °C and 5% CO2. Cell viability was at least 98% as assessed by Trypan 

blue exclusion before each experiment. 

Preparation of Coverslips and Jurkat–Raji Cell Pairs 

Glass coverslips were cleaned by immersion in ethanol containing 10% saturated 

KOH for one hour and then rinsed repeatedly in distilled water. They were then coated 

with 1 mg/mL poly-L-lysine, rinsed a second time, and air-dried. Raji cells were 

incubated for 45 minutes with 2 μg/ml SEE in RPMI. Raji cells were distinguished by 

labeling with 1 mM cell tracker blue or by depolymerizing microtubules with 10 mM 

colchicine for the last 15 minutes of the SEE incubation. Jurkat and Raji cells were 

washed by centrifugation, mixed, and pelleted together. The pellet was resuspended and 

plated on the polylysine-coated coverslips where they were allowed to adhere at 37 °C for 

15 minutes before fixation or for 30 minutes when examining vesicles. 

Cell fixation and immunostaining 

Cells on coverslips were fixed for 30 minutes at room temperature in warm 

modified phosphate buffered saline (PBS: 3.8 mM KCl, 1.2 mM KH2PO4, 139 mM NaCl, 

3.15 mM Na2HPO4, 1 mM MgSO4, pH 7.2) containing 1 mM CaCl2, 5mM glucose, and 

4% fresh depolymerized paraformaldehyde. Cells were subsequently permeabilized in ice 

cold 1:1 acetone:methanol for 15 minutes, washed in PBS, and blocked for 30 minutes in 

PBS containing 5% goat serum (Sigma) and 0.5% Tween-20. The cells were then washed 

in PBS and incubated with primary antibody for one hour or overnight at 4 °C and rinse 

through six changes of PBS. This was repeated for the secondary antibody. Coverslips 

were mounted on glass slides using Prolong Gold antifade reagent (Invitrogen) and sealed 

with nail polish. For DIC immunostaining, cells were fixed 30 minutes at room 

temperature followed by incubation in fixation solution overnight at 4˚C. To avoid cross-
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reaction of the anti-mouse IgG secondary antibody with the DIC IgM primary antibody, 

samples were stained sequentially with IgG-type primary and secondary followed by 

IgM-type primary and secondary antibodies. Coverslips were mounted on glass slides 

using Prolong Gold antifade reagent (Invitrogen) and sealed with nail polish. 

Image Acquisition 

Images were acquired using a Nikon Diaphot 200 inverted microscope with a 

Hamamatsu Orca CCD (Hamamatsu Corp., Bridgewater, NJ). Images for live FlAsH-

stained cells were acquired using a Leica TCS SP5  II Fixed Stage (Upright) confocal 

microscope (Patterson Microscope Center, The University of Texas at Austin). 

Cloning of dynein intermediate chain 

Jurkat RNA was obtained from Jurkat cells using the PureLink Micro-to-Midi 

total RNA Purification System (Invitrogen).  Dynein DNA was then amplified from the 

RNA using the SuperscriptTM One-Step RT-PCR system with Platinum Taq Polymerase 

(Invitrogen)  and the following primers:   

 

 5' GCGAGGGCGGAGTTGGAT 3'  (Fwd)  

 5' TTCCTTGCTGCATTAAACCCATGGT 3' (Rev). 

 

PCR products were inserted into a modified pCLNCX FLN#MEP WPRE vector 

(a gift from Dr. Roger Tsien) which had which had β-actin removed by using PCR 

mutagenesis to insert an NsiI cut site at the 3' end of actin followed by restriction digest 

with NsiI and NotI. NotI and NsiI cut sites were added to the ends of DIC cDNA by PCR, 

followed by digestion and ligation into the linearized pCLNCX vector. Sequencing of the 

resultant plasmids showed exact matches to ENST00000340296 (DYNC1I2C) or 
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ENST00000409317 (DYNC1I2B) in the Ensembl database (www.ensembl.org). The 

products were termed pCLC4-DIC2B and pCLC4-DIC2C. DIC2B and DIC2C were then 

subcloned C-terminal to GFP in the pEGFP-C1 (Clontech, Mountain View, CA) vector at 

the PstI and BamHI sites and resequenced.   

Transfection of plasmids or siRNA 

Plasmids or siRNA were introduced into Jurkat cells by electroporation.  For each 

electroporation, 2 × 107 Jurkat cells were suspended in 400 μl of OPTI-MEM I reduced 

serum medium (Invitrogen) in a 0.4 cm gap cuvette (Fisher Scientific), and 10 μg of 

plasmid or 12 μM of each of 4 DCTN1 siRNAs (Dharmacon, Lafayette, CO) or Mission 

siRNA Universal Negative Control #1 (Sigma) was added. After incubation at room 

temperature for 10 minutes, cells were electroporated with a Bio-Rad (Hercules, CA) 

Gene Pulser II set to 950 μF and 250 V and then were immediately resuspended in 10 mL 

of growth media. The expression of p150Glued was examined by Western blot every 24 

hours after siRNA transfection which showed that expression was minimal 72 hours after 

transfection.  

For development of stable cell lines, cells containing pCLC4-DIC2B, pCLC4-

DIC2C, pEGFP-DIC2B, pEGFP-DIC2C, pEGFP-C1 (Clontech), or GFP-p150Glued 

plasmids were selected in media containing 1.2 μg/mL G418 for at least 2 weeks. Stable 

clones were isolated by sorting by GFP fluorescence or by FlAsH fluorescence (staining 

protocol below) with a FACSAria IIu cell sorter in the ICMB Core Facility at The 

University of Texas at Austin (BD Biosciences) and maintained in complete medium 

containing 1.2 μg/mL G418. Cells were periodically sorted to maintain a fluorescent 

population. Cell lines were designated as follows: JC4DIC2B (express pCLC4-DIC2B), 
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JC4DIC2C (express pCLC4-DIC2C), JDIC2B (express GFP-DIC2B), and JDIC2C 

(express GFP-DIC2C). 

FlAsH-EDT2 synthesis and staining of tetracysteine-labeled proteins 

FlAsH-EDT2 was prepared from fluorescein (Sigma) as described (Adams et al. 

2008). pCLC4-DIC2B- and pCLC4-DIC2C-expressing Jurkat cells were incubated with 3 

μM FlAsH-EDT2 and 10 μM 1,2-ethanedithiol (EDT) for 1 hour in complete medium, 

washed, and incubated with 10 μM EDT in complete medium for 30 minutes to 

outcompete endogenous pairs of thiols for FlAsH binding before pairing with SEE-coated 

Raji cells as above. In an attempt to increase the signal clarity, 750 μM  2,3-

 dimercaptopropanol (BAL) was substituted for the 10 μM EDT for the last 30 minutes, 

but did not have a significant effect on the images obtained. 

Co-immunoprecipitation and Western blotting 

GFP-DIC2B and GFP-DIC2C-expressing Jurkat cells or control Jurkat cells were 

incubated in ice cold lysis buffer (100 mM Tris pH 8.0, 50 mM NaCl, 0.25% Triton X-

100, 1 mM EDTA, 10 mM NaF, 2 mM NaVO4, 1x Roche mini EDTA-free protease 

inhibitor tablet) for 10 minutes, homogenized using a 21-gage syringe needle and 

centrifuged for 10 minutes. The resulting supernatants were precleared by incubation 

with protein A agarose beads (Pierce Biotechnology, Rockford, IL) or control resin from 

a Pierce Biotechnology Direct IP Kit (Rockford, IL) for 1 hour at 4 °C followed by 

centrifugation. The supernatant was then transferred to tubes containing protein A 

agarose pre-incubated with rabbit anti-GFP antibody (generously provided by Dr. Arturo 

DeLozanne) or beads covalently linked to anti-DIC IgM antibody using a Pierce Direct 

IP Kit for 3 hours at 4 °C.for 3 hours at 4 °C. Subsequently the beads were pelleted, 
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washed with lysis buffer three times and boiled in SDS-PAGE sample buffer for 5 

minutes.  

Proteins were separated by SDS-PAGE and transferred to nitrocellulose 

membrane (Bio-Rad). The membranes were blocked in Tris buffered saline (TBS: 25 

mM Tris, 137 mM NaCl, 2.7 mM KCl) containing 5% non-fat dry milk for 1 hour 

followed by incubation with primary antibodies overnight at 4 °C in TBS containing 5% 

bovine serum albumin (Sigma) and 0.5% Tween-20. The blots were then washed in TBS 

containing 0.05% Tween-20 three times. Secondary antibody was added in TBS 

containing 5% nonfat dry milk for 1 hour at room temperature followed by three washes 

as above. The blots were developed using a Pierce Super Signal West Pico 

chemiluminescence detection kit and CL-Xposure X-ray film (Fisher Scientific). 

Golgi apparatus staining 

p150Glued  knockdown or siRNA control cells were resuspended at 1x106 cells/mL 

in complete medium containing 1 μg/mL Alexa 594-conjugated Cholera toxin B subunit 

(CTX) for 30 minutes. For disruption of microtubules, Jurkat cells were incubated with 

10 mM colchicine for 15 minutes after CTX incubation. Cells were resuspended in warm 

PBS containing 1% FBS and visualized within 5 minutes on the microscope. 

 

RESULTS 

Although dynein accumulation at the IS was previously reported based on 

antibody staining of the dynein intermediate chain (DIC) and heavy chain (DHC), two 

different patterns of dynein distribution had been observed depending on which DIC 

antibody (clone 70.1 or 74.1) was used. We found that these results were repeatable and 

that the 70.1 IgM mAb often showed a ring-like staining pattern (two patches of bright 
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signal on either side of the IS, which were observed to move closer together as the focal 

plane was changed) at the interface between Jurkat cells and SEE-coated Raji cells. On 

the other hand, the 74.1 IgG mAb more typically labeled an area resembling the MTOC 

as well as a band of protein at the IS (Figure 3.6). Since both antibodies bind to the N-

terminus of DIC ((McKenney et al. 2011); Siglin et al., manuscript submitted), the reason 

for these differences in immunostaining patterns were not clear. We therefore sought to 

determine the distribution of dynein in vivo based on expressed fluorescence constructs. 

 
 

 

Figure 3.6: Different DIC antibodies label different pools of DIC. 

(A-C) Jurkat-Raji pairs were fixed and immunostained for DIC using 70.1 (A; IgM-
specific TRITC secondary) and 74.1 (B; IgG specific FITC secondary) mAbs.  The 
merged image (C) shows anti-DIC 70.1 in green and anti-DIC 74.1 in red. Scale bar = 5 
μm. 
 
 

As a first step, the dynein intermediate chain was cloned from Jurkat mRNA 

using RT-PCR using primers that recognize all known isoforms of DIC. DNA sequencing 

of various clones revealed two different isoforms were present from the DYNC1I2 gene 

which were identified as DIC2B and DIC2C from the Ensembl database 

(www.ensembl.org) (Figure 3.7). The presence of DIC2C was expected because the 

majority of cultured cells express this isoform (Brill et al. 2000), but the presence of 

DIC2B led us to explore whether these isoforms behaved differently in Jurkat cells. 
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Figure 3.7: Isoforms of DIC2 found in Jurkat cells. 

DIC was cloned from Jurkat mRNA by RT-PCR and isolated clones were sequenced. The 
sequence data showed matches to two known DIC isoforms, DIC2B and DIC2C where 
alternative splicing removes an exon in DIC2C that is retained in DIC2B. The difference 
between DIC2B and DIC2C mRNA is 60 bases which translates to 20 amino acids, and 
does not contain any known domains. 
 

The dynein complex has been historically difficult to modify in vivo, so we first 

explored a new approach developed by the lab of Roger Tsien. This approach uses a 

small peptide fused to the protein of interest to help minimize steric inhibition of the 

fusion protein. The peptide contains a tetracysteine motif (full sequence: 

FLNCCPGCCMEP). A membrane-permeable, fluorescein-derived biarsenical ligand is 

then incubated with the cells to label the fusion protein. The ligand, FlAsH (Fluorescein 

Arsenical Hairpin)-EDT2 (Figure 3.8), fluoresces when the arsenics bind cysteine thiols 

in the tetracysteine motif is (Adams et al. 2002; Hoffmann et al. 2010; Martin et al. 

2005). Both cloned DIC sequences were subcloned into the pCLNCX FLN#MEP WPRE 

vector (a kind gift from Dr. Roger Tsien) and the products were abbreviated pCLC4-

DIC2B and pCLC4-DIC2C. The plasmids were electroporated into Jurkat cells. FlAsH-

EDT2 was then used to label the fusion protein in the Jurkat cells before sorting by FACS 

to obtain cell lines that stably expressed the different DIC constructs: JC4DIC2B cells 

(express pCLC4-DIC2B) and JC4DIC2C cells (express pCLC4-DIC2C). 
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Figure 3.8: Structure of the FlAsH-EDT2 molecule. 

FlAsH-EDT2 was synthesized from fluorescein using palladium-catalyzed 
transmetalation of fluorescein mercuric acetate with arsenic trichloride. The EDT (1,2-
Ethanedithiol) molecules are exchanged for a tetracysteine motif-containing protein 
during the staining process. This diagram was generated by Jessica Jones and Martin 
Poenie. 
 
 

Both JC4DIC2B and JC4DIC2C cell lines were stained with FlAsH-EDT2 and 

paired with SEE-coated Raji B cells. Unfortunately we did not see significant 

accumulation of the fluorescent signal at the IS of activated Jurkat cells in either fixed or 

live cell pairs (Figure 3.9). In addition, we observed signal from the FlAsH reagent when 

the cells were excited with UV light, meaning that this fluorescent channel could not be 

used to identify Raji cells stained with cell tracker blue (Figure 3.9B-C). 
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Figure 3.9: FlAsH staining of JC4DIC2C cells. 

