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ABSTRACT 

Defining the Determinants of the Bok-IP3R Interaction and the Bok Interactome 

Author: Laura M. Szczesniak 

Sponsor: Richard J.H. Wojcikiewicz 

Bok is a Bcl-2 protein family member that is often grouped with the pro-apoptotic 

family members Bax and Bak due to high sequence homology and because exogenously 

overexpressed Bok induces apoptosis by causing mitochondrial outer membrane 

permeabilization. However, the cellular roles of Bok remain unclear, as Bok KO cell lines 

and mice have failed to demonstrate a significant phenotype under normal conditions. 

Our lab discovered that Bok interacts with inositol 1,4,5-trisphosphate receptors 

(IP3Rs), tetrameric Ca2+ channels found in the ER membrane of mammalian cells that play 

an integral role in cell signaling. While other Bcl-2 family members have been reported to 

weakly interact with IP3Rs, the Bok-IP3R interaction is much more efficient, with 

essentially all cellular Bok constitutively bound to IP3Rs. We have generated full-length 

IP3R1 mutants that resolve the Bok-binding region to a small, unstructured loop in the 

cytosolic region of IP3R1 between α helices 72 and 73. Additional bioinformatic analysis 

has revealed that the Bok-IP3R interaction is likely dependent upon helical and dynamic 

determinants within this loop. 

Interestingly, Bok KO cell lines demonstrate mitochondrial fragmentation and only 

minor changes in mitochondrial bioenergetics. We have investigated the role of Bok in 

mitochondrial dynamics through an in vivo proximity labeling technique known as 

TurboID. A TurboID-Bok fusion protein expressed in Bok KO HeLas has identified several 

mitochondrial fission proteins through mass spectroscopy analysis, suggesting that Bok 
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acts at mitochondria-ER contact sites to inhibit fission, and this function may be 

independent of the Bok-IP3R interaction. 

The results provided from binding studies and proximity labeling have furthered 

our knowledge of the Bok-IP3R interaction and of Bok itself to better define, or re-define, 

the role of Bok within the cell. Understanding how and why these interactions occur will 

help us further understand fundamental cellular processes in health and human disease. 
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1.1. Calcium signaling  

1.1.1. Overview of calcium signaling 

Calcium (Ca2+) is a ubiquitous signaling molecule that dictates vital cellular 

processes ranging from muscle contraction to exocrine secretion and fertilization to cell 

death1. The versatility of Ca2+ as a messenger is due to differential expression of effector 

proteins and the presence of isoforms that vary widely among different tissues2, 3. The 

functionality of Ca2+ as a signaling molecule is largely dependent on the maintenance of a 

Ca2+ gradient within the cell and across the plasma membrane (PM). Under typical resting 

conditions, extracellular Ca2+ is typically around 2 mM, whereas cytosolic Ca2+ levels are 

approximately 10,000-fold less (100- 200 nM). Within the cell, Ca2+ is mainly sequestered 

within the endoplasmic reticulum (ER) or sarcoplasmic reticulum, the latter of which is 

specific to muscle cells. Due to these two organelles’ homologous nature, reference to the 

ER will generally refer to both the endoplasmic reticulum and the sarcoplasmic reticulum. 

The Ca2+ concentration within these organelles is generally similar to extracellular 

concentrations and is maintained predominantly by sarco-endoplasmic reticulum ATPase 

(SERCA) pumps1, 3. 

1.1.2. Ca2+ signaling “toolkit” 

The principal functions of Ca2+ signaling within a cell, often referred to as the Ca2+ 

“toolkit” 1, are organized into four processes: (i) external stimuli trigger the activation of 

Ca2+-mobilized signals, which causes (ii) further Ca2+ release into the cytosol, or an “ON” 

mechanism, whereby (iii) mobilized Ca2+ serves as a secondary messenger for Ca2+-

sensitive processes, and eventually (iv) Ca2+  sequestration halts Ca2+-sensitive processes, 

referred to as “OFF” mechanisms1. 
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The first step of the Ca2+ signaling cascade begins on the cell surface, whereby a 

wide range of external stimuli act on cell-surface receptors, including G-protein coupled 

receptors (GPCRs) and receptor tyrosine kinases. These cell surface receptors can generate 

many intracellular secondary messengers that propagate the signal, leading to the activation 

of a specific Ca2+ channel within the cell. Channels that release Ca2+ by “ON” mechanisms 

usually localize to ER membranes, but other “ON” mechanisms can also occur through PM 

Ca2+ channels as a response to changes in cellular voltage or other stimuli1.  

The most well-characterized intracellular Ca2+ channels are ryanodine receptors 

and inositol 1,4,5-trisphosphate (IP3) receptors (IP3Rs). The former is primarily activated 

by cytosolic Ca2+ or voltage-sensing Ca2+ channels in the PM, whereas the latter is 

activated by the secondary messenger IP3 and Ca2+. Cells can express any combination of 

these receptors, including both types and their isoforms, which allows for great variety in 

downstream Ca2+-dependent processes. Ca2+ release causes an increase in cytosolic Ca2+ 

from a resting concentration of approximately 100 nM to roughly 1 µM, though this 

concentration can vary greatly depending on proximity to Ca2+ channels1.  

Ca2+-sensitive processes occur after the rapid increase in cytosolic Ca2+ triggered 

by “ON” mechanisms. A well-known example of a Ca2+-sensitive effector protein is 

troponin C, which is vital for skeletal and cardiac muscle contraction. At baseline Ca2+ 

levels, there is insufficient Ca2+ in the cytosol to bind troponin C. Following a massive Ca2+ 

release from cellular stores, troponin C binds Ca2+, causing a conformational change and 

ultimately allowing the protein to control the interaction of actin and myosin for muscle 

contraction. Other Ca2+-sensitive proteins include phosphorylase kinases for metabolic 

processes and mitochondrial enzymes for steroid and ATP synthesis1. 



4 
 

The final element of the Ca2+ signaling toolkit is the return to baseline Ca2+ levels 

by “OFF” mechanisms, which effectively halt Ca2+-sensitive processes. This is a relatively 

rapid process, occurring shortly after Ca2+ release into the cytosol. Ca2+ sequestration can 

occur through Ca2+ re-uptake into the cellular stores via SERCA pumps or through Ca2+ 

release from the cell, which occurs through PM-localized Ca2+-ATPase pumps or Na+/Ca2+ 

exchangers. Mitochondria also sequester cytosolic Ca2+ as a critical aspect of the “OFF” 

mechanism, and Ca2+ is then is slowly released back into the cytosol during recovery 

periods1. 

Although Ca2+ signaling is simplified as the bulk transport of Ca2+ into and out of 

ER stores, many other organelles rely on Ca2+ signaling in some form for standard cellular 

processes to occur. For example, the coupling of ER Ca2+ release to mitochondrial Ca2+ 

uptake can promote oxidative phosphorylation or induce apoptosis, depending on cellular 

conditions4. Increased oxidative phosphorylation is often the result of short-term Ca2+ flux, 

which can efficiently transfer Ca2+ between the ER and mitochondria to promote energy 

production by the mitochondria4. In settings of sustained Ca2+ flux, such as during long-

term stress to the ER, Ca2+  overload can occur in the mitochondria, leading to swelling 

and ultimately rupture of the mitochondrial membrane5 (see section 1.3.4.2.). The Golgi 

apparatus also relies heavily on Ca2+ signaling for processes including vesicular transport6.  

1.2. Inositol 1,4,5-trisphosphate receptors  

1.2.1. Overview of IP3Rs 

 IP3Rs are well-characterized and universal Ca2+ channels found in virtually all 

mammalian cells and most animals7-9. This ~300 kDa protein forms ~1.3 MDa tetrameric 

ion channels in the ER and governs many Ca2+-dependent intracellular processes, such as 
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muscle contraction, cell division, gene expression, and apoptosis7-9. IP3Rs are activated 

downstream of GPCRs, whereby binding of the secondary messengers IP3 and Ca2+ causes 

channel opening to release Ca2+ from the ER into the cytosol (Fig. 1); all subunits must 

bind IP3 for channel opening to proceed10, and IP3 binding must occur for Ca2+ binding11. 

 IP3Rs have three isoforms, IP3R1-3, which are differentially expressed in tissues12, 

13, though IP3R1 is the most widely expressed9. Peptide sequence is highly conserved 

between the three isoforms9 such that IP3Rs can form homo- or hetero-tetramers14, 15. In 

addition to ER membrane localization, IP3Rs are found in the Golgi apparatus, the nuclear 

membrane, and the PM, although in significantly lower numbers11. For simplicity, we will 

refer primarily to ER-localized IP3Rs. 

 

 
Figure 1. Overview of IP3R-mediated signaling. (1) A ligand binds to a GPCR at the cell surface. (2) A 
conformational change in the GPCR causes Gα subunit dissociation from Gβ and Gγ subunits to bind and 
activate phospholipase C (PLC). (3) PLC hydrolyzes membrane-bound phosphatidylinositol bisphosphate 
(PIP2) into diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). (4&5) IP3 binds IP3Rs with co-
agonist Ca2+, which activates IP3Rs, causing an efflux of Ca2+ from the ER into the cytosol.  
 

 IP3Rs have a mushroom-like shape, and approximately 90% of the protein sits on 

the ER’s cytosolic surface; the remaining portions are located within the ER membrane or 

the ER lumen16. It is generally accepted that each  IP3R subunit contains six transmembrane 

(TM) domains11, though recent modeling of IP3R3 has suggested two additional helices 
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may exist between TM helices 1 and 217. Structural modeling of IP3R1 based on cryo-EM 

has revealed a great deal about the channel in the Apo-, or inactive state16 and ligand-bound 

state18, and has also revealed structural rearrangements that occur in the shift between the 

two states18.  

1.2.2. IP3R downstream signaling processes 

 IP3Rs associate with numerous proteins, which has allowed for a complex network 

of regulation that permits diverse functions between different tissues19. These innumerable 

interactions span different cellular localizations and functions, can affect where IP3R-

mediated Ca2+ release occurs (i.e. at ER-organelle contact sites), or can modulate IP3R 

channel activity19.  

1.2.2.1. IP3Rs and ER-mitochondrial coupling 

 The ER-mitochondrial interface is a well-studied4, 20 complex cellular region owing 

to its transient nature21. Contact sites between the two organelles take on various names, 

including mitochondria-associated membranes (MAMs) or mitochondria-ER contact sites 

(MERCs); MERCs generally refer to locations in the intact cell, and upon separation by 

biophysical protocols, they are labeled as MAMs21. Regardless, several functions are 

assigned to this interface4, 20, including the coupling of ER-mediated Ca2+ release to 

mitochondrial Ca2+ uptake22 and assistance with mitochondrial fission and fusion 

mechanisms23. The first evidence for functional protein-protein linkages between ER and 

mitochondria was the discovery of the IP3R-Grp75-Vdac1 axis24. These three proteins 

formed a linear connection within MERCs; Grp75 acts as a linker between IP3R3 and 

Vdac1, which are both Ca2+ channels in the ER and mitochondria, respectively24, 25. 
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Accessory proteins, including DJ1, can contribute to the stability of ER-mitochondrial 

tethering25. 

 The spatial separation of membranes within MERCs ranges from approximately 

10-80 nm, depending on the protein composition or specific processes. The presence of 

IP3Rs within MERCs prevents tight contact sites given the prominent extension of the 

receptor into the cytosol (~13 nm)11, 26, precluding them from closer points of contact. 

Significant separation (>30 nm) can also impair efficient Ca2+ flux21, so MERCs are likely 

spaced ~15 nm apart for functional Ca2+ transfer21. Many other processes, including 

autophagosome formation and coupling of rough ER to mitochondria, occur at more 

considerable distances (~50 nm)21. 

1.2.2.2. IP3Rs and apoptosis 

A role for IP3Rs in apoptosis was first hypothesized in a B-cell model after deleting 

IP3R isoforms reduced sensitivity to apoptotic stimuli as more IP3R isoforms were 

depleted27. Further investigations revealed that IP3R1 is targeted for caspase-3 cleavage in 

multiple cell lines and that fragmented IP3R1 was required for cells to proceed with 

apoptosis28, 29. The caspase-3 cleavage site on IP3R1 separates the ion channel from a large 

portion of the regulatory domain, which is thought to abolish negative regulation of channel 

activity29, allowing for a feed-forward loop after induction of apoptosis. The role of IP3Rs 

in apoptosis also extends to interactions with various proteins in the Bcl-2 family. These 

interactions will be discussed further in section 1.3.4.2. 

1.2.2.3. IP3Rs and Store-operated Ca2+ entry 

In settings of sustained IP3R-mediated Ca2+ release, it is vital to ensure that ER 

luminal Ca2+ stores are not depleted. Therefore, the opening of IP3Rs is almost always 
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followed by store-operated Ca2+ entry (SOCE), a process whereby ER Ca2+ levels are 

replenished through direct coupling of extracellular Ca2+ uptake to ER Ca2+ uptake8, 11.  The 

primary mediators of this process are the stromal interaction molecules (Stim1/2) and 

Orai1/2/3, which localize to the ER and PM, respectively 11. SOCE begins when Stim 

proteins sense Ca2+ depletion; Stim structure is stabilized by Ca2+ binding, so decreased 

Ca2+ levels lead to a conformational change in these proteins, causing oligomerization and 

subsequent localization to ER-PM junctions where Stim couples to the hexameric Orai 

Ca2+ channels11. The coupling of these two proteins opens the Orai channels for efficient 

and direct ER Ca2+ uptake from the extracellular environment11.  All five of these proteins 

are integral for proper SOCE, as their roles seem to be largely non-redundant between 

isoforms30. 

Given that IP3R-mediated Ca2+ release is the primary cause of decreased ER Ca2+ 

stores, the fact that IP3Rs are not perfectly co-localized with Stim proteins at the ER26 is 

slightly perplexing. It has been suggested that the two proteins cannot co-localize within 

the narrow space between the ER and PM due to the extensive projection of IP3Rs into the 

cytosol, and further that the adjacent and simultaneous flow of Ca2+ out and into the cell 

could alter proper feedback mechanisms on IP3Rs and Orai channel function11. 

Nonetheless, IP3Rs are likely located alongside, though not within, ER-PM junctions, 

which would (i) still allow for efficient Ca2+ sensing by Stim proteins, and (ii) bring IP3Rs 

closer to PM-bound PIP2 for efficient GPCR-mediated signal transduction11, 26. 

1.2.2.4. IP3R down-regulation and degradation 

 Regulation of IP3R function is necessary to prevent Ca2+ mediated damages or 

toxicities within the cell. Some regulatory proteins bind IP3Rs directly, such as IRBIT (IP3-
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binding protein released with IP3), which binds any of the three IP3R isoforms at the IP3 

binding site to decrease IP3Rs sensitivity to IP3
31. Conversely, the expression of a 

dominant-negative form of IRBIT can lower the IP3 threshold for IP3R-mediated Ca2+ 

release31. The mechanism of IRBIT binding to IP3Rs is considered a feedback loop to 

prevent excessive intracellular Ca2+ signaling19. 

 IP3Rs are also regulated by post-translational modifications (PTMs), which can 

essentially target the receptor for degradation through ER-associated degradation (ERAD, 

a subset of the ubiquitin-proteasome pathway32) downstream of channel activation33. This 

process happens very quickly; IP3R channel activation leads to rapid recognition of the 

channel (<1 min) by a large complex containing the proteins Erlin1/234, 35, and an E3 

ubiquitin ligase Rnf170, which labels IP3Rs for polyubiquitination and subsequent 

degradation36. Ubiquitination of IP3Rs can reduce ~70% cellular IP3R within 60 min of 

GPCR stimulation36-38.  

1.2.3. IP3Rs in disease 

Given the ubiquitous nature of Ca2+ in typical cellular homeostasis and functioning, 

disease states that globally alter Ca2+ signaling processes are often incompatible with life. 

For example, IP3R knock-out (KO) mice demonstrate embryonic lethality due to cardiac 

muscle development defects and overall structure39, 40. Defective Ca2+ signaling is also 

implicated in chronic or acquired disease processes, including diabetes, cancer, and 

neurodegenerative disorders41, all of which can develop due to impaired IP3R-mediated 

Ca2+ signaling.  

Both decreased and increased activity of IP3Rs can lead to tumorigenesis. Patient-

derived fibroblasts subject to gene silencing of the tumor suppressor Bap1 reduce IP3R3 
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levels and overall Ca2+ flux42, which renders cells more resistant to apoptotic stimuli. 

Increased activity of IP3Rs can cause enhanced growth stimulation and cellular metabolism 

through hormone-based signaling, as is seen with 17β-estradiol in MCF-7 breast cancer 

cell43. Other breast cancer models demonstrate sensitivity to IP3R inhibitors compared to 

non-tumorigenic tissuess44, 45.  

Improper IP3R turnover due to dysfunction in ERAD machinery can also lead to 

disease46. Autosomal dominant spinocerebellar ataxia and hereditary spastic paraplegia are 

caused by inactivating mutations to ERAD proteins Rnf17047 and Erlin248, respectively.  