(A-C) JC4DIC2C cells (J) were stained with FlAsH and paired with SEE-coated Raji 
cells (R). (A) Cells were fixed in methanol and the FlAsH signal was recorded. (B-C) 
Cells were imaged live on a confocal microscope. (B) FlAsH signal and (C) FlAsH signal 
excited by UV light were recorded. 

 

As an alternate method for examining DIC at the IS, both DIC sequences were 

fused to the C-terminus of GFP and expressed in Jurkat cells. Subsequent selection with 

G418 and sorting by FACS yielded cell lines that stably expressed the two different GFP-

DIC constructs at low levels of fluorescence: JDIC2B (express GFP-DIC2B) and JDIC2C 

(express GFP-DIC2C) cells.   

To assess whether the fluorescent DIC constructs were incorporated into the 

dynein complex, anti-GFP was used to immunoprecipitate (IP) the expressed DIC 

constructs from the JDIC2B and JDIC2C lysates. The IPs were then probed on Western 

blots for DIC as well as dynein-binding proteins: p150Glued, Lis1, and NudE/L (Figure 

3.10B). The anti-NudE antibody used cross-reacts with NudEL, a paralog of NudE 

(Shubhankar Nath and Martin Poenie, unpublished). This was compared to an anti-DIC 

IP from wild type Jurkat cells (Figure 3.10A). The results show that the GFP IPs from 

lysates of either JDIC2B or JDIC2C cells contain endogenous DIC. Given that the DICs 

are present in dynein as dimers, these data suggest that the GFP-DIC constructs are being 



 71

incorporated into the dynein holoenzyme. Western blots of the anti-GFP IP also showed 

the presence of p150Glued, Lis1, and NudE/L from both JDIC2B and JDIC2C lysates 

(Figure 3.10B).  

 

 

Figure 3.10: GFP-DIC co-immunoprecipitation. 

(A) Anti-DIC 70.1 was used to immunoprecipitate DIC from normal E6-1 Jurkat cells. 
Blots were then probed for p150Glued, DIC, Lis1 and NDE1/NDEL (which are not 
distinguished by the NDE1 antibody used). (B) This experiment was performed by 
Shubhankar Nath and Martin Poenie. Anti-GFP antibody was used to immunoprecipitate 
expressed GFP-DIC2B or GFP-DIC2C from JDIC2B or JDIC2C cells. Blots were then 
probed as for (A) above. An irrelevant antibody (Irr.) or beads only (Bead) were used as 
controls for the immunoprecipitation. NudE/L in the IP lanes was only detected after at 
least a 30 minute exposure time. 
 

To monitor the distribution of dynein, live cell images were recorded from 

JDIC2B or JDIC2C cells before and after activation with SEE-coated Raji cells (Figure 

3.11A,E,I,N). As can be seen prior to activation, fluorescence of both DIC2B and DIC2C 

constructs was focused at a bright point that we confirmed to be the MTOC by fixing 

cells and immunostaining for tubulin (Figure 3.11B-D,F-H). When paired with SEE-

coated Raji cells, the GFP-fluorescence is seen both around the MTOC and as a 

peripheral band at the IS (Figure 3.11I-Q). In comparing the localization of GFP-DIC2B 

or GFP-DIC2C with the pattern obtained by immunostaining for DIC, the live cell GFP-
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DIC data seem to represent a combination of the staining patterns obtained using the 70.1 

and 74.1 anti-DIC antibodies.  

 

 

Figure 3.11: GFP-DIC2B and GFP-DIC2C are present at the IS and MTOC of activated 
Jurkat cells. 

(A-H) JDIC2B (A-D) or JDIC2C (E-H) cells were imaged live to show expressed GFP 
(A,E) or after fixation and immunostaining for tubulin (B-D,F-H). The overlays (D,H) 
show the residual GFP fluorescence (B,F: green) together with the tubulin 
immunofluorescence (C,G: red; TRITC secondary). (I-Q) JDIC2B (I-M) or JDIC2C (N-
Q) cells were paired with SEE-coated Raji cells (R) and photographed live (I,N) or after 
fixation and immunostaining for tubulin (J-M,O-Q). The overlays (M,Q) show the 
residual GFP fluorescence (J,O) in green and the tublin immunofluorescence (K,P: red; 
TRITC secondary). Scale bars = 5 μm. 
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Having shown that both SV clustering and MTOC translocation were blocked by 

the DIC trap and different DIC isoforms did not seem to account for differences in dynein 

function in these two types of movement, we sought to determine if either process 

depended on dynactin. Previous studies using immunostaining and here using GFP-

labeled dynein showed that dynein accumulated at the IS with a ring-like distribution 

corresponding roughly to the pSMAC (Combs et al. 2006). To determine if dynactin 

showed a similar distribution, Jurkat cells expressing GFP-p150Glued or immunostained 

for p150Glued were examined after stimulation with SEE-coated Raji cells (Figure 3.12A-

B). The results in both cases show that p150Glued is largely concentrated in an area around 

the MTOC and on microtubules with little or no labeling of a ring-like structure at the IS. 

For further comparison, Jurkat-SEE-Raji conjugates were immunostained for both 

dynein, using the 70.1 anti-DIC antibody that labels a ring at the IS, and p150Glued (Figure 

3.12C-E). The results show a clear difference in distribution where the bulk of the dynein 

is seen at the periphery of the IS whereas p150Glued is concentrated in the center of the IS 

corresponding to the position of the MTOC. 

 

Figure 3.12: Distribution of p150Glued in activated T cells. 

(A) Jurkat cells expressing GFP-p150Glued were paired with SEE-coated Raji cells (R). 
(B) Jurkat cells paired with SEE-coated Raji cells were immunostained for p150Glued. (C-
E) Jurkat cells paired with SEE-coated Raji cells were immunostained for p150Glued (C; 
TRITC IgG specific secondary) and for the DIC (D; 70.1; FITC IgM specific secondary). 
The overlay is shown in (E) with p150Glued in red and DIC in green. (A-B) were 
obtained by Soo Jin Kim, Sarah Tan, and Martin Poenie. 
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The distribution of p150Glued seemed to be consistent with a role in SV 

movements where SVs concentrate around the MTOC.  To examine this further, the 

expression of p150Glued was reduced by introducing siRNA into Jurkat cells expressing 

CTLA-4-YFP (described in Chapter 2). Analysis of p150Glued expression using Western 

blots showed that expression was reduced to nearly undetectable levels by 72 hours 

(Figure 13.13A). Cells at this time point were then stimulated with SEE-coated Raji cells 

and subsequently fixed and immunostained for tubulin and p150Glued (Figure 13.13B-G). 

Control samples containing the scrambled siRNA construct show CTLA-4-YFP focused 

at the IS (Figure 13.13C). In cells containing the p150Glued-specific siRNA, CTLA-4-YFP 

is dispersed (Figure 13.13F) but the tubulin immunostain shows that the MTOC has 

translocated to the synapse (Figure 13.13G). Overall, image data show that in contrast to 

untreated or scrambled siRNA controls, p150Glued siRNA-treated cells showed dispersal 

of SVs which are normally clustered (p < 0.0001 by Student's T-Test) whereas MTOC 

translocation was not significantly affected (p = 0.21 by Student's T-Test) (Figure 

13.13H-I).  
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Figure 3.13: Knockdown of p150Glued affects SV clustering but not MTOC polarization. 

(A) Jurkat cells expressing CTLA-4-YFP were electroporated with siRNA against p150Glued or a 
control scrambled siRNA. After 24, 48 and 72 hours aliquots were taken from each sample and 
probed on Western blots for p150Glued and tubulin as a loading control. (B-G) Samples taken 
from the 72 hour time point described in (A) were paired with SEE-coated Raji cells (R), fixed, 
and immunostained for tubulin (D,G; TRITC secondary) and p150Glued (B,E; Dylight 405 
secondary). The CTLA-4-YFP signal was also recorded (C,F). Cells immunostained as shown in 
(B-G) were used to score MTOC translocation (H) and CTLA-4 vesicle clustering (I) in 
untreated Jurkat cells (Untreated), scrambled control siRNA cells (Control), or p150Glued siRNA 
cells. MTOC and SV clustering percentages are expressed relative to control values with the 
background subtracted. Data are normalized means ± standard error multiplied by the 
normalization factor. H: not significant; p = 0.21 versus control siRNA, I: p < 0.0001 versus 
control siRNA (Student's T-Test). Scale bars = 5 μm. 
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As an additional test to show that the knockdown had taken effect, Jurkat cells 

electroporated with a scrambled control siRNA or p150Glued siRNA were labeled with 

Alexa594 Cholera toxin B subunit (CTX) to visualize the Golgi at 72 hours post-

electroporation (Figure 3.14A-B). Upon observation of these cells under a fluorescent 

microscope, clear dispersion of the Golgi was present in the majority of the p150Glued 

siRNA cells but not scrambled control siRNA cells. As a control, Golgi disruption was 

also examined in Jurkat cells by incubating the cells with or without colchicine to 

depolymerize microtubules after incubation with CTX (Figure 3.14C-D). 

 

 

Figure 3.14: Golgi staining in control and p150Glued  knockdown cells. 

(A-B) At 72 hours post-electroporation, scrambled control siRNA (A; Control) and 
p150Glued siRNA (B; siRNA) cells were labeled with Alexa594 cholera toxin B subunit 
(CTX) and examined live under a microscope. (C-D) Jurkat cells were incubated with 
CTX alone (C) or followed by colchicine (D). Scale bar = 5 μm. 
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DISCUSSION 

In this study, we examined the regulation of dynein participation in T cell MTOC 

polarization and SV clustering. Previous studies in NK cells showed that vesicle 

clustering around the MTOC depended on dynein (Mentlik et al. 2010).  Likewise a 

number of studies have implicated dynein in translocation of the MTOC up to the IS 

(Combs et al. 2006; Martín-Cófreces et al. 2008; Quann et al. 2009).  We have also 

obtained data using molecular traps that support a role for dynein in both types of 

movement (Chapter 2). Interestingly, these two movements can occur in either order and 

which comes first seems to depend on the strength of the initial calcium signal during T 

cell activation (Beal et al. 2009).  

One of the processes that is not understood in T cells is how dynein may be 

regulated to participate in varied functions such as vesicle trafficking and MTOC 

polarization. Our data show that immunostaining with either anti-DIC clone 70.1 or anti-

DIC clone 74.1 show different distributions of DIC in activated T cells. We examined the 

possibility that different dynein isoforms mediate MTOC translocation and vesicle 

clustering and found that two isoforms of DIC were present in Jurkat cells: DIC2B and 

DIC2C. Our first attempt at using a small protein tag with a tetracysteine motif and the 

reagent FlAsH-EDT2 to label these isoforms was unsuccessful. Other groups have 

successfully used this labeling in vivo (Adams et al. 2002; Hoffmann et al. 2010; Hwang 

et al. 2009; Sosinsky et al. 2003), so further optimization may be necessary to use this 

technique in Jurkat cells. For example, the reagent ReAsH-EDT2 (based on the 

fluorophore resorufin) is an alternative to FlAsH and is more brightly fluorescent when 

used with tetracysteine tagged proteins (Goodman et al. 2009; Hwang et al. 2009; 

Machleidt et al. 2007). 
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When expressed as GFP fusion proteins, we could not detect any difference in the 

distribution of GFP-DIC2B compared to GFP-DIC2C nor in the dynein-binding proteins 

present in immunoprecipates from either fusion protein. In fact, the distribution of both 

GFP-linked isoforms appeared to represent a combination of the immunostaining patterns 

seen using 70.1 and 74.1 mAbs.  It should be noted that Martin-Cofreces et al. saw 

dynein labeling as a ring at the synapse using the 74.1 mAb so the distinctions we see 

between 70.1 labeling the synapse and 74.1 labeling the MTOC area may depend on the 

fixation conditions (Martín-Cófreces et al. 2008).  

Another potential explanation for the regulation of two pools of dynein may be 

that dynein involved in different functions may involve different accessory proteins. For 

example, McKenney et al. and Nyarko et al. have shown mutually exclusive binding of 

NDE1 and p150Glued to DIC in vitro (McKenney et al. 2011; Nyarko et al. 2012). In 

addition, both anti-DIC clone 74.1 and anti-DIC clone 70.1 bind to the N-terminus of 

dynein in slightly different areas of the p150Glued binding region ((McKenney et al. 2011), 

Siglin et al., manuscript submitted), but Sarah Tan found that anti-DIC 70.1 is also able 

to bind to DIC outside of the p150Glued binding region (Sarah Tan and Martin Poenie, 

unpublished observations). However, immunoprecipitation from Jurkat cells using anti-

DIC 74.1 did not show a significant, or repeatable, difference in the amount of p150Glued, 

Lis1, or NudE/L compared to immunoprecipitation using anti-DIC 70.1 (data not shown). 

Having shown that DIC isoforms do not seem to distinguish between dynein 

involved in two types of movement, we next examined the role of the dynactin complex 

in these processes because of its known role in most dynein-mediated movements, but 

found that dynactin likely only participates in SV clustering. Given that p50/dynamitin 

and p150Glued are both part of the dynactin complex, our results seem to be at odds with 
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the data published by Martin-Cofreces et al. They reported that p50/dynamitin was 

localized at the IS, presumably colocalizing with dynein (Martín-Cófreces et al. 2008). 

Our data for p150Glued indicated that it was largely concentrated around the MTOC and 

showed little or no overlap with dynein at the IS. In their study, overexpression of 

p50/dynamitin which disrupts the dynactin complex blocked MTOC translocation 

whereas we show reduced expression of p150Glued blocked SV clustering around the 

MTOC but not MTOC translocation. Our data also support the hypothesis that different 

dynein functions in activated T cells are regulated by different dynein accessory proteins. 

While we have no clear explanation for these differences, there are a number of 

points worth noting. Dynamitin binds to a number of proteins outside of the dynactin 

complex and Schroer cautioned that inhibition of processes due to dynactin 

overexpression might not be due to direct effects on dynein-mediated motility (Schroer 

2004). Dynein-independent effects of p50/dynamitin have been suggested by others 

(Deacon et al. 2003; Jacquot et al. 2010; Jin et al. 2001; Lien et al. 2008). Secondly, 

Martín-Cófreces et al. reported that overexpression of p50/dynamitin caused decreased  

phosphorylation of key signaling molecules both early and later in T cell activation 

(Martín-Cófreces et al. 2008). It seems possible then, that overexpression of dynamitin 

might inhibit MTOC translocation indirectly rather than through an immediate effect on 

dynein-based motility.  

In summary, our data support a role for dynein in both T cell MTOC polarization 

and secretory vesicle movements which are likely to be separately coordinated by 

different activities of specific dynein-binding proteins. It has been previously shown that 

dynein-dependent protein trafficking can be altered depending on whether the TcTex 

light chain or its homolog RP3 is bound to dynein in vivo (Tai et al. 2001). Of particular 
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interest is a report demonstrating that dynactin and NDE1 show mutually exclusive 

binding to DIC in vitro (McKenney et al. 2011). NDE1 binds to Lis1 and in a study to be 

detailed in Chapter 4, we will present evidence that Lis1 is required for MTOC 

translocation.  
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Chapter 4:  The role of Lis1 in MTOC translocation 

INTRODUCTION 

When T cells engage cognate target or antigen presenting cells, signaling through 

the TcR sets into motion a number of dramatic changes at the cell-cell interface and in the 

organization of the cytoskeleton. The contact site transforms into the immunological 

synapse (IS) which is characterized by formation of supramolecular activation clusters or 

SMACs (Monks et al. 1998). The central or cSMAC is characterized by the accumulation 

of T cell receptors, PKCθ and CD28. This region is encompassed by an outer ring, the 

peripheral or pSMAC, containing adhesion molecules such as LFA-1. Further out is a 

ring of actin that begins as central patch during early T cell activation and moves outward 

towards the periphery of the synapse (Stinchcombe et al. 2006). 

 During formation of the IS, and partly responsible for its mature state is the 

movement of the microtubule organizing center (MTOC) up to the IS (Kupfer et al. 1984; 

Kupfer et al. 1983; Martín-Cófreces et al. 2008). The exact mechanism for MTOC 

translocation is not fully understood insofar as both actin and dynein have been 

implicated in the process. It has been suggested for example that linkage of microtubules 

to an expanding actin ring could pull the MTOC up to the synapse (Stinchcombe et al. 

2006), however, this theory has not been supported by some studies as discussed 

(Chapter 2). 

The dynein molecular motor has also been implicated in MTOC translocation. 

Dynein forms a ring at the IS corresponding to the pSMAC and studies have shown that 

interfering with dynein recruitment to the synapse or depletion of dynein using siRNA 

leads to a loss of MTOC translocation (Combs et al. 2006; Martín-Cófreces et al. 2008). 

Recent data (Chapter 2) from molecular traps aimed at the dynein intermediate chain 
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(DIC) or the dynein light chain LC8 subunits show that inhibiting these components 

inhibits MTOC translocation.  

In examining whether MTOC translocation also depended on dynactin one study 

reported that overexpression of the dynactin subunit p50/dynamitin blocked MTOC 

translocation (Martín-Cófreces et al. 2008) whereas we showed in this study that 

depletion of the dynactin subunit p150Glued blocked vesicle clustering around the MTOC 

but not MTOC translocation (Chapter 3). In addition to MTOC translocation, secretory 

vesicles (SVs) must be concentrated around the MTOC for targeted secretion, which also 

requires dynein ((Mentlik et al. 2010; Stinchcombe et al. 2006), Chapter 2). How dynein 

might be separately coordinated to regulate both MTOC translocation and SV movement 

is not yet clear, although data from this study (Chapter 3) indicates that the difference 

may involve dynein accessory proteins. 

One molecule that may be a good candidate for promoting MTOC polarization as 

part of a dynein complex is Lis1, the human homolog of NUDF, a fungal protein required 

for nuclear migration (Reiner et al. 1995; Xiang et al. 1995). Lis1 haploinsufficiency or 

certain mutations in Lis1 cause the human disease lissencephaly, in which normal gyri 

("ridges") fail form in the brain, which has been traced to failure of neurons to migrate 

properly during brain development (Reiner et al. 1995; Reiner et al. 1993). Lis1 is 

enriched in neurons (Smith et al. 2000) and its complete loss is lethal (Hirotsune et al. 

1998), which may explain why Lis1 has not been tied to immune function. Studies of 

Lis1 have shown that it is a phosphoprotein that binds both dynein and microtubules 

(Sapir et al. 1999; Sasaki et al. 2000; Tai et al. 2002) and is involved in nuclear migration 

(Niethammer et al. 2000; Swan et al. 1999), mitosis (Faulkner et al. 2000), and cell 

migration (Dujardin et al. 2003; Reiner et al. 1995). Interestingly, the poliovirus protein 
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3A binds to Lis1 and disrupts its functions, leading to membrane protein trafficking and 

mitotic defects in infected cells (Kondratova et al. 2005). The HIV-1 Tat protein also 

interacts with Lis1 (Epie et al. 2005). 

Of special note to our problem are studies by Dujardin et al., which demonstrated 

that Lis1 and dynein are enriched at leading cell edges in wounded fibroblast cell layers. 

During wound healing, the MTOC translocates to the leading cell edge in migrating cells, 

which may be mediated by an anchored dynein complex pulling on microtubules. 

Interference with dynein or Lis1 in wounded cells resulted in decreased cell movement 

(Dujardin et al. 2003). However, in migrating cells, it has been shown that the apparent 

MTOC relocalization is driven by actin-mediated movement of the nucleus toward the 

rear of the cell, while dynein and Lis1 maintain the position of the MTOC (Gomes et al. 

2005). This is in contrast to visualization of the MTOC in activated T cells, where clear 

movement of the MTOC to the T cell-target interface has been observed (Kuhn et al. 

2002), so the mechanisms involved may differ between these two cell activities. 

 

Molecular Structure of Lis1 

Lis1 contains an N-terminal LisH domain followed by a coiled coil and seven 

WD repeat domains (Niethammer et al. 2000; Reiner et al. 1993; Reiner et al. 2006). 

Studies have shown that the N-terminus, including the coiled-coil domain, is necessary 

and sufficient for Lis1 homodimerization and plays a role in microtubule binding and 

protein half-life (Gerlitz et al. 2005; Kim et al. 2004; Mateja et al. 2006; Reiner et al. 

2006; Saillour et al. 2009; Tai et al. 2002). The C-terminal WD repeats are necessary for 

binding of Lis1 to the dynein intermediate chain (DIC) and heavy chain (DHC) among 
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other proteins (Markus et al. 2009; Mesngon et al. 2006; Sasaki et al. 2000; Tai et al. 

2002) (Figure 4.1). 

 

 

Figure 4.1: Diagram of Lis1 protein domains. 

Lis1 protein contains a LisH domain (LH; red), a coiled-coil domain involved in 
homodimerization (CC; blue), and a β-propeller containing 7 WD repeat domains 
involved in interactions with dynein and NudE/L. Adapted from (Vallee et al. 2012). 

 

Lis1 is also known as PAFAH1B1 (platelet-activated factor acetylhydrolase 1b, 

regulatory subunit 1). Lis1 seems to function in two main modes - either as part of this 

acetylhydrolase or as part of a separate cytoplasmic dynein complex. PAFAH1b is a 

serine esterase that hydrolyzes the acetyl group of platelet-activating factor (PAF), a 

phosphatidylcholine-derived lipid that acts in signal transduction (Hattori et al. 1994a, 

1994b; Hattori et al. 1993). This enzyme complex was shown to remodel phospholipids 

in the secretory pathway to form Golgi tubules and uses Lis1 to link these tubules to 

dynein-mediated transport (Bechler et al. 2010). Interestingly, the other PAFAH1b 

subunits can compete with NudEL (see below) for Lis1 binding (Ding et al. 2009), 

indicating that increased levels of the other PAFAH1b subunits can inactivate dynein by 

sequestering Lis1 from dynein-NudEL complexes, and vice versa. 

Lis1 also functions as a regulatory component of the dynein holoenzyme. It is 

known that Lis1 interacts with several regions on the dynein molecule including the DHC 

and DIC (Huang et al. 2012; Markus et al. 2009; Tai et al. 2002). Lis1 has been shown to 

mediate cytoplasmic dynein distribution in cells (Faulkner et al. 2000; Niethammer et al. 
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2000; Sasaki et al. 2000; Smith et al. 2000; Splinter et al. 2012; Tai et al. 2002). It has 

been proposed in non-lymphocyte cells that Lis1-dynein complexes move  to plus ends of 

microtubules from which they can be attached to the cell cortex (Li et al. 2005; Markus et 

al. 2009; Smith et al. 2000; Yamada et al. 2008). Markus and colleagues showed that in 

budding yeast, dynein bound to a Lis1 complex is targeted to microtubule plus ends. 

From there, the heavy chain undergoes a conformational change which allows dynein to 

be offloaded to the cell cortex (Markus et al. 2009). However, although some models 

support this model for Lis1 in movement of dynein complexes to microtubule plus ends 

(Smith et al. 2000; Yamada et al. 2009), other models suggest that in metazoans Lis1 and 

its interacting proteins NudE and NudEL promote dynein motility toward the minus end 

of microtubules (Kardon et al. 2009). 

Lis1 has also been implicated in forming a physical link between dynein and 

microtubules, acting as a clamp that attaches DHC to microtubules and as a clutch that 

might regulate dynein motility (Egan et al. 2012; Huang et al. 2012; Li et al. 2005; 

McKenney et al. 2010; Mesngon et al. 2006; Yamada et al. 2008). The interaction 

between Lis1 and DIC is less well-characterized, and it is unknown whether one Lis1 

molecule can interact with both dynein subunits simultaneously or if multiple Lis1 

molecules may be bound to a dynein complex, although some studies report a 1:1 

Lis1:dynein complex (McKenney et al. 2010; Mesngon et al. 2006). 

In addition, Lis1 and NudEL have been linked to a PDE4/cAMP/PKA signaling 

cascade, where Lis1 and PDE4 (cAMP-specific phosphodiesterase 4) were able to 

directly interact, and PDE4 was also capable of sequestering Lis1 from dynein complexes 

(Chansard et al. 2011; Murdoch et al. 2011). Lis1 has also been shown to participate in 
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[Ca2+]-mediated signaling through Rho family GTPases and IQGAP to remodel the actin 

cytoskeleton in neuron migration (Kholmanskikh et al. 2006). 

 

Lis1 and NudE/NudEL 

NudE (nuclear distribution protein E) and NudEL (NudE-like) are homologous, 

homodimeric proteins that bind to both Lis1 and dynein and are important for many 

dynein-mediated functions in cells (Derewenda et al. 2007; Efimov et al. 2000; Feng et 

al. 2000; Liang et al. 2004; Niethammer et al. 2000; Sasaki et al. 2000; Stehman et al. 

2007). However, NudEL binds to DHC and possibly the DIC (Sasaki et al. 2000; Tai et 

al. 2002) while NudE binds to only DIC and the light chain LC8 in the dynein complex 

(Kardon et al. 2009; McKenney et al. 2011; Stehman et al. 2007). NudEL can compete 

with the PAFAH1b complex for Lis1 binding (Ding et al. 2009).  

The most recent models suggest that NudE/L interact both with DIC directly and 

Lis located on DHC (Figure 4.2) to induce a force-producing state in dynein (McKenney 

et al. 2010). When Lis1 and NudEL were added to dynein separately, motor function was 

suppressed, although adding both to dynein restored motor function (Torisawa et al. 

2011). It is currently thought that NudE/L-Lis1 complexes assist in dynein movement by 

allowing dynein to remain bound to microtubules under heavy loads (Huang et al. 2012; 

McKenney et al. 2010). NudE/L has also been suggested to recruit Lis1 to the dynein 

complex (McKenney et al. 2010; Vallee et al. 2012; Zylkiewicz et al. 2011). 
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Figure 4.2: Lis1 and NudE are thought to interact in a way that promotes dynein motor 
activity. 

NudE (yellow and blue) is thought to bind dynein (grey) at the intermediate chain and 
also to Lis1 (green and black). In this model, Lis1 interacta with dynein at the heavy 
chain. This complex is thought to be competent for dynein motor activity under heavy 
loads. Adapted from (Vallee et al. 2012). 
 

NudEL also has functions other than as part of a dynein complex. For example, 

Shan et al. demonstrated that NudEL is important for adhesion of membrane protrusions 

during cell migration (Shan et al. 2009). NudEL also plays a role in AKT/GSK3 signaling 

and is a regulator of GTPases such as Cdc42 and Rab5 (Chansard et al. 2011). 

Due to the many similarities of other polarization or migration processes such as 

in neurons or wounded fibroblasts to MTOC localization in activated T cells, we believe 

Lis1 is an excellent candidate to be an essential part of the dynein complex at the IS. In 

this study, we show that Lis1 is present as a ring at the IS, overlaps with dynein at the IS, 

and coimmunoprecipitates with dynein. Depletion of Lis1 using siRNA reduces MTOC 

translocation to near background levels but has only a small effect on the localization of 

dynein at the IS and no discernable effect on actin in activated Jurkat cells. Expression of 

full-length Lis1 or Lis1 N-terminal and C-terminal deletion mutants in Jurkat cells also 

potently blocks MTOC translocation and has an effect on DIC localization, but signaling 
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from the T cell receptor in these mutants may be impaired. These data indicate that Lis1 

plays an essential role in the pathway that leads from the TcR to MTOC translocation and 

further supports the role of dynein in this process. 

 

MATERIALS AND METHODS 

Media and Reagents 

Poly-L-lysine (58kDa), goat serum, Tween-20, Triton X-100, ethylene diamine 

tetracetic acid (EDTA), goat and donkey serum, and Tris were purchased from Sigma (St. 