1.3. The Bcl-2 protein family 

1.3.1. Overview of the Bcl-2 protein family 

 The B-cell lymphoma 2 (Bcl-2) protein family governs the intrinsic apoptosis 

pathway49, which determines a cell’s fate based on coordinated regulation by Bcl-2 

members (Fig. 2A). Apoptosis is a highly regulated process, as too much or too little can 

cause diseased states; excessive apoptosis is often associated with neurodegenerative 

disease50, and loss of apoptosis is a hallmark of many cancers51. Proteins are broadly 

characterized into three main groups based upon the ability to induce or inhibit apoptosis, 

and by the presence of highly conserved α-helical motifs, known as Bcl-2 homology (BH) 

domains (Fig. 2B): the pro-apoptotic pore-forming proteins include Bak and Bax, the anti-

apoptotic proteins include Bcl-2, Mcl-1, and BclxL, and pro-apoptotic BH3-only proteins, 

which includes Bad, Noxa, Bid and Bim. The first two groups contain all 4 BH domains, 

and the BH3-only group contains a single BH3 domain. The BH3 domain is necessary to 

mediate protein-protein interactions within the Bcl-2 family52. 
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As pore-forming proteins, Bax and Bak can oligomerize at the outer mitochondrial 

membrane (OMM) and induce mitochondrial outer membrane permeabilization (MOMP), 

often considered the point of no return in apoptosis53. The anti-apoptotic proteins inhibit 

various pro-apoptotic proteins under normal cellular conditions, which allows for cell 

survival. The BH3-only proteins are further split into sensitizer or activator proteins, which 

bind and inhibit anti-apoptotic proteins or induce pore formation in pro-apoptotic proteins, 

respectively (Fig. 2A)54. BH3-only proteins can serve as both sensitizers and activators, as 

demonstrated through in vitro binding experiments49, 55, 56; however, they are more 

correctly assigned roles based on the properties of endogenous proteins49.   

 

Figure 2. Overview of Bcl-2 family. A, Bcl-2 family roles in intrinsic apoptosis (adapted from49). B, 
Subfamilies of the Bcl-2 family based on the presence of Bcl-2 homology (BH) domains as indicated. 
Members may also have a C-terminal transmembrane (TM) domain (adapted from57).   
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 Bcl-2 proteins are found within various cellular compartments but are found 

predominantly at the OMM, ER, or cytosol49. It has been suggested that the distinct Bcl-2 

subcellular localizations may contribute to non-apoptotic functions49 (see section 1.3.4.). 

Upon induction of apoptosis, Bcl-2 family proteins localize close to or within the OMM49. 

Bax, for example, constitutively localizes within the cytosol by sequestration of its TM 

helix α9 within the groove of the BH3 domain58. Under apoptotic conditions, an activator 

BH3 protein, such as Bid, can bind the BH3 domain of Bax and cause a conformational 

shift that relocates the α9 helix, allowing for Bax insertion into the OMM for induction of 

MOMP58. 

The intrinsic apoptosis model of Bcl-2 protein interactions has evolved from a 

simplistic model based on cellular ratios of pro- and anti-apoptotic proteins59 to include 

protein localization, abundance, stability, affinity, and the presence or absence of PTMs on 

these proteins49, 52. This translates to a complex and dynamic process within the cell, with 

plenty of opportunities to fine-tune protein-protein interactions (PPIs).  As mentioned 

above, the BH3 domain is vital to Bcl-2 family interaction because it contains a 

hydrophobic groove through which the Bcl-2 proteins can interact. The helicity of the BH3 

domain also seems to be necessary for most proteins’ proper apoptotic functioning, as 

activator BH3 proteins containing covalently “stapled” BH3 helices, or a rigid helical 

structure, activate Bax more efficaciously60. 

There is extensive literature that implicates the dysfunction of Bcl-2 family proteins 

in tumorigenesis and malignancies61; specifically, that over-activation of anti-apoptotic 

proteins can lead to various leukemia and lymphomas62, 63. Specific targeting and inhibition 

of anti-apoptotic proteins may be the key to cancer treatment in several hematologic and 
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solid tumors. Contemporary research into drug design and development has focused on 

small molecule inhibitors, named BH3 mimetics, that target the BH3 domain for 

modulation of function. Some BH3 mimetics are approved for use in hematologic 

malignancies62, 63. ABT-199 (venetoclax), which targets and inhibits Bcl-264, was first 

approved in 2016 to treat chronic lymphocytic anemia and has since been approved as 

chemotherapy for other malignancies63. Clinical trials are underway for several other BH3 

mimetics, including S64315, which targets Mcl-1 for inhibition65.  

1.3.2. Bok as a non-traditional Bcl-2 family member 

1.3.2.1. Overview of Bok 

 The Bcl-2 family protein Bok, or Bcl-2-related ovarian killer, was discovered 

during a yeast 2-hybrid screen of a rat ovarian fusion cDNA library with Mcl-1 as bait66. 

Bok’s subsequent characterization revealed it contained all 4 BH domains, with the highest 

sequence similarity to Bax and Bak, and overexpression of Bok induced cell death in cell 

culture66. The etymology of Bok is quite misleading, however, because Bok has since been 

found across many tissues67 (including high expression in the cerebral cortex68 and 

hippocampus68, 69), and its pro-apoptotic roles largely overlap that of Bax and Bak70. 

Although Bok is evolutionarily conserved71, germline deletion does not substantially alter 

mice and causes no apparent disease process67. Bok primarily localizes to ER and Golgi-

associated membranes72, though it has also been identified at the OMM73. 

 Perhaps most noteworthy is that Bok is constitutively and completely associated 

with IP3Rs in the ER68, 74, unlike other Bcl-2 family members interacting with IP3Rs more 

transiently8, 68. Bok binds to IP3R1 and IP3R2, but not IP3R3, via its helical BH4 domain74, 

and IP3Rs bind Bok via a small loop within the coupling domain, though the interaction is 
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based on multiple structural determinants (see Chapter 3)75. The interaction mutually 

stabilizes both proteins, as IP3Rs protect Bok from proteasomal degradation68 and Bok 

prevents IP3R cleavage by chymotrypsin and caspase-374. Interestingly, Bok does not 

readily regulate IP3R channel function74-76.  

1.3.2.2. The debate regarding the role of Bok 

 Despite Bok’s characterization over 20 years ago, a clear position within the Bcl-2 

family apoptotic machinery has not been well-defined49, 77-79, and some reported functions 

are openly disputed80-82. A survey of genes frequently deleted in human cancers reported 

in 2010 implicated Bok as a potential tumor suppressor83, and since then, many papers on 

Bok focus on its potential role in cancer. 

Many Bok-centered studies both focus on and reinforce the protein's pro-apoptotic 

function. Studies performed in vitro demonstrate that Bok can oligomerize and form pores 

in liposomes mimicking mitochondrial composition, which is enhanced by Bid and 

inhibited by Bcl-xL
84. Other studies show that simply overexpressing Bok can induce 

apoptosis in the absence of Bax and Bak73, 85, 86, or that Bok uniquely promotes apoptosis 

in response to various ER stressors73, 80, 82. It has also been suggested that Bok promotes 

ER-mitochondrial contact sites for adequate Ca2+ flux into mitochondria upon induction of 

apoptosis87. 

Some studies refute the idea that Bok can induce apoptosis. For example, Bok’s 

potential role in ER stress-induced apoptosis80 was openly rejected by others in the cell 

death field81, and other studies argue that Bok induction of apoptosis is primarily dependent 

on non-physiologic overexpression data or the presence of Bak or Bax72. Bok KO cells did 

not show a discernable difference in cell survival compared to wild-type (WT) upon 
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treatment with various ER stressors81, and Bax/Bak double KO (DKO) cells subject to 

severe stress by staurosporine or 4-hydroxy tamoxifen demonstrated minimal cell death72. 

Other studies on Bok tend to focus on its role in specific cancer lines. Many of these 

studies generally implicate Bok as a tumor suppressor, but a consistent role or mechanism 

for Bok in apoptosis or tumorigenesis is far from clear. Patient samples of non-small-cell 

lung carcinoma, for example, demonstrate significant down-regulation of Bok when 

compared to matched normal lung tissue, and higher Bok expression in these tissues is 

predictive of patient survival88. However, the tumor-suppressive function is due to 

sustained E-cadherin expression, which prevents epithelial-to-mesenchymal invasive 

transitions, rather than any direct induction of apoptosis88. Another study of Bok in 

colorectal cancer shows that Bok expression is significantly reduced in tumor samples 

compared to matched normal tissues, though prognostic indications or specific 

mechanisms are not well-described89. A smaller study on multi-drug resistant gastric 

cancer also implicates Bok in avicularin-mediated apoptosis, which implicates Bok as a 

potential target in chemotherapy90. 

Lastly, some studies do not focus on Bok's role in the intrinsic apoptosis pathway 

but instead look to define Bok’s position outside of the realm of apoptosis, including further 

defining the Bok-IP3R interaction68, 74, 76, which is discussed briefly in section 1.3.2.1. and 

in the remaining chapters of this thesis. There is evidence that Bok mediates mitochondrial 

Ca2+ uptake in neurons, particularly in seizure-like neurotransmitter toxicities91, and that 

absence of Bok causes mitochondrial fragmentation76. Bok may also play a role in uridine 

metabolism through induction of the bifunctional enzyme uridine monophosphate 

synthetase (Umps), which is essential for nucleotide metabolism and cell cycle 
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regulation92. Overall, many functions of Bok seem context-dependent or tissue-specific, 

which makes it challenging to discern universal functions of Bok.  

1.3.3. The Bcl-2 family in developmental apoptosis 

Developmental apoptosis is the process whereby cells selectively undergo 

apoptosis for proper development93. This process helps with tissue re-modeling and can 

eliminate aberrant structures and other potentially lethal defects in utero93, and is largely 

dependent upon pro-apoptotic Bcl-2 members Bax and Bak. Early animal models 

demonstrated that deletion of either Bak or Bax alone resulted in minor issues, including 

sterility in Bax KO mice94, 95, but either protein was largely able to compensate for the loss 

of the other. Germline deletion of Bax and Bak in mice was embryonic lethal for roughly 

90% of offspring, and severe structural anomalies in the animals that survived to adulthood 

were present, including digital webbing and a gross increase in hematopoietic progenitor 

cells95.  

Despite the high lethality and developmental defects in Bax/Bak DKO mice, some 

still survived to adulthood, which led researchers to question if there were more mediators 

of intrinsic apoptosis or if development could occur in cells completely void of intrinsic 

apoptosis70. To answer this question, mice lacking Bax, Bak, and Bok were created, or 

triple KO (TKO) mice70. A small fraction of TKO mice survived into adulthood, although 

with various structural anomalies as were seen with the DKO mice. A higher percentage 

of TKO mice did not survive compared with DKO mice (>98% versus <95%, respectively), 

and TKO mice that did survive exhibited more severe tissue defects comparatively70.  

These studies have supported that pro-apoptotic roles of Bok essentially mirror that of Bax 

and Bak, but suggest that it can partially compensate for their loss, given the discrepancy 



17 
 

in defects seen between DKO and TKO mice; ultimately, these studies conclude that 

intrinsic apoptosis plays a significant role in normal embryonic development, particularly 

in tissues such as the heart and central nervous system, but it not entirely necessary for 

development into adulthood. 

1.3.4. Non-canonical roles of the Bcl-2 family 

Although the Bcl-2 family is most often associated with apoptosis and cancer, 

several “day jobs” or non-apoptotic roles are assigned to Bcl-2 family members96, 97. These 

roles may be completely independent of cell death but often exist on a continuum between 

normal cellular conditions and cell death.  

1.3.4.1. Bcl-2 family roles in autophagy 

 Autophagy is a form of intracellular quality control whereby components are 

engulfed and recycled by the autophagosome-lysosome pathway98. A spectrum of cellular 

stress can connect autophagy with apoptosis; once autophagic machinery can no longer 

handle a build-up of cellular “trash,” apoptosis is initiated to spare neighboring cells a 

similar fate99. On the other hand, over-induction of autophagy can also cause cellular 

demise if vital cellular components are consumed99. Bcl-2 family members exist at these 

crossroads and function in the realm of autophagy without cell death. 

 Beclin 1, also referred to as Atg6, is a highly conserved protein that initiates 

autophagy under conditions of cell stress100, which is useful to suppress cancer cell growth 

in certain instances101. Early studies on Beclin 1 identified interactions with Bcl-2102, and 

later Mcl-1103, Bcl-xL, and other Bcl-2 proteins100, based mainly on the presence of a BH3 

domain within Beclin 197, 100. Bcl-2 family regulation of Beclin 1 is a typical response to 

cell stress, as is seen with Bad-Beclin 1-induced autophagy during starvation100. Anti-
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apoptotic Bcl-2 proteins also negatively regulate Beclin 1-induced autophagy to prevent 

excessive self-digestion100, 104.  

 BH3 mimetics, traditionally designed to target anti-apoptotic proteins 

overexpressed in cancer62, 63, have also demonstrated utility to induce autophagy. Rather 

than inhibiting anti-apoptotic effects, BH3 mimetics can displace Bcl-2 and Beclin 1, 

ultimately leading to increased autophagy100, 105. The implications of this are still unclear, 

but it could lead to a multi-targeted approach to cancer treatment, whereby the crosstalk 

between apoptosis and autophagy can be targeted100.   

1.3.4.2. Bcl-2 family roles in Ca2+ signaling 

Mitochondrial Ca2+ signaling is vital to many mitochondrial processes, including 

cell growth and metabolism, autophagy, and apoptosis106. Bcl-2 family proteins can 

directly regulate these processes by modulating existing Ca2+ signaling pathways, through 

regulation of ER-mitochondrial Ca2+ flux, or as a response to cytosolic Ca2+ levels107, 108. 

Many pro- or anti-apoptotic mechanisms by Bcl-2 family members rely on Ca2+ 

signaling107. For example, a rise in cytosolic Ca2+ can lead to BH3-only activation of 

apoptosis, as seen with cleavage of Bid to its active form by Ca2+-activated calpains109. 

Activated calpains can also cleave Bcl-2, decreasing its levels and dis-inhibiting 

apoptosis110. Bcl-2 proteins can also directly modulate Ca2+ signaling to induce or inhibit 

apoptosis. ER-localized Bax and Bak do not perform MOMP but can promote ER Ca2+ 

release near mitochondria to induce apoptosis111. Bcl-2, on the other hand, can inhibit IP3R-

mediated Ca2+ release, which prevents downstream apoptosis from mitochondrial Ca2+ 

overload108. 
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In contrast to mitochondrial Ca2+ overload, cytosolic Ca2+ oscillations are periodic 

discharges of stored Ca2+ that occur under resting cellular conditions1, 112, and are 

associated with biogenesis, cell proliferation, and survival108.  Anti-apoptotic Bcl-2 family 

members, including Bcl-2, Bcl-xL, and Mcl-1, can promote Ca2+ oscillations by binding to 

the C-terminal region of IP3Rs, which sensitizes channels to IP3
108.  

The role of the Bcl-2 family on IP3R function is well-studied and primarily involves 

inhibition of the Ca2+ channel to prevent apoptosis, though other functions are described 

113. Notably, excessive inhibition of IP3Rs by anti-apoptotic Bcl-2 members can lead to 

several hematologic malignancies, which has made these binding sites a target for 

chemotherapy113. Small peptide inhibitors, including Bcl-2 IP3 Receptor Disruptor-2 

(BIRD-2), are under investigation for utility in cancer114-116 for their ability to restore Ca2+ 

flux and induce tumor cell apoptosis113. BIRD-2 targets the BH4 domain of Bcl-2, which 

mediates binding to IP3Rs. Like small-molecule BH3 inhibitors, researchers are hopeful 

that further development of BIRD-2 and similar compounds will provide more treatment 

options in drug-resistant tumors115.  

1.4. Principles of mitochondrial morphology 

1.4.1. Overview of mitochondrial morphology 

The dynamic nature of mitochondrial fission and fusion processes was first 

observed over 100 years ago117, though most advances in the principles governing 

mitochondrial morphology have only been over the past two decades23, 118-120. In that time, 

we have learned that mitochondria are not static organelles isolated from one another, but 

rather a vast network that continuously fuses and divides to maintain cellular equilibrium. 

Mitochondrial fusion is essential to ensure mitochondrial health and maintain relative 
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homogeneity, as divergent mitochondria within a single cell could lead to cellular 

dysfunction121. In contrast, mitochondrial fission serves to divide mitochondria among 

daughter cells during mitosis, separate damaged mitochondria for removal, and facilitate 

mitochondrial fragmentation in apoptosis.  

1.4.2. Mitochondrial fusion and fission 

 Mitochondrial fusion is split into the fusion of the outer OMM and the inner 

mitochondrial membrane (IMM), whereas fission of the OMM and IMM occurs 

simultaneously118. These two processes can be isolated from one another experimentally, 

but mitochondrial fusion and fission rarely occur exclusively in nature122. A proper balance 

of mitochondrial fission and fusion is necessary to maintain cellular homeostasis123. 