Louis, MO). Partially or highly purified SEE was purchased from Toxin Technology 

(Sarasota, FL). Cell Tracker Blue, ProLong Gold Antifade mounting media, Roswell 

Park Memorial Institute (RPMI) medium 1640, glutamine, and sodium pyruvate were 

purchased from Invitrogen (Carlsbad, CA). Paraformaldehyde was purchased from 

Aldrich (Milwaukee, WI). G418 was purchased from Calbiochem (San Diego, CA) or 

Gold Biotechnology (St. Louis, MO). Heat-inactivated Fetal Bovine Serum (FBS) was 

obtained from Atlas Biologicals (Fort Collins, CO). Complete mini EDTA-free protease 

inhibitor tablets were purchased from Roche Applied Science (Indianapolis, IN). All 

other reagents used in this study were of the highest quality available.  

Anti-DIC (clone 70.1), anti-Lis1 (clone Lis1-338), anti-β tubulin (clone TUB2.1), 

and rabbit anti-hamster antibodies were purchased from Sigma. Anti-DIC (clone 74.1) 

was purchased from Covance (Princeton, NJ) and rat anti-α tubulin antibody (clone 

YOL1/34) was purchased from Novus Biologicals (Littleton, CO). Mouse anti-p150Glued 

and mouse anti-human Vβ8 antibody were from BD Biosciences (San Jose, CA). The 

rabbit anti-GFP antibody was a generous gift from Dr. Arturo De Lozanne. The anti-
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NDE1 antibody (10233-1-AP) was obtained from Proteintech (Chicago, IL) and shows 

cross-reactivity with NDEL1. Therefore, reactivity on Western blots was designated 

NDE1/NDEL1. Anti-GAPDH was obtained from Abcam (Cambridge, MA) and rabbit 

anti-phospho LAT was obtained from Upstate Biologicals (Lake Placid, NY). 

FITC anti-mouse IgM (μ-chain specific) was purchased from Sigma. Alexa Fluor 

594 Goat anti-rabbit antibody was purchased from Invitrogen. FITC donkey anti-mouse, 

FITC donkey anti-rat, TRITC anti-mouse IgM (μ chain specific), Dylight 405 anti-mouse 

and TRITC goat anti-mouse antibodies were purchased from Jackson ImmunoResearch 

laboratories, Inc. (West Grove, PA). HRP goat anti-mouse antibody was purchased from 

BioRad (Hercules, CA) and HRP-conjugated goat anti-rabbit was from Upstate 

Biologicals (Charlottesville, VA). Recombinant Alexa 594-conjugated Cholera toxin B 

subunit was from Molecular Probes (Eugene, OR). 

Cell Lines and Culture 

The Jurkat human helper T cell line (clone E6-1), and Raji human B cell line were 

obtained from ATCC (Manassas, VA). Jurkat and Raji cells were grown at 37°C with 5% 

CO2 in RPMI 1640 (Invitrogen) containing 10% heat-inactivated FBS, 50μM β-

mercaptoethanol, 24mM NaHCO3, 1mM pyruvate, and 1mM glutamine. Jurkat-derived 

stable clones were cultured in complete medium containing 1.2 mg/mL G418. 

Preparation of Coverslips and Jurkat–Raji Cell Pairs 

Glass coverslips were immersed for one hour in ethanol containing 10% saturated 

KOH, then washed and coated with 50 mg/mL poly-L-lysine and allowed to air-dry. Raji 

cells were incubated for 45 minutes to 1 hour with 1 μg/ml of highly purified 

Staphylococcus Entertoxin E (SEE) or 2 μg/mL partially purified SEE. Raji cells were 
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treated with 1 μM cell tracker blue (CTB) and/or 10 μM colchicine for the last 15 min of 

the SEE incubation to distinguish them from Jurkat cells. Jurkat and Raji cells were 

washed by centrifugation, mixed, and pelleted together. The pellet was resuspended in 

RPMI containing 1% FBS and plated on the polylysine-coated coverslips where cells 

were allowed to adhere at 37 °C for 15 minutes before fixation. 

Fixation and immunostaining 

10% (w/v) formaldehyde solution was prepared freshly for each experiment by 

heating 1 gram of paraformaldehyde in 10 mL ddH2O in the presence of 100 μL of 1N 

NaOH solution to above 70 ˚C in a water bath. The solution was then filtered with a 0.2 

μm filter and diluted to 3.7% in modified phosphate buffered saline (PBS: 3.8 mM KCl, 

1.2 mM KH2PO4, 139 mM NaCl, 3.15 mM Na2HPO4, 1 mM MgSO4, pH 7.2) containing 

5mM glucose and 1mM CaCl2. Fixation solution was kept at 37°C until use. The Jurkat-

Raji conjugates on coverslips were fixed with the formaldehyde solution for 30 min in a 

6-well plate at room temperature and for dynein immunostaining were kept in fixation 

solution (4% formaldehyde) overnight at 4 ˚C. The cells were washed in PBS and 

permeabilized with ice cold acetone:methanol (1:1) solution for 15 min on ice. 

Subsequently cells were washed in PBS and then blocked for 30 minutes in PBS 

containing 5% goat serum or donkey serum and 0.5% Tween-20. The cells were then 

incubated with primary antibody for one hour. The cells were washed in PBS, incubated 

with secondary antibodies for 1 hour at room temperature, and washed again.  

For actin staining, TRITC phalloidin (Sigma) was added to the cells directly after 

fixation with ice cold acetone for 5 min or after acetone fixation and during the secondary 

antibody incubation period when combined with immunostaining. Finally, the cells were 

mounted on glass slides using Prolong Gold anti-fade mounting media. Mounting media 
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was allowed to harden overnight and coverslips were sealed with clear nail polish before 

viewing. 

Image Acquisition and Processing 

Images were acquired using a Nikon Diaphot 200 Inverted microscope using a 

Hamamatsu Orca CCD camera (Hamamatsu Corp., Bridgewater, NJ). Z-axis stacks 

consisting of 256 successive images were acquired using a MAC 2000 Z-axis focus 

controller (Ludl Electronics Products, Hawthorne, NY) and a custom image acquisition 

plugin was written for ImageJ. Point spread functions for fluorescein and rhodamine 

fluorophores were generated using 0.2 micron fluorescent microspheres obtained from 

Molecular Probes (Eugene, OR). Images were deconvolved using the maximum 

likelihood algorithm of XCOSM adapted to run on a PC. Some images were acquired on 

a Olympus IX51 spinning disc microscope, with the spinning disc turned off, and 

captured with Slidebook Pro (3I, CO, USA) software in the lab of Dr. Seema Agarwala. 

Immunoprecipitation and Western blotting 

Jurkat cells were lysed in modified RIPA buffer (25mM Tris pH 8.0, 50mM 

NaCl, 0.5% Triton X-100, 2mM EDTA, 50mM NaF, 1mM NaVO4, 1x mini EDTA-free 

protease inhibitor cocktail), homogenized with a 21-gage needle, and centrifuged at 4°C. 

The resulting supernatants were precleared by incubation with protein A agarose 

(Invitrogen) or control resin from a Pierce Biotechnology Direct IP Kit (Rockford, IL) for 

1 hour at 4°C. Proteins were immunoprecipitated for 3 hours at 4°C with protein A 

agarose beads that had been pre-incubated with antibody overnight or with beads 

covalently linked to anti-DIC IgM antibody using a Direct IP Kit. Beads were then 

washed with lysis buffer and boiled in SDS sample buffer.  Proteins were separated by 
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SDS-PAGE and transferred to 0.2 μm nitrocellulose membrane (Fisher Scientific, 

Pittsburgh, PA). The membranes were blocked in Tris buffered saline (TBS: 25 mM Tris, 

137 mM NaCl, 2.7 mM KCl) containing 5% non-fat dry milk followed by incubation 

with primary antibodies overnight in TBS containing 5% bovine serum albumin (BSA) 

and 0.05% Tween-20. The blots were washed in TBS containing 0.025% Tween-20. 

Secondary antibodies were diluted in 5% milk. For detection of GAPDH, membranes 

were blocked in TBS containing 5% BSA and 0.05% Tween-20 followed by primary 

antibody incubation in the same buffer. After washing, the membrane was blocked in 

TBS containing 5% non-fat dry milk for 30 to 60 minutes before incubation with 

secondary antibody as above. The blots were developed using a Super Signal West Pico 

chemiluminescence detection kit from Pierce Biotechnology and CL-Xposure film from 

Fisher Scientific. 

Lis1 Cloning 

Lis1 mRNA was prepared from Jurkat whole cell lysate by using the Qiagen 

RNeasy Midi Kit (Valencia, CA) and stored at -80°C. Either Superscript One-Step RT-

PCR system with Platinum Taq Polymerase or the M-MLV Reverse Transciptase kit, 

both from Invitrogen, was used for RT-PCR according to the manufacturer’s instructions. 

Lis1 cDNA was amplified with the following primers:  

 

“Lis1_Lgfwd” 5' CAGCCAAGATGGTGCTGTCCCA 3' 

“Lis1_Lgrev” 5' GGTGTGACCAATGCCAGCCCA 3' 

 

This PCR product was further amplified to insert KpnI and XmaI cut sites with 

the following primers:  
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“CtermLis1_fwd” 5' GAGAGGTACCATGGTGCTGTCCCAGAGACA 3' 

“CtermLis1_rev” 5' GAGACCCGGGTCAACGGCACTCCCACAC 3'  

 

Lis1 cDNA was inserted into the pEGFP-C1 vector (Clontech, Mountain View, 

CA). The plasmid was named pEGFP-C1-Lis1. Lis1ΔC and Lis1ΔN were generated from 

pEGFP-C1-Lis1. For Lis1ΔC, the following primers were used to insert a BamHI cut site 

5' to the WD repeat region of Lis1 to remove the WD repeat domains: 

“Lis1_Nterm_fwd” 5' GACTGGATCCACCGGATCTAGAT 3' 

 “Lis1_Nterm_rev” 5' GAGTGGATCCTCGTTTCTGACCAAGAGGT 3' 

 

For Lis1ΔN, the following primers were used to insert a BspeI cut site 5' to the 

WD repeat region of Lis1 in order to remove the N terminal LisH and coiled coil 

domains: 

“LisdeltaNBspeI_fwd” 5' GAGATCCGGAGACCCAAAAGAATGGATTC 3' 

 “LisdeltaNBspeI_rev” 5' GAGATCCGGACTTGTACAGCTC 3'.  

 

The PCR products were digested, ligated, and sequenced and the new plasmids 

were named pEGFP-C1-Lis1ΔC and pEGFP-C1-Lis1ΔN. 

Electroporation and knockdown 

Lis1 siRNA oligos SASI_Hs01_00019192, 00019093, and 00019094 and 

Universal Negative Control #1 were purchased individually from Sigma and resuspended 

in RNase-free water. 15-20 μg of the desired plasmid or 10 nmol of each siRNA or the 

control was added to 2 x 107 Jurkat T cells suspended in 400 mL OPTI-MEM media 

(Invitrogen). Electroporation was performed at 950 mF and 250V using a Gene Pulser II 
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(Bio-Rad, Hercules, CA). Cells were immediately resuspended in 10 mL complete 

medium. Stable clones were selected in G418 for at least 2 weeks prior to sorting on a 

FACSAria IIu cell sorter (BD Biosciences) in the ICMB Core Facility at The University 

of Texas at Austin. Expression of Lis1 in siRNA electroporated cells was initially 

monitored by Western blot over 72 hours to determine that the highest degree of 

knockdown was seen at 48 hours post-electroporation. Following sorting, stable cell lines 

were maintained in 1.2 ug/mL G418 and the following cell lines were named: JFL-Lis1 

(express GFP-Lis1), JLis1ΔC (express GFP-Lis1ΔC), and JLis1ΔN (express GFP-

Lis1ΔN). 

 Calcium fluorometer measurements 

JFL-Lis1, JLis1ΔC, or JLis1ΔN cells were resuspended in 1x PBS pH 7.0 

containing 5mM glucose, 1mM Ca2+, and 1% FBS and incubated with indo-1/AM 

(Molecular Probes, Eugene, OR) at 1μM loading concentration for 30 minutes. Cells 

were washed and resuspended at a concentration of 1x106 cells/mL in the PBS buffer and 

transferred to a standard fluorometer cuvette. Measurements were performed in 

fluorometer equipped with dual emission detectors (PTI, Birmingham, NJ) with the 

excitation monochromator set to 354 nm the emission monochromators set to 404 and 

485 nm (Grynkiewicz et al. 1985). During the measurements, cells were maintained at 37 

˚C with a circulating water bath and in constant agitation with a magnetic stirrer.  

For each experiment, baseline indo-1-AM signals were obtained and then 500 

ng/mL of anti-Vβ8 antibody was then added, and fluorescence was recorded for 400 

seconds. For calibration ionomycin was added to a concentration of 2 μM, followed by 

cell lysis with 0.1 mg/mL digitonin followed by the addition of  2mM EGTA and 6mM 

Tris base. 
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Golgi apparatus staining 

JFL-Lis1, JLis1ΔC, or JLis1ΔN cells were resuspended at 1x106 cells/mL in 

complete medium containing 1 μg/mL Alexa 594-conjugated Cholera toxin B subunit 

(CTX) for 30 minutes. Cells were resuspended in warm PBS containing 1% FBS and 

visualized within 5 minutes on the microscope. 