OMM fusion is mediated by mitofusins 1/2 (Mfn1/2), transmembrane dynamin-

related GTPases targeted to OMM124. Mitofusins form homo- and heterodimers on adjacent 

mitochondria, and fusion is initiated by tethering the two proteins together125. After the 

initial association, a dense lattice of Mfn1/2 is formed between the two mitochondria, and 

hydrolysis of GTP creates a “docking ring” of mitofusins around the periphery of contact, 

as discovered with electron cryo-tomography imaging126. While both Mfn1 and Mfn2 have 

redundancies in function124, both are necessary for mitochondrial fusion to occur127, and 

each carries out other distinct functions within the cell, such as more efficient inter-

mitochondrial tethering by Mfn1125, 128. Mfn2 also localizes to ER membranes, where it 

tethers the ER and mitochondria through homo- or heterodimers with mitochondrial 

Mfn1/2129 to stabilize MERCs. IMM fusion is mediated by Optic Atrophy 1 (Opa1)130, 

which only needs to be present on one mitochondrion to mediate the fusion process131. In 
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addition to IMM fusion, it also appears that Opa1 plays a role in the maintenance of 

mitochondrial cristae junctions by tethering between cristae lumen132. 

The main mitochondrial fission effector protein Drp1 is a cytosolic GTPase that 

undergoes oligomerization and localizes to mitochondria in fission events133, 134. Drp1 

fission activity is regulated by several PTMs135, including phosphorylation136-140 and 

sumoylation141, among other modifications. However, Drp1 constructs in which all PTM 

sites have been deleted can still induce mitochondrial fission, suggesting that PTMs are not 

critical for Drp1 function140. Due to the cytosolic nature of Drp1, there are several OMM-

bound accessory proteins important in Drp1 recruitment to the mitochondria with 

overlapping functions, the most critical being Fis1142 and Mff140, 143. The ER is intimately 

involved in mitochondrial fission; in fact, the ER-cytoskeletal machinery carries out the 

initial construction of mitochondria by wrapping around mitochondria at the fission site, 

and Drp1 carries out secondary constriction144, 145. The ER-associated formin protein Inf2 

interacts with Drp1 during this process144, 146. Studies in vitro suggest that Drp1 is 

insufficient to divide mitochondria completely147. Dynamin-2 was previously reported to 

perform the final scission event148, though this has been disputed149. More recent evidence 

suggests that Golgi-derived phosphatidylinositol 4-phosphate vesicles mediate 

mitochondrial membrane scission, though the exact mechanism is still unclear23. 

1.4.3. Bcl-2 family roles in mitochondrial dynamics and morphology 

The Bcl-2 family regulates mitochondrial dynamics both during and independently 

of apoptosis through regulation of fusion and fission pathways150. Mitochondrial 

fragmentation during apoptosis, for example, is a result of Drp1 interactions with pro-

apoptotic Bcl-2 family members Bax and Bak141. Although Drp1 localization to the OMM 
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in apoptosis is independent of Bcl-2 family members, Bax and Bak promote the stable 

association of Drp1 at the OMM in later stages of apoptosis through sumoylation141. 

Interestingly, Bax and Bak also are necessary for Mfn2-mediated mitochondrial fusion in 

healthy cells, as Bax/Bak DKO cells demonstrate basal mitochondrial fragmentation151. 

Mcl-1 also plays a dual role in mitochondrial dynamics, which seems to be context-

dependent and largely base on alternative splicing of the gene152. Full-length Mcl-1 locates 

to the OMM and physically interacts with Drp1 to facilitate its translocation to the 

OMM153, particularly in settings of nutrient deprivation154. In contrast, cells overexpressing 

the shorter isoform of Mcl-1, which lacks the C-terminal TM domain and is usually near 

the IMM, reduces Drp1 localization to the OMM, thereby increasing mitochondrial 

fusion153. Others have suggested that the short isoform of Mcl-1 promotes fusion to support 

mitochondrial respiration155. Mcl-1 can also inhibit Mff-mediated mitochondrial fission 

and apoptosis156. 

Other Bcl-2 family members, including Bcl-xL
157, Bok76, and Bnip3158, regulate 

mitochondrial morphology independent of apoptosis. It is clear that the literature on the 

role of the Bcl-2 family in governing mitochondrial morphology is far from complete, and 

more research will have to be done to better understand the Bcl-2 family network and over-

arching principles of mitochondrial morphology.  

1.4.4. Mitochondrial morphology in the context of human disease 

Mutations in mitochondrial morphology proteins can lead to diseases present at 

birth or early in life, including Dominant Optic Atrophy (resulting from mutated Opa1)159 

and Charcot-Marie-Tooth neuropathy (Mfn2 or DrpI) 160, 161, but more often, these diseases 

develop over time due to abnormal fission and fusion events, especially in 
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neurodegenerative diseases162. Mitochondrial health is particularly crucial in neurons 

because they cannot be regenerated163. Excessive mitochondrial fission is present in 

neuronal tissues from patients with Alzheimer’s disease164, Parkinson’s disease 165, 166, 

Huntington’s Disease167, and amyotrophic lateral sclerosis168, 169. Current studies aim to 

prevent disease by targeting mitochondrial fission machinery169-171. For example, the small 

peptide inhibitor P110 can selectively block the interaction between Drp1 and Fis1 to target 

pathological fission in models of ALS, Parkinson’s disease, and Huntington’s disease166, 

171.  

1.5. Characterization of proteins and protein-protein interactions 

 So far, you will have read about various cellular processes, all of which rely on 

protein activity. Protein structure and PPIs are the basis for all biological processes, and 

understanding these processes is imperative to the treatment and prevention of human 

disease. This section will review current techniques in the broader fields of protein 

characterization and PPIs. 

1.5.1. Protein structure and disorder 

 Contemporary structural biology research incorporates some form of computational 

analysis, which relies heavily on existing knowledge of biophysical properties to predict 

protein structures or docking between two proteins. Many of these programs are open 

source and easily accessible to the general public, and include JPred4172, PSIPred173, 

PredictProtein174, and Agadir175; the former three are used for more general secondary 

structure prediction, including the presence of α helices, β strands, or coils, whereas the 

latter reports α helix propensity, and is used after a sequence is hypothesized to be helical. 

These programs have a relatively straightforward user interface and can help non-structural 



24 
 

biologists form a basic idea of a peptide or protein structure when no other structural data 

is available and may help explain a particular function or PPI.  

How we view proteins has changed a great deal since the concept of protein folding 

was first explored, and we now know that a static, well-folded protein is not a pre-requisite 

to proper functioning176; instead, three-dimensional protein structures are on a spectrum 

from well-defined and rigid to amorphous. Intrinsically disordered regions (IDRs) within 

a protein lack defined structure, though a folded structure may be assumed upon association 

or dissociation of a binding partner177. IDRs may be present in an otherwise ordered 

protein, including loops between adjacent α-helices or flexible hinges between separate 

domains of a larger subunit. IDRs and intrinsically disordered proteins (IDPs) are 

evolutionarily conserved177 and highly regulated in biological processes178, 179. Interest in 

IDRs/IDPs has grown exponentially over the last two decades, causing a continual 

sophistication in IDR/IDP prediction software, including IUPred2A180, 181, alongside other 

structural prediction software, as described above. Similar to the other programs, 

IUPred2A is available to the general public181. 

1.5.2. Protein-protein interactions 

PPIs take various forms, including a constitutive association of two proteins, as is 

seen with the Bok-IP3R interaction68, 74, or stimulus-induced interactions, which are seen 

under cellular stress when BH3 activator proteins bind Bax or Bax49. Historically, PPIs are 

identified through co-IP experiments or yeast two-hybrid systems. The former generally 

target stronger physical interactions and may require specific conditions to detect the 

interaction, such as particular drug treatment or cellular condition. The latter technique is 

significantly artificial, with a high potential for false positives or negatives. The desire for 
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a more straightforward method to study PPIs has led to recent advances in molecular 

techniques that facilitate high-throughput screening for novel interactions, including 

proximity labeling 182, 183. 

Proximity labeling is a “shotgun” approach to identifying the interactome for a 

protein of interest183. The two main techniques, BioID184 and APEX2185, employ a 

promiscuous biotin ligase or peroxidase, respectively, to generate a diffusible reactive 

species within a cell to label nearby proteins183. Fusion proteins containing the promiscuous 

enzyme and the protein of interest can be expressed within a cell and quickly label proteins 

upon induction. Both methods are applauded for the relative ease of identifying in vivo 

interactions in a small radius (~10- 20 nm) and have been employed in various studies; 

aside from tissue-culture based studies, proximity labeling has been performed in 

prokaryotes, plants, in live animals, and on primary human tissues183. 