 

RESULTS 

To establish a basis for proposing a link between Lis1 and MTOC polarization, 

we first examined the distribution of Lis1 in Jurkat T cells. To determine if Lis1 is 

present at the IS, we immunostained Jurkat-Raji pairs for Lis1 and tubulin in the presence 

and absence of the superantigen SEE, which provides a strong T cell activation stimulus 

(Fraser et al. 1992; Kappler et al. 1989; Li et al. 1999; Papageorgiou et al. 1998). In 

unactivated Jurkat cells (no SEE), the Lis1 staining pattern resembled the pattern of 

microtubules we have seen previously (Figure 4.3A-C). However, in activated Jurkat 

cells, this antibody labeled a band of protein at the IS that was found to be a ring with the 

MTOC localized in the center. This is very similar to the distribution of dynein 

intermediate chain (DIC) described by Combs et al. (Combs et al. 2006) (Figure 4.3D-G).  

To confirm that Lis1 is found in a ring at the IS, Z stacks of Jurkat-Raji pairs 

immunostained for Lis1 only or Lis1 and tubulin were deconvolved (see Materials and 

Methods), cropped, and rotated to obtain views of the IS (Figure 4.3H-I). These views 

confirm that the Lis1 antibody stain forms a ring structure at the IS. Overlap of Lis1 

signal and phospho-LAT, a molecule found at the IS, was obtained by confocal 

microscopy and indicates that this Lis1 ring is part of the IS (Figure 4.3J-L).  
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Figure 4.3: Lis1 localization in activated Jurkat cells. 

(A-G) Jurkat cells were fixed and immunostained (A-C) or paired with SEE-coated Raji 
cells, fixed, and immunostained (D-G) for tubulin (A,D; FITC secondary) and Lis1 (B,E; 
TRITC secondary). Overlap in (C,F,G) shows tubulin in green and Lis1 in red. The IS 
region of the Jurkat-Raji pair in (D-F) was cropped and rotated to obtain the IS view in 
(G).  (H-I) Jurkat-Raji pairs were fixed and immunostained for Lis1 (TRITC secondary). 
Z-stacks of the Jurkat-Raji pair in (H) were deconvolved and the IS region was cropped 
and rotated to obtain the IS view in (I). Scale bars = 5 μm. (J-L) Jurkat cells were paired 
with SEE-coated Raji cells, fixed, and immunostained for Lis1 (J; FITC secondary) and 
phospho-LAT (K; Alexa594 secondary). Images were acquired on a confocal microscope 
(Agarwala lab) and the merged panel (L) shows Lis1 in green and phospho-LAT in red. 
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To determine if Lis1 forms a complex with dynein we immunoprecipitated DIC 

from Jurkat whole cell lysates with anti-DIC 70.1 antibody. Probing for Lis1 showed that 

it co-immunoprecipitated with DIC (Figure 4.4A). We also examined if the amount of 

Lis1 that co-immunopreciptated with dynein changed during T cell activation by 

activating Jurkat cells with SEE-coated Rajis before cell lysis, but no difference in 

amount of Lis1 in IP was detected (data not shown).  

Next we compared the distribution of DIC to that of Lis1 in activated Jurkat cells. 

In Jurkat-Raji pairs immunostained for DIC (anti-DIC 70.1) and Lis1, significant overlap 

of the Lis1 and DIC signal was observed (Figure 4.4B-D). We attempted to visualize the 

IS in these cells to determine if the Lis1 and dynein rings seen during their separate 

immunostainings overlap. Unfortunately, we were not able to obtain Z-stacks of the DIC 

or Lis1 stain due to the low signal intensity in this double immunostaining and 

photobleaching of the fluorescent signal. In addition, we immunostained Jurkat cells 

expressing GFP-DIC2C (described in Chapter 2) for Lis1 and saw that the Lis1 stain 

overlapped the GFP signal at the IS, but the GFP-DIC2C signal was also found where 

one would expect to find the MTOC (Figure 4.4E-G), indicating that Lis1 is found in the 

same area as the dynein at the pSMAC. 

 



98 
 

 

Figure 4.4: Lis1 and dynein in activated Jurkat cells. 

(A) DIC was immunoprecipitated from Jurkat whole cell lysate (WCL) with anti-DIC 
70.1 antibody (IP), and irrelevant antibody (Ir. Ab), or beads only (Bead). Interacting 
proteins were separated by SDS-PAGE and the presence of DIC and Lis1 was detected 
on a Western blot. (B-D) Jurkat cells were paired with SEE-coated Raji cells (R) and 
immunostained for DIC (B; FITC IgM secondary) and Lis1 (C; TRITC secondary). The 
overlap is shown in (D) with DIC in green and Lis1 in red. (E-G) Jurkat cells expressing 
GFP-DIC2C (E) were paired with SEE-coated Raji cells and immunostained for Lis1 (F; 
TRITC secondary). The overlap is shown in (G) with DIC in green and Lis1 in red. Scale 
bars = 5μm. 
 

 

In order to assess whether Lis1 is important for MTOC translocation, we reduced 

Lis1 expression in Jurkat T cells using siRNA. Lis1 expression was initially monitored 
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for 72 hours by Western blot, and we determined that the most reduction in Lis1 protein 

was at 48 hours-post electroporation. The amount of knockdown was estimated by using 

ImageJ to quantify the band intensity of the Lis1 signal compared to the GAPDH loading 

control and Lis1 expression was consistently found to be about 25% of control Lis1 

expression at 48 hours-post transfection (Figure 4.5).  

 

 

Figure 4.5. Example Lis1 knockdown in Jurkat cells after siRNA transfection. 

Scrambled control siRNA or Lis1 siRNA was electroporated into Jurkat cells. (A) 
Expression of Lis1 was monitored by Western blot at 24 and 48 hours post-
electroporation in control siRNA (C) and Lis1 siRNA (KD) cells. GAPDH was used as a 
loading control. (B) The percent of the GAPDH band intensity was estimated for each 
Lis1 band in control or knockdown whole cell lysates (from A) using ImageJ. 
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At the 48 hour time point, control siRNA or Lis1 siRNA knockdown Jurkat cells 

were mixed with SEE-coated Raji B cells. Jurkat-Raji pairs were immunostained for 

tubulin to mark microtubules and the MTOC, Lis1 to verify its knockdown, and phospho-

LAT to verify that the Jurkat cells were activated (Figure 4.6B-G). We then compared 

how many Jurkat-Raji pairs showed MTOC translocation in Lis1 siRNA knockdown 

cells (cells lacking Lis1 immunostaining) as compared to Lis1-expressing siRNA 

controls. We found that  MTOC polarization in Lis1 knockdown cells was reduced to 

11% of MTOC polarization in Lis1-expressing control siRNA cells (Figure 4.6A).  

 

 

Figure 4.6: Effect of Lis1 knockdown on MTOC polarization. 

 (A-G) Untreated Jurkat cells or Jurkat cells electroporated with Lis1 siRNA or Control 
siRNA were paired with SEE-coated Raji cells at 48 hours post-electroporation, fixed, 
and immunostained for tubulin (B,E; FITC secondary) to label the MTOC (arrowhead), 
Lis1 (D,G; Dylight 405 secondary), and phospho-LAT (C,F; Alexa594 secondary) as a T 
cell activation marker. (A) After immunostaining cells were independently scored three 
times (50 cells/trial) for MTOC translocation to the Jurkat-Raji interface. The percent 
MTOC polarization is expressed relative to control values with background polarization 
subtracted. Data are normalized means ± standard error multiplied by the normalization 
factor. ** p = 0.0015 compared to Control siRNA cells (Student's T-Test). Scale bar = 5 
μm. 
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We also immunostained the scrambled siRNA control and Lis1 siRNA 

knockdown cells for DIC and Lis1 at 48 hours post-electroporation to determine if dynein 

still accumulates at the IS in the absence of Lis1 (Figure 4.7). In cells where little to no 

Lis1 immunostaining was observed, dynein was still present at the IS of the majority of 

activated Jurkat-Raji pairs, but the percentage decreased to 73% of values obtained in 

scrambled siRNA control cells (p = 0.0033 by Student's T-Test) (Figure 4.7A).  

 

 

 

Figure 4.7: Effect of Lis1 knockdown on DIC localization to the IS. 

(A-E) Untreated Jurkat cells or Jurkat cells electroporated with Lis1 siRNA or Control 
siRNA were paired with SEE-coated Raji cells (R) at 48 hours post-electroporation, 
fixed, and immunostained for DIC (B,D; 70.1, FITC secondary) and Lis1 (C,E; TRITC 
secondary. (A) After immunostaining cells were independently scored three times (50 
cells/trial) for the presence of DIC localized at the Jurkat-Raji interface. The percent DIC 
localization is expressed relative to control values with background polarization 
subtracted. Data are normalized means ± standard error multiplied by the normalization 
factor. ** p = 0.0033 compared to Control siRNA cells (Student's T-Test). Scale bar = 5 
μm. 
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In addition to its effects on dynein, Lis1 has been suggested to have effects on 

actin cytoskeleton dynamics (Kholmanskikh et al. 2006; Rehberg et al. 2005), so we 

investigated the localization of actin in activated control siRNA and Lis1 siRNA 

knockdown Jurkat cells. Staining of control or Lis1 siRNA cells with phalloidin 48 hours 

post-electroporation did not reveal any visible defects in the localization of actin to the IS 

(Figure 4.8). 

 

 

Figure 4.8: Localization of actin in Lis1 knockdown and control Jurkat cells. 

(A-F) Scrambled siRNA control or Lis1 siRNA cells were paired with SEE-coated Rajis 
(R) at 48 hours post-electroporation. Cell pairs were fixed and immunostained for Lis1 
(A,D; FITC secondary) in addition to staining with TRITC phalloidin (B,E). The merged 
images (C,F) show Lis1 in green and the phalloidin stain in red. Scale bar = 5 μm. 

 

In order to further examine the functional requirement of Lis1 during T cell 

activation, we expressed GFP-full length (FL) Lis1 (JFL-Lis1 cells), GFP-Lis1ΔC 

(JLis1ΔC cells), or GFP-Lis1ΔN (JLis1ΔN cells) in Jurkat cells. The Lis1ΔC mutant 

contains only the N-terminal 89 amino acids, corresponding to the N-terminal 
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homodimerization domain and coiled coil domains, while the Lis1ΔN mutant contains 

only amino acids 90-410, corresponding to the WD repeat domain (Figure 4.9A). 

Expression of each construct was examined by Western blots of whole cell lysate from 

JFL-Lis1, JLis1ΔC, and JLis1ΔN cells compared to wild type Jurkat cells (Figure 4.9B-

C). The anti-GFP antibody detected a nonspecific band in all cell types around 60 kDa 

(Figure 4.9C). We estimated the relative amount of each GFP fusion protein in the Lis1 

mutant cell lines by scanning the film from the Western blot and using ImageJ to 

compare the band intensity of the anti-GFP signal (Figure 4.9C) to the intensity of the 

anti-GAPDH signal (Figure 4.9B) for each lane. We found that the GFP-Lis1ΔC band 

intensity was about 27% of the GAPDH band intensity while GFP-Lis1ΔN was about 

20% of the GAPDH intensity. The GFP-FL-Lis1 band intensity was about 9% of the 

GAPDH intensity (Figure 4.9D). We also noted that anti-Lis1 antibody was able to detect 

FL-Lis1 (Figure 4.9B). 
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Figure 4.9: Expression of Lis1 constructs in Jurkat cells. 

(A) Diagram of the domains of Lis1: LisH domain (slashed), coiled coil domain (CC, 
black), WD repeat domain (grey); and the deletion mutants generated in this study. (B-C) 
Whole cell lysate from wild-type Jurkat, JFL-Lis1, JLis1ΔC, or JLis1ΔN cells was 
separated by SDS-PAGE. (B) Western blotting for Lis1 and GAPDH (loading control). 
Note that the Lis1 antibody detects FL-Lis1. (C) The membranes from (B) were stripped 
and incubated with anti-GFP antibody to detect the expressed constructs. The band 
present in each lane around 60 kDa is nonspecific binding. (D) The percent of the 
GAPDH band intensity (from B) was estimated for each GFP band from FL-Lis1, 
Lis1ΔC, or Lis1ΔN whole cell lysate (from C) using ImageJ. 
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To determine if these mutants, as well as GFP-Lis1, still bind endogenous Lis1, 

dynein, p150Glued, and NudE/L as reported (Sasaki et al. 2000; Smith et al. 2000; Tai et al. 

2002), anti-GFP antibody was used to immunoprecipitate each GFP-Lis1 fusion protein. 

Western blotting of immunoprecipitates showed that FL-Lis1 interacts with both 

endogenous Lis1 and DIC. As expected from the literature, endogenous Lis1 but not DIC 

was found in immunoprecipitates from JLis1ΔC cells (Figure 4.10A) (Tai et al. 2002). 

Neither endogenous Lis1 or DIC were detected in GFP immunoprecipitates from 

JLis1ΔN cells (Figure 4.10A), which was unexpected based on a report by Tai et al. who 

showed in vitro interactions between a similar Lis1 mutant and dynein in vitro (Tai et al. 

2002). Note that none of the fusion proteins bound p150Glued, which is consistent with a 

report by Tai et al. who found that Lis1 instead interacts with the dynactin subunit 

dynamitin in vitro, although Smith et al. reported that Lis1 did interact with p150Glued in 

mouse brain extracts (Smith et al. 2000; Tai et al. 2002). NudE/L was able to co-

immunoprecipitate with each of the fusion proteins. 

To further examine the interactions of the Lis1 fusion proteins with endogenous 

dynein complex components, we performed an immunoprecipitation with anti-DIC 

antibody from JFL-Lis1, JLis1ΔC, or JLis1ΔN cells (Figure 4.10B). Both GFP-Lis1 and 

endogenous Lis1 were pulled down by anti-DIC from JFL-Lis1 cells, but only 

endogenous Lis1 was detected in anti-DIC immunoprecipitates from JLis1ΔC or JLis1ΔN 

cells, recapitulating the results seen in Figure 4.10A. We also noted that the amount of 

endogenous Lis1 pulled down by anti-DIC was less in JLis1ΔC and JLis1ΔN cells than in 

JFL-Lis1 cells. We estimated the amount of endogenous Lis1 in the IP lanes by scanning 

the film from the Western blot and using ImageJ to quantify the band intensity (Figure 

4.10C). We found that the amount of Lis1 co-immunoprecipitating with dynein from 
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JFL-Lis1 lysates was 140% of the DIC band intensity whereas using JLis1ΔC lysates it 

was reduced to 50% and only 24% of the DIC band intensity using the Lis1ΔN cells. 