APEX2 is based on an engineered ascorbate peroxidase 2 that covalently tags 

neighbor proteins after adding biotin phenol and hydrogen peroxide to a solution183. This 

method uses free radical generation from the hydrogen peroxide to conjugate biotin onto 

nearby proteins, specifically at tyrosine, tryptophan, cysteine, and histidine residues183. The 

entire process occurs in less than a minute, which has provided invaluable information for 

rapid processes, such as GPCR signaling183. Although the short labeling time is beneficial 

in some instances, a significant disadvantage of this technique is hydrogen peroxide-related 

toxicity, which generally limits the application of APEX2 in vivo183.  

 BioID, or proximity-dependent biotin identification, is similarly an engineered 

biotin ligase that can covalently tag neighbor proteins with exogenous biotin184. Ligase 

activity labels lysine residues primarily and does not rely on free-radical generation, 
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making this method less detrimental to cellular viability than APEX2183. The first BioID 

construct required over 18 hours of incubation with biotin for sufficient labeling184 but has 

since been improved with higher activity constructs, including TurboID, which labels 

nearby proteins in as little as 10 minutes186.  

Proteins labeled through APEX2 or BioID methods are easily purified using 

streptavidin-based purification methods and identified by LC-MS183, though these 

techniques have limitations. Identification of PPIs through proximity labeling can be 

challenging because the method is inherently high-sensitivity and low-specificity; 

therefore, any potential PPIs are sometimes difficult to discern from background proteins. 

However, BioID specificity has increased with the iterative improvement of proteins, 

which allows for shorter labeling time to minimize excess protein “noise.” Additionally, 

proper controls, including a non-fused labeling enzyme or non-transfected samples treated 

with biotin, can be incorporated into protocols to reduce the identification of non-specific 

proteins183. It is also important to consider that proximity labeling serves to identify 

proximal proteins, which may not necessarily constitute a PPI. It is imperative in these 

studies that potential PPIs are followed-up to ensure validity.  
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Figure 3. IP3R and Bok structure. A, Cartoon structure of an IP3R1 tetramer (3JAV16) with the Bok binding 
region (α72-73 loop) highlighted in orange. B, Cartoon structure of Bok (6CKV86) with the IP3R1 binding 
region (BH4 helix) highlighted in purple. Both structures were visualized using PyMOL Molecular Graphics 
System.  
 
1.6. Aims of thesis 

The work outlined in this thesis focuses primarily on the Bok-IP3R interaction. 

IP3Rs (Fig. 3A) are well-characterized, vital Ca2+ channels necessary for an organism's 

viability, whereas a clear role for the “rogue” Bcl-2 family member Bok (Fig. 3B) is not 

apparent. In Chapter 3, we will discuss the binding determinants of the Bok-IP3R 

interaction, and in Chapter 4, we will discuss Bok's interactome and the context within the 

Bcl-2 family. Smaller projects that complement the main data chapters are discussed in 

Chapter 5, and finally, in Chapter 6, I will discuss the significance of these results and 

suggest future studies to address gaps in knowledge. 
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2.1. Materials 

2.1.1. Cells 

The cell lines used were: SV40 large T antigen-immortalized wild-type (C57BL/6) 

mouse embryonic fibroblasts (MEFs), a kind gift from Dr. T. Kaufmann, University of 

Bern; HeLa (human cervical cancer) cells, a kind gift from Dr. Y. Huang, Upstate Medical 

University; human embryonic kidney (HEK 293T) cells, a kind gift from Dr. S. Taffet, 

Upstate Medical University; HEK 293T IP3R1-3KO10, a kind gift from Dr. D. Yule and 

Dr. K. Alzayady, University of Rochester; and HeLa IP3R1-3KO187, a kind gift from Dr. 

K. Mikoshiba, Shanghai Tech University. 

2.1.2. Cell culture and transfection materials 

Fetal Bovine Serum (FBS) was purchased from Atlanta Biologicals/R&D Systems. 

Dulbecco’s modified Eagle medium (DMEM) was from Gibco. DMSO, OptiMEM I 

reduced serum medium, Lipofectamine 2000, the NeonTM transfection system and 

associated reagents were from Thermo Fisher. Penicillin/streptomycin, trypsin/EDTA, 

0.45 µm filters, CoolCellTM FTS30 Cell freezing containers, and cell culture dishes were 

from Corning. Linear, MW~25,000 polyethylenimine (PEI) was from Polysciences Inc. 

Puromycin and G418 were from CalBioChem. PlasmocinTM and PlasmotestTM (HEK-Blue-

2 based) was from Invivogen. TC20TM Automated Cell counter was from Bio-Rad. 

2.1.3. Plasmids and molecular biology materials 

The pCMV10 vector was purchased from Clontech; 3F-mBokWT, 3F-BokL34G, and 

3F-Bok∆TM were contained within this vector. The pcDNA3 vector was from 

Invitrogen/Life Technologies; all IP3R1 constructs, including mIP3R1-HAWT, were 

contained within this vector. The pCAG vector was a kind gift from Dr. E. Olson; mBokWT, 
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BokL34G and Bok∆TM were contained within this vector. Genes for bacterial expression and 

protein purification in pUC57 vectors were designed and ordered through GenScript using 

the codon optimization tool (available and genscript.com).  The pET-SUMO vector was a 

kind gift from Dr. A. Bah, but originally from Invitrogen (#K300-01). DsRed2-mito vector 

was a kind gift from Dr. M. Roe, but originally from Clontech (#632421). The V5-

TurboID-NES_pCDNA3 vector was a kind gift from Dr. B. Knutson, but originally from 

Addgene (#107169). The self-design pCas-Guide-EF1a-GFP vectors (i.e. Bok gRNA 

vectors) were from OriGene (#GE100018). pMDL/pRRE, pCMV-VSVG, and pRSV-REV 

constructs were a kind gift from Dr. G. Mohi, but originally from Addgene (#12251, #8454, 

#12253, respectively). Bcl-2 family flag-tagged constructs (1F-mMcl-1, 1F-hBcl-2 and 1F-

hBcl-xL) were a kind gift from Dr. T. Kaufmann. PFU Ultra II high fidelity DNA 

polymerase and PFU Ultra II buffer were both from Agilent Technologies. DH5α 

electrocompetent cells, DH5α Mix ‘N Go cells, T4 DNA ligase, T4 DNA ligase buffer, 

Hifi Gibson Assembly 2X Master Mix, dNTPs, DNA standard ladders, and restriction 

enzymes were from New England BioLabs. Ampicillin (amp), puromycin (puro) and the 

Nanodrop OneC UV-Vis spectrophotometer were from Thermo Fisher. Kanamycin (kan) 

was from Millipore. Custom oligonucleotides for use as PCR primers were designed by 

hand and were ordered from, and synthesized by, Sigma. Mission short hairpin RNA 

(shRNA) pLKO.1 plasmids specific to the Bok gene, shRNA control (SHC002) and 

Ethidium bromide (EtBr) were from Sigma. The Zippy Plasmid mini-prep kit and 

ZymoPURE II plasmid maxi-prep kit were from Zymo Research, Inc. The QiaQuick PCR 

purification kit, DNA agarose gel purification kit and all other DNA/RNA purification kits 

were from Qiagen. T100 Thermal Cycler and MJ MiniCycler were from Bio-Rad. DNA 



31 
 

sequencing was performed at Genewiz, Inc. Oligonucleotides used to modify cDNAs 

(primers) are listed in Table 1.  

2.1.4. Antibodies 

The antibodies used in the research presented in this dissertation and sources are 

listed in Table 2. All antibodies that were not generated by the Wojcikiewicz Lab, in 

collaboration with the SUNY Upstate Medical University Department of Animal 

Laboratory Research facility, or through Cocalico Biologicals, Inc., were either purchased 

from commercial sources or kind gifts from the indicated labs. 

2.1.5. Materials for cell lysis and immunoprecipitation 

3-[(3-Cholamidopropyl) dimethylammonio]-1-propanesulfonate hydrate 

(CHAPS), Triton X-100, and protease inhibitors (pepstatin, soybean trypsin inhibitor 

(SBTI), phenylmethyl-sulphonylfluoride (PMSF), and DTT) were purchased from Sigma. 

Protein A-Sepharose C1-4B beads were from GE Healthcare. Antibodies used for 

immunoprecipitation (IP) are listed in Table 2. 

2.1.6. Materials for electrophoresis and immunoblotting 

Reagents for SDS-PAGE included 30% bis-acrylamide, ammonium persulfate, N, 

N, N’, N’, - tetramethylethylenediamine (TEMED), Mini-PROTEAN 3 and Tetra 

electrophoresis chambers and electrodes, pre-stained Precision Protein Plus standards, 

Mini-Protean TGX gels, Transblot Turbo Transfer system, which were purchased from 

Bio-Rad. Nitrocellulose and gel blot paper were from GE Healthcare. Antibodies used for 

immunoblot are listed in Table 2. SuperSignal West Pico Plus and SuperSignal West Dura 

enhanced chemiluminescence (ECL) kits were from Thermo Fisher. Immunoblots were 

detected and quantified using the ChemiDoc and Image Lab software, from Bio-Rad. 
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2.1.7. Materials for Calcium measurements 

Cells were plated onto 96-well plates (black, clear bottom) with or without poly-D-

lysine (Greiner). The FLIPR Calcium6 Assay, Fura2 QBT Calcium Assay, Flex Station 3, 

compound plates and instrument tips were purchased from Molecular Devices. Phenol Red 

Free DMEM and Hank’s Balanced Salt Solution were from Gibco. Ionomycin was from 

Enzo Life Sciences. Thapsigargin (TG), adenosine triphosphate (ATP), trypsin, carbachol 

and other assay buffer components were from Sigma. 

2.1.8. Materials for protein purification and in vitro experiments 

pET SUMO plasmids were transformed into BL21-CodonPlus (DE3)-RIPL E. coli 

cells (Agilent Technologies) for bacterial protein expression. Kanamycin (kan) was 

purchased from Millipore and chloramphenicol (chlor) was from VWR. Isopropyl β-D-1-

thiogalactopyranoside (IPTG) was from Promega or GoldBio. Protease inhibitor tablets 

were from Thermo Fisher. Columns were from Pierce (89897) and nickel-nitriloacetic acid 

(Ni-NTA) beads were from GoldBio. Benzamidine was from BioBasic. Imidazole was 

from Alpha Aesar. All other buffer components were from Sigma. Fluorescence 

polarization (FP) assays were performed on a Flex Station 3 (Molecular Devices). 

2.1.9. Materials for live cell fluorescence microscopy 

Cells were seeded onto a 35 mm glass bottom dish (Cellvis). Phenol Red-free 

DMEM was purchased from Gibco. Cells were imaged with a Nikon C2 microscope (Ti-

microscope) equipped with a 60 × Plan Apo VC oil-immersion objective lens. Images were 

analyzed with NIS-Elements software (Nikon). 
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2.1.10. Materials for BioID experiments  

DynabeadsTM Streptavidin C1 magnetic beads were purchased from Thermo Fisher. 

Tergitol, biotin, and other buffer components were from Sigma. SureBeadsTM Magnetic 

Rack was from Bio-Rad. 

Mass spectrometry analysis was performed in the Upstate Proteomics Core. The 

known sources of materials are as follows: ammonium bicarbonate and DTT were from 

Acros, acetonitrile  was from Thermo Fisher, trypsin gold was from Promega, formic acid 

was from Millipore, 2-core MCX stage tips were from 3M, iodoacetamide, ammonium 

hydroxide and TFA were from Sigma. Samples were run on an Orbitrap Lumos, and data 

was searched using SequestHT in Proteome Discover (version 2.4, Thermo Fisher). 

2.1.11. Materials for Seahorse experiments 

XFe96 plates, XF Cell Mito Stress Test Kit, and Seahorse XFe96 Extracellular Flux 

analyzer were purchased from Agilent Technologies. CyQUANT cell quantification assay 

was from Thermo Fisher. 

2.1.12. Miscellaneous materials 

Staurosporine (SST) was from Enzo Life Sciences, calyculin A (CalA) and 

phosphatase inhibitor cocktails were purchased from Cell Signaling technology. Tris base, 

BSA and EDTA were from Thermo Fisher. Forskolin (FSK), and all other unlisted 

chemicals were from Sigma. Unless otherwise specified, overview figures within the 

introduction and general discussion chapters were created using BioRender. 
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Table 1. Oligonucleotides for PCR and sequencing.  

Gene 
target 

Primer name, 
Forward/ 
Reverse 

Sequence Purpose Template 
Optimum 

anneal 
temp. (°C) 

IP3R1 
IP3R1 

del1916-1942 
HA FWD 

GGGCTAGCGGGGAGGGCACC
CAGGCTACAACCGACAAA 

truncate IP3R1 to determine 
Bok binding site (i.e. 
IP3R1∆1909-1941§) 

IP3R1 HA (pcDNA3) 74-80 

IP3R1 
IP3R1 

del1909-1942 
HA RVS 

CCGCTAGCTGTTATCTGTGTTG
TGGGCTCTTTGGCTTT 

truncate IP3R1 (i.e. 
IP3R1∆1909-1941§) IP3R1 HA 74-80 

IP3R1 IP3R1 1917 
FWD 

GCGCTAGCGCTGCCACCAGGA
AAGCCTTTACCACCTTC 

truncate IP3R1 (i.e. 
IP3R1∆1916-17[GG] and 

IP3R1 ∆1917) 
IP3R1 HA 74-78 

IP3R1 IP3R1 1916 
RVS 

CCGCTAGCGAGCTGATCCCGG
ACCTCTTCTGTTATCTG 

truncate IP3R1 (i.e. 
IP3R1∆1916-17) IP3R1 HA 74-78 

IP3R1 IP3R1 1921 
FWD 

GCGCTAGCACCAGGAAAGCCT
TTACCACCTTCCGGAGG 

truncate IP3R1 (i.e. 
IP3R1∆1920-21) IP3R1 HA 76-82 

IP3R1 IP3R1 1920 
RVS 

CCGCTAGCTTCCAGGAGCTGA
TCCCGGACCTCTTCTGT 

truncate IP3R1 (i.e. 
IP3R1∆1920-21) IP3R1 HA 76-82 

IP3R1 IP3R1 1917 
RVS 

CCGCTAGCCAGGAGCTGATCC
CGGACCTCTTCTGTTAT 

truncate IP3R1 (i.e. 
IP3R1∆1917) IP3R1 HA 76-82 

IP3R1 
IP3R1 INVS 

1916-1917 GG 
RVS 

CCGCTAGCACCACCGAGCTGA
TCCCGGACCTCTTCTGTTA 

mutate IP3R1 (i.e. 
IP3R1∆1916-17GG) IP3R1 HA 76-82 

IP3R1 IP3R1 HA XhoI 
FWD 

GGCTCGAGTACCCATACGACG
TCCCAGACTACGCTTAG 

truncate IP3R1 for (i.e. 
IP3R1∆1916-17, TM) IP3R1∆1916-17 HA 71-77 

IP3R1 IP3R1 2264 
XhoI RVS 

CCCTCGAGGACAGGCTGGGCT
CGAAGTTTCTTCTGCCA 

truncate IP3R1 for (i.e. 
IP3R1∆1916-17, TM) IP3R1∆1916-17 HA 71-77 

IP3R1 IP3R1-INVS-
HA-FWD 

GGGCTAGCTACCCATACGACG
TCCCAGACTACGCTTAG used to make IP3R1 ∆TM IP3R1 HA 72-78 

IP3R1 IP3R1-INVS-
2264-RVS 

CCGCTAGCGACAGGCTGGGCT
CGAAGTTTCTTCTGCCA used to make IP3R1 ∆TM IP3R1 HA 72-78 

IP3R1 IP3R1-1900-
RVS (seq primer) CTGCAGATCTCGGTTGTGGTT sequence 1900 region of 

mIP3R1 IP3R1 HA n/a 

IP3R1 Loop FWD* 
TCCAACACGGACATGGGAAAC
AAAAAGAAAGATGATGAAGT

GGAC sequence out loop region 
between helices 72-73 

IP3R1 HA 76-81 

IP3R1 Loop RVS* 
AACATCGTATGGGTACTCTAG
GTCATCCTTGGCTTTGTCGGTT

GT 
IP3R1 HA 76-81 

IP3R1 72loop73FWD
* 

TCCAACACGGACATGAAGGTT
TTTTACGATCGAATGAAGGTG

GCC sequence out loop region 
containing helices 72&73 

IP3R1 HA 77-83 

IP3R1 72loop73RVS* 
AACATCGTATGGGTACTGCAT
GATGGTGATGACAGCGCTCAT

CTC 
IP3R1 HA 77-83 
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Gene 
target 

Primer name, 
Forward/ 
Reverse 

Sequence Purpose Template 
Optimum 

anneal 
temp. (°C) 