 

Figure 4.10: Co-immunoprecipitation from JFL-Lis1, JLis1ΔC, or JLis1ΔN cells. 
(A-B) Whole cell lysate (WCL) from FL-Lis1, Lis1ΔC, or Lis1ΔN cells was 
immunoprecipitated with anti-GFP (A), anti-DIC (B) antibody, an irrelevant antibody (Ir. 
Ab) or beads only (Bead). Interacting proteins were detected by Western blot. (C) The 
percent of the DIC band intensity was estimated for the endogenous Lis1 bands in anti-
DIC immunoprecipitates from FL-Lis1, Lis1ΔC, or Lis1ΔN cells (from B) using ImageJ. 
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We next examined the effect of these Lis1 fusion proteins on MTOC polarization 

by examining GFP only, JFL-Lis1, JLis1ΔC, or JLis1ΔN cells paired with SEE-coated 

Raji B cells. MTOC polarization was decreased in all of these cell lines compared to 

MTOC polarization in Jurkat cells expressing only GFP (Figure 4.11). Cells expressing 

GFP-Lis1ΔC and GFP-Lis1ΔN displayed decreased MTOC polarization more than in 

cells expressing GFP-Lis1, with GFP-Lis1ΔN cells the most affected, and each difference 

was statistically significant by Student's T-Test. These results are consistent with the 

theory that if a DIC-Lis1 interaction is important for MTOC polarization, GFP-Lis1ΔC 

and GFP-Lis1ΔN would interfere with the process by interfering with the ability of fully 

functional Lis1 homodimers to interact with DIC. 

 

 

 



108 
 

 

Figure 4.11: MTOC polarization in Lis1 mutant cells. 

(A-M) Jurkat cells expressing GFP only (C), FL-Lis1 (F), Lis1ΔC (I), or Lis1ΔN (L) 
were activated with SEE-coated Raji cells (D,G,J,M; CTB), fixed, and immunostained 
for tubulin (B,E,H,K; TRITC secondary) to label the MTOC (arrowhead). (A) After 
immunostaining cells were independently scored three times (50 cells/trial) for 
translocation of the MTOC to the Jurkat-Raji interface. The percent MTOC polarization 
is expressed relative to control values with background polarization subtracted. Data are 
normalized means ± standard error multiplied by the normalization factor. FL-Lis1:  p = 
0.011; Lis1ΔC p = 0.0004; Lis1ΔN p = 0.0002 compared to GFP only-expressing cells 
(Student's T-Test). The difference between MTOC polarization in Lis1ΔC compared to 
Lis1ΔN and FL-Lis1 compared to Lis1ΔC was statistically significant (p = 0.029 or 0.013 
respectively by Student's T-Test). Scale bar = 5 μm. 

 

In GFP only, JFL-Lis1, JLis1ΔC, or JLis1ΔN cells, we observed that the GFP 

fluorescence did not always localize at the IS. For the cells used to obtain the MTOC 

polarization data in Figure 4.11, the percentage of cells with a GFP signal localized to the 
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IS was quantified (Figure 4.12A). Representative images of the types of cells found are 

shown (Figure 4.12B-J). Interestingly, localization of the GFP signal to the IS did not 

always correlate with MTOC polarization, i.e. some cells without a translocated MTOC 

showed some localization of the GFP signal to the IS (see Figure 4.11I). 

 

 

Figure 4.12: GFP signal localization to the IS in Lis1 mutant cells. 

Jurkat cells expressing GFP only, FL-Lis1 (C), Lis1ΔC (F), or Lis1ΔN (I) were activated 
with SEE-coated Raji cells (R), fixed, and immunostained for tubulin (B,E,H; TRITC 
secondary) to label the MTOC (arrowhead). The merged panels (D,G,J) show the GFP 
signal in green and tubulin in red. (A) After immunostaining cells were independently 
scored three times (50 cells/trial) for localization of the GFP signal to the IS. Data are 
means ± standard error. Arrowheads mark the MTOC. Scale bar = 5 μm. 

 

In addition, some of the cells examined for Figures 4.11 and 4.12 had the GFP 

signal localized in a manner more resembling microtubules and/or the MTOC (Figure 

4.13).  



110 
 

 

Figure 4.13: GFP signal localization to microtubules in Lis1 mutant cells. 

Jurkat cells expressing FL-Lis1 (B), Lis1ΔC (E), or Lis1ΔN (H) were activated with 
SEE-coated Raji cells (R), fixed, and immunostained for tubulin (A,D,G; TRITC 
secondary) to label the MTOC (arrowhead). The merged panels (C,F,I) show the GFP 
signal in green and tubulin in red. Arrowhead marks the MTOC. Scale bar = 5 μm. 
 

Next, to determine if Lis1 mutants altered the distribution of dynein, Jurkat-Raji 

pairs made from each mutant cell line were immunostained for dynein with anti-DIC 70.1 

antibody (Figure 4.14). We observed a significant decrease (Student's T-Test) in the 

percentage of JFL-Lis1, JLis1ΔC, and JLis1ΔN cells with properly localized DIC 

compared to cells expressing GFP only. Interestingly, the JLis1ΔC cells seemed to show 

a trend of less dynein mislocalization than JFL-Lis1 or JLis1ΔN cells, although the 

difference between DIC localization in JFL-Lis1 vs. JLis1ΔC cells was not statistically 
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significant (p = 0.12 by Student's T-Test). The DIC localization decrease in JLis1ΔN 

compared to JFL-Lis1 cells was statistically significant (p = 0.024 by Student's T-Test). 

 

 

Figure 4.14: DIC localization in Lis1 mutant cells. 

Jurkat cells expressing GFP only (B), FL-Lis1 (E), Lis1ΔC (H), or Lis1ΔN (K) were 
activated with SEE-coated Raji cells (R), fixed, and immunostained for DIC with the 
anti-70.1 antibody (C,F,I,L; TRITC secondary). Merged images are shown with DIC in 
red and GFP in green (D,G,J,M). (A) After immunostaining cells were independently 
scored three times (50 cells/trial) for localization of DIC to the IS. The percent DIC 
localization is expressed relative to control values with background DIC localization 
subtracted. Data are normalized means ± standard error multiplied by the normalization 
factor. FL-Lis1:  p = 0.0056; Lis1ΔC p = 0.038; Lis1ΔN p = 0.0002 compared to GFP 
only-expressing cells (Student's T-Test). The difference between the FL-Lis1 and Lis1ΔC 
counts was not significant (p = 0.12 by Student's T-Test). Scale bar = 5 μm. 
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As mentioned above, Lis1 is known to interact with actin remodeling 

components, so we also wanted to determine if expression of any of our Lis1 fusion 

proteins perturbed actin localization at the IS. GFP only, JFL-Lis1, JLis1ΔC, or JLis1ΔN 

cells were paired with SEE-coated Raji cells, fixed, and stained with TRTIC phalloidin  

(Figure 4.15). No visible effect on actin localization at the IS was seen in any of the Lis1 

mutant-expressing cells, regardless of whether the GFP signal was found at the IS. 

 

. 

Figure 4.15 Actin localization in Lis1 mutant cells. 

GFP only (A), JFL-Lis1 (E), Lis1ΔC (I), and Lis1ΔN (M) cells were paired with SEE-
coated Raji cells (CTB; C,G,K,O). After fixation, cells were stained with TRITC 
phalloidin (B,F,J,N). The merged images (D,H,L,P) show the phalloidin stain in red and 
the GFP signal in green. Scale bar = 5 μm. 
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Since perturbation of dynein is known to disperse the Golgi (Burkhardt et al. 

1997; Harada et al. 1998), we wanted to determine if expression of any of the Lis1 

mutants also perturbed Golgi distribution. To this end, GFP only, JFL-Lis1, JLis1ΔC, or 

JLis1ΔN cells were incubated with Alexa594-conjugated Cholera toxin B subunit (CTX) 

and examined live (Figure 4.16). The results show only a slight disruption of the Golgi in 

any of the Lis1 mutant cells examined. 
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Figure 4.16: Golgi distribution in Lis1 mutant cells. 

GFP only (A-B), JFL-Lis1 (C-D), JLis1ΔC (E-F), or JLis1ΔN cells (G-H) were 
incubated with Alexa 594-conjugated Cholera toxin B subunit (CTX) and imaged live on 
the microscope to examine Golgi distribution. Scale bar = 5 μm. 
 

Finally, it is important to consider the effects of Lis1 on signaling from the T cell 

receptor (TcR) during T cell activation. Dynein-based movements of TcR microclusters 

have been shown to be important for formation and signaling from the cSMAC 

(Hashimoto-Tane et al. 2011). In addition, previous studies by Martin-Cofreces et al. 

reported that overexpression of p50/dynamitin, which disrupts the dynein-dynactin 

complex (discussed in Chapter 3), also blocked MTOC translocation (Martín-Cófreces et 
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al. 2008). However, they also noted that several aspects of T cell signaling were also 

diminished. One of the early T cell signaling events is release of calcium through 

phospholipase C signaling.  

We therefore used the fluorophore indo-1-AM to monitor the initial cytoplasmic 

calcium transient as a measure of the signaling from the TcR in GFP only, JFL-Lis1, 

JLis1ΔC, or JLis1ΔN cells. The ratio of bound/unbound [Ca2+] in these experiments 

shows that the response to anti-TcR antibody was delayed and the maximal response was 

decreased in all of the Lis1 construct-expressing cells compared to the GFP only control. 

(Figure 4.17). Interestingly, the amount of calcium response in these cell lines also 

correlated with the percentage of these cells with a polarized MTOC (Figure 4.11A). 
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Figure 4.16: Calcium flux in Lis1 mutant cells. 

GFP only, JFL-Lis1, JLis1ΔC, or JLis1ΔN cells were loaded with indo-1 and the 
fluorescence emission ratio (obtained by dividing the measured fluorescence emission 
signal of [Ca2+]-bound indo-1-AM by the measured fluorescence emission signal of 
unbound indo-1) was recorded on a fluorometer. At 20 seconds, the cells were mixed 
with a transfer pipette and the ratio was recorded. At 50 seconds, the cells were 
stimulated by anti-Vβ8 (anti-TcR) antibody. 

 

This finding led us to examine Lis1 siRNA knockdown cells to determine if Lis1 

knockdown also affected calcium flux (Figure 4.17). Upon incubation with indo-1-AM 

and stimulation with anti-Vβ8 antibody, we observed no change in the calcium flux from 

Lis1 siRNA knockdown cells compared to no siRNA control or normal Jurkat cells. The 

calcium ratios in Figure 4.17 do not have the background fluorescence subtracted. 
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Figure 4.17: Calcium flux in Lis1 knockdown cells 

Normal Jurkat cells (E6), Jurkat cells electroporated without siRNA (noSI), or Jurkat 
cells electroporated with Lis1 siRNA (Kd) were loaded with indo-1-AM and the 
fluorescence emission ratio (obtained by dividing the measured fluorescence emission 
signal of [Ca2+]-bound indo-1 by the measured fluorescence emission signal of unbound 
indo-1) was recorded on a fluorometer. At 20 seconds, the cells were mixed with a 
transfer pipette and the ratio was recorded. At 50 seconds, the cells were stimulated by 
anti-Vβ8 (anti-TcR) antibody. 

 

DISCUSSION 

Since Lis1 binds to dynein and is known to be involved in its localization and 

functions in other cellular processes, we examined Lis1 in Jurkat T cells to determine if it 

is important for dynein-mediated MTOC polarization. Although loss of Lis1 function has 

not been tied to immune deficiencies in patients with Lissencephaly diseases, Lis1 is 

expressed at higher levels in neurons (Smith et al. 2000) which may indicate an increased 

requirement for this protein in these cells. In support of this, human mutations in 
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cytoplasmic dynein heavy chain, which contains the motor domain of dynein and is 

important for cytoplasmic dynein function in virtually every cellular function, have only 

been reported to cause neurological symptoms (Willemsen et al. 2012). In addition, the 

PAFAH1b catalytic subunits are expressed at higher levels in the brain, which Ding et al. 

suggested may cause dynein inactivation when less functional Lis1 is present by directly 

competing for Lis1 binding (Ding et al. 2009). 

In our studies, we saw that Lis1 forms a ring of protein at the IS, indicating that 

Lis1 is a component of the Jurkat IS and implicating it in MTOC translocation. We have 

shown that Lis1 co-immunoprecipitates with DIC and its immunostaining overlaps that of 

DIC at the IS of activated Jurkat cells. In Lis1 siRNA knockdown cells, MTOC 

polarization was severely inhibited. In addition, we have shown that overexpression of 

Lis1 or expression of Lis1 deletion mutants also decreases MTOC polarization in Jurkat 

cells. Overexpression of Lis1 or the N- or C-terminus of Lis1 significantly increased the 

mitotic index of cells in a study by Tai et al. (Tai et al. 2002). 

 In addition, Tai et al. reported that a construct similar to Lis1ΔC displaces full-

length Lis1 from kinetochores. Expression of the N-terminus of Lis1 also interferes with 

dynein-based functions including migration speed and distance of fibroblasts in wounded 

cell layers (Dujardin et al. 2003; Tai et al. 2002). Therefore, it is not surprising that 

JLis1ΔC cells were deficient in dynein-mediated MTOC translocation. Our co-

immunoprecipitation data suggest that Lis1ΔC may sequester endogenous Lis1 

monomers in Jurkat cells (Figure 4.18). Complexes consisting of a Lis1-Lis1ΔC 

heterodimer would only have one DIC/NudE/L-binding domain instead of the two sites 

present in wild type Lis1 homodimers, and Lis1 homodimerization has been shown to be 

required for its effects on dynein in vitro (Mesngon et al. 2006). 
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Interestingly, our Lis1ΔN mutant did not interact with DIC by co-

immunoprecipitation, and yet JLis1ΔN cells were the most deficient in MTOC 

polarization, DIC localization, and calcium flux of all our Lis1 mutant cells. This is in 

contrast to a report by Tai et al. who demonstrated an interaction between a similar 

mutant and DIC in vitro and postulated that expressing the C terminal WD domains of 

Lis1 may affect mitosis by competing with FL-Lis1 for dynein binding. However, in 

these studies, DIC and the Lis1ΔN-like mutant were both exogenously expressed (Tai et 

al. 2002), which may promote their association by increasing their relative 

concentrations.  

One potential molecular explanation for our co-immunoprecipitation results is 

that the interaction between the Lis1ΔN protein and endogenous NudE/L affects the 

ability of endogenous Lis1 homodimers to interact with dynein, especially since a fairly 

large amount of GFP-Lis1ΔN is expressed in JLis1ΔN cells (Figure 4.9). Although the 

amount of Lis1ΔN detected with the anti-GFP antibody cannot be directly compared to 

the amount of Lis1 detected by anti-Lis1 antibody in JLis1ΔN cells, it can be seen that 

the expression level of Lis1ΔN is not insignificant. Our data showing that 

immunoprecipitation of DIC from JLis1ΔN cells showed less endogenous Lis1 in the co-

immunoprecipitate when compared to JFL-Lis1 cells supports this model. A similar 

effect was also observed in JLis1ΔC cells, in that this construct was also able to interact 

with NudE/L but showed less endogenous Lis1 interacting with DIC than in FL-Lis1 

cells (Figure 4.11).  

Studies by McKenney et al. showed little binding of Lis1 to dynein in vitro in the 

absence of NudE, and addition of NudE to their experiments greatly increased the amount 

of dynein that co-immunoprecipitated with Lis1 (McKenney et al. 2010). Mesngon et al. 
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also showed only a weak interaction between Lis1 and the dynein complex in the absence 

of NudE/L in vitro, and the amount of Lis1 co-immunoprecipitated by anti-DIC antibody 

(74.1) seemed to show some tissue specificity in vivo (Mesngon et al. 2006). If the 

interaction between Lis1 and NudE/L is largely required for recruitment of Lis1 to dynein 

complexes, expressing the C-terminal portion of Lis1 in Jurkat cells could conceivably 

disrupt that recruitment if Lis1ΔN binds NudE/L, effectively reducing the concentration 

of NudE/L available to endogenous Lis1 homodimers (Figure 4.18). Interestingly, 

NudE/L have been shown to arrive at kinetochores before either dynein or Lis1 (Stehman 

et al. 2007). It will be interesting to immunoprecipitate NudE/L from the Lis1 mutant 

cells to determine if the amount of endogenous Lis1 in the co-immunoprecipitate 

correlates with the model proposed here.  

We were not able to determine if the amount of NudE/L co-immunoprecipitating 

with DIC was different in the Lis1 mutant cells due to the low amount of NudE/L present 

in immunoprecipitates of DIC from even normal Jurkat cells (see Figure 3.10) which 

could in part be due to the DIC 70.1 (and 74.1) antibodies binding to the NudE/L binding 

site on DIC (McKenney et al. 2011), However, immunoprecipitating normal Jurkat cell 

lysate with anti-NudE/L antibody also did not show a large amount of DIC in the 

immunoprecipitate (Shubhankar Nath and Martin Poenie, unpublished). This may 

indicate that in Jurkat cells, only a small amount of NudE/L is bound to dynein. 
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Figure 4.18: Summary of Lis1 mutant interactions with the dynein complex. 

(A) Lis1 monomers contain an N-terminal homodimerization (gold) and a C-terminal 
WD repeat domain (blue). The dynein complex contains two copies of dynein heavy 
chain, intermediate chain, light intermediate, and light chains (brown) Lis1 dimers are 
known to interact with both dynein and NudE/L (pink) in vivo. All known dynein 
complex members exist as homodimers in vivo. (B) Expression of GFP- (green) FL-Lis1 
in Jurkat cells leads to Lis1 dimers containing only endogenous Lis1, only FL-Lis1, or a 
heterodimer of the two. All are competent to interact with members of the dynein 
complex and NudE/L. (C) Expression of GFP-Lis1ΔC in Jurkat cells may sequester 
endogenous Lis1 monomers to form a complex that is not competent to interact strongly 
with a dynein complex. This Lis1 heterodimer could still interact with NudE/L and 
prevent endogenous Lis1 homodimers from interacting with a dynein complex through 
NudE/L. (D) Expression of GFP-Lis1ΔN may interfere with endogenous Lis1 homodimer 
interactions with dynein by competing for interactions with NudE/L. 
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Interestingly, the amount of MTOC polarization, DIC localization to some degree, 

and calcium flux correlated with the amount of endogenous Lis1 pulled down by anti-

DIC antibody in these mutant cells. It is possible that the differences between the amount 

of MTOC polarization, DIC localization, and calcium flux are due to the amount of 

mutant Lis1 being expressed. However, estimates from Figure 4.9 show that more GFP-

Lis1ΔC is expressed in JLis1ΔC cells compared to expression of GFP-Lis1ΔN in 

JLis1ΔN cells, so expression level may not account for the differences seen between 

behaviors of the two mutant cells lines. On the other hand, both GFP-Lis1ΔC and GFP-

Lis1ΔC were expressed at higher amounts than GFP-FL-Lis1. Another potential 

consideration is that according to our model, Lis1ΔC would have to bind an endogenous 

Lis1 monomer before it could interact with NudE/L, while Lis1ΔN could interact with 

NudE/L directly. This may lead to increased effects of Lis1ΔN over Lis1ΔC in vivo. 

Lis1 overexpression has been shown to cause dynein and dynactin redistribution 

from the plasma membrane towards the centrosome in Cos-7 cells  (Smith et al. 2000), 

however, Faulkner et al. and Tai et al. reported that expression of FL-Lis1 or N- or C-

terminal deletion mutants does not displace dynein from kinetochores (Faulkner et al. 

2000; Tai et al. 2002). Interestingly, Lis1 is thought to target dynein complexes to the 

plus ends of microtubules in yeast where dynein can be offloaded to the cell cortex. From 

this position, dynein pulls on microtubules to position the nucleus (Markus et al. 2011a; 

Markus et al. 2011b; Markus et al. 2009). These seemingly contradictory observations of 

the effects of Lis1 on dynein localization may reflect differences in Lis1 function in yeast 

vs. mammalian cells and/or differences in the requirement of Lis1 for various dynein-

mediated tasks. In our studies, we showed that siRNA-mediated knockdown of Lis1 did 

not have a large effect on dynein localization at the IS, indicating either that Lis1 may not 
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be essential for dynein recruitment to the IS, or that even extremely small amounts of 

Lis1 are sufficient for this recruitment. 

We did however observe that expression of FL-Lis1, Lis1ΔC, or Lis1ΔN 

significantly decreased dynein localization at the IS. Although this seems contradictory to 

our Lis1 siRNA knockdown data, it may be explained if specific dynein-accessory 

protein interactions are required for its recruitment to the IS. Specifically, NudE/L have 

been shown to recruit dynein to kinetochores (Liang et al. 2007; Stehman et al. 2007; 

Vergnolle et al. 2007) and overexpression of Lis1 or a Lis1 mutant that interacts with 

NudE/L may interfere with the regulation of this process. Studies by Mesngon et al. 

showed that Lis1 binds to only a subset of dynein motors from various tissues (Mesngon 

et al. 2006). If the Lis1-NudE/L-dynein interaction is tightly regulated during T cell 

activation, overexpression of various Lis1 fragments could disturb the balance of these 

complexes. Interestingly, preliminary studies show that overexpression of NudE in Jurkat 

cells blocks MTOC translocation (Shubhankar Nath and Martin Poenie, unpublished 

results). It will be important to also examine the direct role of NudE/L on MTOC 

polarization. An additional consideration is whether adding a GFP tag has any effect on 

Lis1 monomers, so it may be important to test whether each Lis1 mutant with a different 

protein tag (such as HA or FLAG) has the same effects. 

Lis1 has been linked to modifiers of the actin cytoskeleton (Kholmanskikh et al. 

2006; Rehberg et al. 2005), so we examined the distribution of actin in activated Jurkat 

cells to support our hypothesis that a Lis1-dynein complex is important for MTOC 

translocation. In normal activated T cells, actin forms a ring at the IS (Stinchcombe et al. 

2006). In Lis1 siRNA knockdown cells as well as JFL-Lis1, JLis1ΔC, and JLis1ΔN cells, 

we did not observe any defects in the localization of actin to the IS.  
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Another consideration is the role of Lis1 and dynein in the early stages of T cell 

activation. Dynein mediated-TcR microcluster movement has been shown to be 

important for the formation of a mature IS (Hashimoto-Tane et al. 2011) and Lis1 has 

been implicated in several cell signaling pathways (Chansard et al. 2011; Kholmanskikh 

et al. 2006; Murdoch et al. 2011). One of the early T cell signaling events is release of 

calcium through phospholipase C signaling. We therefore used indo-1-AM to monitor the 

concentration of calcium in JFL-Lis1, JLis1ΔC, and JLis1ΔN cells in response to TcR 

stimulation with anti-Vβ8 antibody. We observed a decrease in the calcium flux in all of 

the Lis1 construct-expressing cells. In fact, the amount of decreased calcium flux seemed 

to correlate with a particular fusion protein's ability to inhibit MTOC translocation, i.e. 

JFL-Lis1 cells displayed a moderate decrease in MTOC polarization and calcium flux, 

while JLis1ΔC cells displayed a more severe decrease in MTOC polarization and calcium 

flux, with JLis1ΔN cells being the most affected.  

Since we observed no defect in calcium flux in Lis1 siRNA knockdown cells, the 

deficient calcium response seen in the Lis1 mutant cells could be a consequence of long-

term overexpression of the fusion proteins. In a study by Martin-Cofreces et al., 

overexpression of p50 (dynamitin) in T cells, which is thought to disrupt dynein-based 

functions and inhibited MTOC translocation, caused changes in signaling from the TcR 

(Martín-Cófreces et al. 2008). On the other hand, we found that inhibition of DIC by 

molecular trapping interfered with MTOC translocation but had no effect on the calcium 

transient during T cell activation, indicating that signaling from the TcR was not affected 

in these cells (see Chapter 3). Since Lis1 is important for large scale cellular functions 

that depend on dynein, the Lis1 mutant cells may have accumulated defects in their 

responses to certain stimuli.  
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Tai et al. reported that interference of Lis1-mediated activities had no effect on 

Golgi distribution (Tai et al. 2002). On the other hand, Sasaki et al. and Lam et al. 

reported that reducing the expression of Lis1 caused the Golgi to become more 

fragmented (Lam et al. 2010; Sasaki et al. 2000). We observed several small punctae of 

CTX accumulation in our JFL-Lis1, JLis1ΔC, and JLis1ΔN cells apart from the main 

Golgi cluster that were not present in GFP only-expressing cells, and preliminary data 

(not shown) indicate Golgi dispersion in Lis1 siRNA knockdown cells. One potential 

explanation for this contradiction is that Tai et al. examined their cells within 48 hours of 

transfection (Tai et al. 2002), while we were examining stable cell clones that had been 

growing for significantly longer and Sasaki et al. were looking in cells that had been 

growing with decreased Lis1 for at least 15 days (Sasaki et al. 2000). Lis1 may not have a 

direct effect on Golgi organization but instead if cellular dynein functions are disrupted 

over longer periods of time, dynein-mediated trafficking of the Golgi may become 

impaired. In addition, it has been shown that Lis1 acts as part of the PAFAH1b complex 

to regulate Golgi tubule formation (Bechler et al. 2010). It may be that longer-term 

perturbation of Lis1 has some effect on the function of PAFAH1b in Golgi structure 

maintenance (Lam et al. 2010). 

Our data presented in this study implicate a Lis1-dynein interaction in MTOC 

translocation during T cell activation. One issue not addressed in this paper is the 

function of Lis1 at DIC versus at dynein heavy chain (DHC). Lis1 has been shown to 

bind the DHC AAA3/4 junction, where it promotes a microtubule-bound state (Huang et 

al. 2012). The interaction between Lis1 and DHC has been proposed to allow dynein to 

maintain tension while transporting heavy loads, such as cellular structures (Huang et al. 
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2012; McKenney et al. 2010). The role of Lis1 binding directly to the DIC has not yet 

been characterized. 

We have also proposed that two complexes of dynein participate in T cell MTOC 

polarization and secretory vesicle transport (this study). It has been shown in vitro that 

dynactin (via p150Glued) and NudE occupy the same binding site on DIC (McKenney et 

al. 2011). However, it appears in some cases that both Lis1 and dynactin are required for 

vesicle and organelle transport (Splinter et al. 2012), while in other cases, Lis1 and 

dynactin are important for separate dynein-mediated processes (Folker et al. 2012). 

Moving forward, it will be essential to determine the role (if any) of Lis1 in SV 

clustering.  

The regulation of dynein recruitment and its functions in different cellular 

processes is still largely unclear. Phosphorylation could potentially play an important role 

in the regulation of dynein function, as phosphorylation of dynein and NudEL have been 

shown to regulate their ability to bind other proteins and function in several contexts 

(Pandey et al. 2011; Vaughan et al. 2001; Whyte et al. 2008). We suspect that a complex 

of dynein involving dynactin is important for secretory vesicle movement, while a 

different complex of dynein involving Lis1 and potentially NudE/L is necessary for 

MTOC translocation during T cell activation.  
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Chapter 5: Conclusions 

T cell effector functions rely on the focused secretion of molecules designed to 

kill a target cell or stimulate an immune response. In order to accomplish this, the T cell 

MTOC must translocate to the T cell-target cell interface and secretory vesicles (SVs) 

must cluster around the MTOC (Kupfer et al. 1984; Kupfer et al. 1991; Kupfer et al. 

1994). In cases where MTOC polarization is blocked, such as in tumor environments, T 

cells are responsive to T cell receptor (TcR) stimulation but fail to secrete their vesicles 

and can ultimately undergo apoptosis (Prevost-Blondel et al. 1998; Radoja et al. 2001a; 

Radoja et al. 2001b; Sotomayor et al. 1999). 

Previous studies have resulted in two models for the mechanism of MTOC 

translocation. In one model, an expanding ring of actin pulls on attached microtubules 

during formation of the immunological synapse (IS) in activated T cells (Stinchcombe et 

al. 2006). However, this model has some problems, in that several studies have found 

conflicting evidence for actin-driven MTOC polarization (Sedwick et al. 1999; 

Tskvitaria-Fuller et al. 2006). In addition studies by Kuhn et al. using modulated 

polarization microscopy showed that the MTOC oscillates large distances (up to 8 μm) 

within a T cell attached to two target cells (Kuhn et al. 2002). Multiple actin ring 

expansion events have not been documented in activated T cells, so this data implies that 

the process must involve active movement of the MTOC. 

The other model for MTOC translocation involves the molecular motor dynein. 

Dynein has been shown to be located at the peripheral supramolecular activation cluster 

(pSMAC) in the IS of activated T cells where it forms a ring (Combs et al. 2006; Martín-

Cófreces et al. 2008). This would allow for the dynein motor to "reel in" the MTOC. 

Interference with dynein by siRNA-mediated knockdown of the dynein heavy chain 
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blocked MTOC translocation (Martín-Cófreces et al. 2008). In addition, dynein is thought 

to be responsible for movement of SVs along microtubules to the MTOC as a prerequisite 

for secretion at a target cell (Mentlik et al. 2010; Poenie et al. 2004). If dynein is indeed 

responsible for both of these movements in activated T cells, it remains to be understood 

how dynein could orchestrate these two different types of movements. 

The first goal of this study was to obtain further evidence that dynein is in fact 

required for MTOC translocation using Jurkat T cells as a model system, since the role of 

dynein vs. actin in this process has been called into question. Since dynein is essential for 

cell survival, it is difficult to knock down dynein subunits by RNA interference methods 

to examine the effects on T cell activation. We employed the new technology of 

molecular trapping, which uses a dimerizable trap to interfere with a specific dynein 

subunit within one hour of application of a dimerizing drug (Siglin et al. Manuscript 

submitted; Varma et al. 2010). 

Using molecular traps against dynein intermediate chain (DIC), which is essential 

for dynein function, we observed that MTOC translocation was impaired in activated 

DIC trap-expressing Jurkat cells upon addition of the dimerizing drug AP20187. In 

addition, trapping the dynein light chain LC8, but not the light chain TcTex, also 

decreased MTOC polarization although not as much as in cells with the activated DIC 

trap. We also wanted to confirm that trapping of dynein did not interfere with early cell 

signaling from the T cell receptor (TcR), so we monitored calcium flux in response to 

anti-TcR antibody in DIC trap-expressing cells. We did not detect any difference in the 

calcium response in these cells in the presence of AP20187 compared to DIC trap-

expressing cells without AP20187. Golgi dispersion was also seen in cells with the DIC 
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or LC8 trap activated by AP20187, as previously reported (Siglin et al. Manuscript 

submitted; Varma et al. 2010). 

In addition, we developed Jurkat cell lines expressing CTLA-4-YFP or CTLA-4-

mCherry to track movements of SVs. Using cells expressing CTLA-4-mCherry and one 

of the molecular traps, we showed that trapping DIC or LC8 interferes with SV clustering 

in activated Jurkat cells, although trapping DIC produced a more severe defect. 

The observation that dynein participates in two types of movements in activated 

Jurkat cells leads to the question of how dynein is regulated to perform these activities, 

which was another goal of these studies. Preliminary data from Soo Jin Kim in the lab of 

Martin Poenie, repeated in this study, showed that labeling of dynein using two different 

antibodies against dynein intermediate chain (DIC) showed two patterns of 

immunostaining. One DIC antibody (clone 70.1, IgM class) labeled dynein at the 

pSMAC, while another (clone 74.1) labeled a pattern resembling the MTOC and 

microtubules as well as the pSMAC in activated T cells. This suggested that there are two 

molecularly distinct pools of dynein involved in MTOC translocation and SV movement. 

We considered two explanations for the observed DIC immunostaining patterns: 

1) There are different DIC molecules involved in different dynein complexes in T cells. 

At least five different isoforms of DIC are known to be expressed in mammalian cells 

(Brill et al. 2000; Kuta et al. 2010; Nurminsky et al. 1998). 2) Different accessory 

proteins are bound to DIC involved in different functions. Dynactin, Lis1, and NudE/L, 

as well as dynein light and light intermediate chains, are thought to play a role in dynein 

regulation (Kardon et al. 2009; Karki et al. 1999; Liang et al. 2004; Lo et al. 2001; 

Markus et al. 2011b; Palmer et al. 2009; Yamada et al. 2008). 
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Soo Jin Kim and Martin Poenie showed that the anti-DIC antibodies that label 

different patterns at the IS of activated Jurkat cells are each capable of binding the same 

DIC molecules by co-immunoprecipitation and Western blotting, suggesting that the 

immunostaining differences and thus the different dynein functions in activated T cells 

may not be due to different isoforms. This hypothesis was supported by information 

regarding the epitopes for the two anti-DIC antibodies in that both bind to the N-terminus 

of DIC and not over any of the alternatively spliced sites (McKenney et al. 2011; Siglin 

et al. Manuscript submitted). 

To further test this hypothesis, we cloned DIC from Jurkat cell mRNA and found 

two isoforms: DIC2B and DIC2C. This was somewhat surprising as DIC2C is the only 

isoform known to be expressed in most cells in culture (Brill et al. 2000). We initially 

wanted to use a small fusion protein tag to label expressed DIC2B and DIC2C in Jurkat 

cells in an attempt to minimize interference of the protein tag with dynein function, but 

labeling this tag with the reagent FlAsH did not yield visible dynein staining. We 

therefore expressed DIC2B and DIC2C and GFP-fusion proteins. 

After selection with antibiotic, we obtained stable cell lines expressing GFP-

DIC2B and GFP-DIC2C, although expression was very low. Co-immunoprecipitation 

with anti-GFP antibody did not show any differences between accessory proteins bound 

to DIC2B or DIC2C. In addition, the distribution of GFP-DIC2B and GFP-DIC2C in 

activated Jurkat cells was not remarkably different. We therefore concluded that DIC 

isoforms do not exhibit distinct roles in mediating dynein function at the pSMAC or in 

SV movement. 

Since our data indicated that dynein isoforms are not the key to dynein regulation 

in the two types of movements in activated Jurkat cells, we explored possible differences 
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between the dynein accessory proteins involved in each process. We examined the 

dynein-binding protein dynactin first because it has been implicated in almost all known 

dynein-mediated activities (Kardon et al. 2009; Schroer 2004). Surprisingly, the bulk of 

p150Glued protein, the largest subunit of dynactin that interacts with DIC, remained at the 

MTOC and microtubules in activated Jurkat cells visualized either by expressing GFP-

p150Glued or by immunostaining, instead of colocalizing with dynein at the pSMAC. This 

finding led us to test whether dynactin is necessary for MTOC translocation by siRNA 

knockdown of p150Glued. In p150Glued siRNA Jurkat cells, MTOC translocation was not 

significantly affected compared to scrambled siRNA control cells, but SV clustering was 

disrupted, indicating that dynactin mainly participates in the dynein complex involved 

with SV movement. The distribution of the Golgi, which was examined by allowing the 

cells to internalize fluorescently-tagged Cholera toxin B subunit, was also affected in 

p150Glued siRNA Jurkat cells, as seen in previous studies where dynein or dynactin was 

disrupted (Burkhardt et al. 1997; Corthesy-Theulaz et al. 1992; Harada et al. 1998). 

Next, we examined the role of Lis1 protein in Jurkat cells. Lis1 is involved in 

many dynein-mediated processes, especially those involving movement of heavy loads 

(Huang et al. 2012; McKenney et al. 2010), so it is a good candidate for interaction with 

dynein during MTOC translocation. Immunostaining of Lis1 labeled a ring of protein at 

the IS, and the staining of Lis1 at the IS was similar to the localization of dynein. 

Immunoprecipitation from Jurkat cells with anti-DIC antibody (70.1) pulled down Lis1. 

To determine the functional role of Lis1 in activated Jurkat cells, we reduced Lis1 

expression with siRNA. MTOC translocation was severely impaired in Lis1 siRNA cells 

compared to untreated or scrambled siRNA control cells. Since Lis1 has been implicated 

in dynein localization (Faulkner et al. 2000; Niethammer et al. 2000; Sasaki et al. 2000; 
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Smith et al. 2000; Splinter et al. 2012; Tai et al. 2002), we examined Lis1 siRNA cells for 

dynein localization, but found only a small decrease in the percentage of activated Jurkats 

with DIC localized at the IS compared to untreated or control siRNA cells. 

To further examine the role of Lis1 in MTOC polarization, we expressed full 

length Lis1 (FL-Lis1), a deletion mutant missing the C-terminal domain important for 

interaction with the Lis1- and dynein-binding protein NudE/L and dynein (Lis1ΔC), or a 

deletion mutant missing the N-terminal domain for Lis1 homodimerization (Lis1ΔN) as 

GFP fusion proteins in Jurkat cells. Co-immunoprecipitation from these cells using anti-

GFP antibody showed that FL-Lis1 interacted with dynein, endogenous Lis1, and 

NudE/L, while  Lis1ΔC interacted only with endogenous Lis1 and NudE/L. Surprisingly, 

the Lis1ΔN mutant only showed an interaction with NudE/L by co-immunoprecipitation. 

In addition, we immunoprecipitated DIC from the cells expressing each fusion protein to 

confirm these results, but we also saw that DIC pulled down less endogenous Lis1 from 

Lis1ΔC- and Lis1ΔN-expressing cells, in fact, very little endogenous Lis1 was detected in 

anti-DIC immunoprecipitates from Lis1ΔN cells.  

This led us to a model where Lis1ΔC can interfere with endogenous Lis1 binding 

to dynein by sequestering endogenous Lis1 monomers. In addition, both Lis1ΔC and 

Lis1ΔN bind to endogenous NudE/L, and this might prevent endogenous Lis1 

homodimers from binding NudE/L. Since NudE/L has been shown to recruit Lis1 to 

dynein (McKenney et al. 2010; Vallee et al. 2012; Zylkiewicz et al. 2011), we concluded 

that both Lis1ΔC and Lis1ΔN prevent the recruitment of endogenous Lis1 to dynein 

through NudE/L in Jurkat cells. This model was summarized in Figure 4.18. To test the 

consequences of expressing each Lis1 fusion protein in Jurkat cells, we quantified MTOC 

polarization and DIC localization. While MTOC polarization was decreased in each cell 
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line, FL-Lis1 cells showed the least effect and Lis1ΔN-expressing cells showed the most. 

DIC localization was also affected in each cell type with Lis1ΔN-expressing cells being 

the most affected, however, it seemed like the Lis1ΔC-expressing cells had slightly more 

DIC localized properly compared to FL-Lis1-expressing cells. 

In addition, we tested actin localization in Lis1 siRNA and mutant-expressing 

cells since Lis1 has been linked to actin cytoskeleton remodeling (Kholmanskikh et al. 

2006; Rehberg et al. 2005). In all cells tested, we observed no visual defects in actin 

localization. Since dynein is responsible for organization of the Golgi apparatus, we 

tested Golgi localization, and observed a small amount of Golgi dispersion in the Lis1 

mutant cells. 

Finally, we wanted to determine if perturbation of Lis1 had any effects on 

signaling from TcRs, since robust TcR signaling and IS formation has been shown to 

involve dynein (Hashimoto-Tane et al. 2011). The Lis1 mutant cells showed an increase 

in the amount of response time to anti-TcR antibody as well as a decreased total response, 

and the magnitude of calcium flux in these cells correlated with the amount of MTOC 

polarization in each cell type. Lis1 siRNA knockdown cells on the other hand, did not 

show reduced calcium flux, indicating that the Lis1 mutant cells may have accumulated 

cell signaling defects during the long-term overexpression of each Lis1 fusion protein. 

In summary, we have shown that two complexes of dynein that likely involve 

different accessory proteins mediate MTOC translocation and SV clustering during T cell 

activation in Jurkat cells. Dynactin was only important for SV clustering, and Lis1 was 

involved in MTOC translocation, while LC8 seemed to be involved in both activities. 

Moving forward, it will be important to test the involvement of Lis1 in SV clustering. It 

is currently unknown what the molecular function of Lis1 in these processes might be, or 
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if its interaction with DIC or the dynein heavy chain is more important. NudE/L is also a 

good candidate to mediate dynein function in one or both of these processes, since it has 

been shown to recruit Lis1 to dynein (McKenney et al. 2010; Vallee et al. 2012; 

Zylkiewicz et al. 2011). Intriguingly, McKenney et al. and Nyarko et al. have shown 

mutually exclusive binding of NudE and p150Glued to DIC (McKenney et al. 2011; 

Nyarko et al. 2012). Regulation of these protein complexes and their functions may 

involve phosphorylation, as Lis1, DIC, NudE/L are known phosphoproteins, and 

phosphorylation of DIC and NudE/L has been shown to modulate their function (Dillman 

et al. 1994; Pandey et al. 2011; Toba et al. 2012; Vaughan et al. 2001; Whyte et al. 2008; 

Zylkiewicz et al. 2011). 
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