IP3R1 IP3R1 pcDNA 
FWD (seq) TTACAAGGGACCAGGATTTG primer located within 5' or 

3' UTR of pcDNA3 to 
sequence beginning/end of 

construct 

IP3R1 HA n/a 

IP3R1 IP3R1 pcDNA 
RVS (seq) AACCAATGAGCCGTAACCC IP3R1 HA n/a 

Bok Bok FWD not known 
truncate Bok for Bok ∆TM 

3F Bok (pCMV10) 68 

Bok Bok delTM-
RVS 

CGGGATCCTCAGCGGAAGCCAG
GATCTGTGCTGACCACACA 3F Bok 68 

Bok BOK-GGREVY-
FWD 

GCTAAGGCAGGAGGCCGGGA
GTACGTGCAC creates Bok L34G, point 

mutation that halts Bok-IP3R 
interaction 

3F Bok 82-87 

Bok BOK_GGREVY-
RVS 

GTGCACGTACTCCCGGCCTCC
TGCCTTAGC 3F Bok 82-87 

pcDNA3 
vector 

pcDNA3 HA 
FWD* 

TACCCATACGATGTTCCAGATT
ACGCTTAGCAA generate linearized pcDNA3 

for Gibson assembly 
(includes HA tag) 

IP3R1 HA 65-72 

pcDNA3 
vector 

pcDNA3 UTR 
RVS* 

CATGTCCGTGTTGGAAAGCCT
GACC IP3R1 HA 65-72 

pET 
vector 

pET FWD 
(vector)* 

TAAACTGGATCCATGGGTACC
CTCGAGTGAAGACAAGC used to linearize pET vector 

when performing Gibson 
Assembly 

pET vector  
72 

pET 
vector 

pET RVS 
(vector)* 

ACCACCAATCTGTTCTCTGTGA
GCCTCAATAATATCG 72 

any gene pET FWD 
(gene)* GGCAGAGAACAGATTGGTGG 

used to clone a gene for 
insertion into pET vector  

any custom order 
gene (typically in 

pUC57 vector) 

54-60 

any gene pET RVS 
(gene)* CCTACCCATGGATCCAGTTT 54-60 

TurboID Turbo FWD* TAATAGCTCGAGCATGCATCT
AGA 

used to linearize TurboID + 
vector when performing 

Gibson Assembly 

V5-TurboID-NES 
(pcDNA3) 

65-72 

TurboID Turbo RVS* GTCCAGCCTCAGGAGCTCCAG 65-72 

Bok TurboID-Bok 
FWD* 

CGCCTGACCCTGGACGAGGTGC
TGCGGCGCTCTTCTGTCTTT 

sequence out Bok for Gibson 
assembly of TurboID-Bok ∆1  3F Bok (M15A)  

82-88 

Bok TurboID-Bok 
RVS* 

AGATGCATGCTCGAGCTATTA
TCTCTCTGGCAACAACAGGAA

GAATGCTGC 
82-88 

Mcl-1 TurboID-Mcl1 
FWD* 

CCTGACCCTGGACTTTGGCCT
GCGGAGAAACGCGGTCATC sequence out Mcl1 for 

Gibson assembly of TurboID-
Mcl1 ∆1 

1F Mcl1 (pcDNA3) 

79-84 

Mcl-1 TurboID-Mcl1 
RVS* 

AGATGCATGCTCGAGCTATTA
TCTTATTAGATATGCCAGACCA

GCCCCTACTCC 
79-84 

Bak TurboID-Bak 
FWD* 

CCTGACCCTGGACTCGGGGCAA
GGCCCAGGTCCTCCCAGGCAG 

sequence out Bak for Gibson 
assembly of TurboID-Bak ∆1 1F Bak (pcDNA3) 

79-84 

Bak TurboID-Bak 
RVS* 

AGATGCATGCTCGAGCTATTA
TGATTTGAAGAATCTTCGTACC

ACAAACTGGC 
79-84 

All sequences are listed in the 5' -> 3' orientation.   

§ The primer was named incorrectly, the construct made deleted at positions 1909-1941, not 1909-1942. 

* denotes primers designed for use with Gibson assembly, all others designed for restriction enzyme and T4 ligase protocol. 
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Table 2. Antibodies and other reagents used in Western blotting, 
immunoprecipitations, and streptavidin blotting. 

Name Epitope Source Lab/Commercial Source 
with catalog # 

Optimum 
dilution for 

immunoblot 
anti-IP3R1 

(CT1) 
amino acids 2731–2749 of mouse/human 

IP3R1 Rabbit Dr. R. Wojcikiewicz13 1:50 

anti-IP3R1 
(Enzo) amino acids 1829-1848 of human IP3R1 Rabbit Enzo LifeSciences (ALX-210-169-

R100) 
1:1000-
1:3500 

anti-IP3R2 
(CT2) 

amino acids 2658-2701 of rat IP3R2 
(GFLGSNTPHENHHMPPH) Rabbit Dr. R. Wojcikiewicz13 1:50 

anti-IP3R3 amino acids 22-230 of human IP3R3 Mouse BD Biosciences (610313) 1:1000 

anti-IP3R3 
(CT3) 

C-terminal amino acids of rat IP3R3 
(RLGFCDVQNCMSR) Rabbit Dr. R. Wojcikiewicz13 primarily 

used for IP 

anti-Hrd1 amino acids 602-612 of mouse Hrd1 Rabbit Dr. R. Wojcikiewicz13 1:50 

anti-
transaldolase amino acids 1-337 of transaldolase Rabbit Dr. A Perl188 1:500 

anti-Erlin2 amino acids 351-364 of mouse Erlin2 Rabbit Dr. R. Wojcikiewicz13 1:50 

anti-HA 
(Hillary) HA tag (YPYDVPDYA) Rabbit Dr. R. Wojcikiewicz36 primarily 

used for IP 
anti-HA (HA-

11) 
amino acids 98-106 of human influenza 

hemagglutinin Mouse Covance (MMS-101R) 1:500 

anti-Mcl-1 
(CST) 

amino acids surrounding L210 of human Mcl-
1 Rabbit Cell Signaling Technology (D35A5) 1:500 

anti-Mcl-1 
(Thermo) amino acids 1-327 of human Mcl-1 Mouse Thermo Fisher (RC13) primarily 

used for IP 

anti-Bcl-xL amino acids surrounding D61 of human Bcl-xL Rabbit Cell Signaling Technology (54H6) 1:2000 

anti-Bcl-2 amino acids surrounding G41 of mouse Bcl-2 Rabbit Cell Signaling Technology (50E3) 1:150 

anti-Bak amino acids 25-38 of human Bak Rabbit Millipore (06-536) 1:300 

anti-Bax N-terminus of human Bax Rabbit Cell Signaling Technology (2772) 1:1000 

anti-Bok amino acids 19-32 of mouse Bok Rabbit Dr. T. Kaufmann67 1:100 

anti-Bok 
(Pettigrew) amino acids 11-25 of mouse/human Bok Rabbit Dr. R. Wojcikiewicz (unpublished) 1:50 

anti-FLAG 
(M2) Flag tag (DKDDDDK) Mouse Sigma (M2, F-1084) 1:100 

anti-p97 p97 protein (unknown specific epitope) Mouse Fitzgerald (10R-P104A) 1:20,000 

anti-Drp1 N-terminus of human Drp1 Mouse BD BioSciences (611112) 1:3000 

anti-pDrp1 
S616 

amino acids surrounding S616 of human Drp1 
protein Rabbit Cell Signaling Technology (D9A1) 1:1000 

anti-pDrp1 
S637 

amino acids surrounding S637 of human Drp1 
protein Rabbit Cell Signaling Technology (4867S) 1:250-

1:1000 

anti-His His tag (HHHHHH) Mouse GenScript (A00186) 1:3000 

anti-caspase-
3 (C3) 

amino acids surrounding the cleavage site of 
human caspase-3 Rabbit Cell Signaling Technology (9662) 1:300 

anti-V5 V5 tag (GKPIPNPLLGLDST) Mouse GenScript (A01724) 1:500-
1:1000 

anti-
Streptavidin streptavidin (unknown specific epitope) Mouse Thermo Fisher (S10D4) 1:5000 

Streptavidin 
(protein) 

streptavidin protein, incubated with 
nitrocellulose 45min immediately before 

using anti-streptavidin 
n/a BioLegend (280302) 1:10,000 

Streptavidin-
HRP 

(protein) 

streptavidin protein conjugated to HRP, 
incubated with nitrocellulose 45min instead 

of antibody incubation 
n/a Cell Signaling Technology (3999S) 1:15,000 
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2.2. Methods 

2.2.1. Molecular Biology: PCR, Mutagenesis and Gibson Assembly 

2.2.1.1. Universal procedures in PCR and mutagenesis procedures 

PCR and mutagenesis reactions were carried out using primers listed in Table 1, 

and PCR recipes and cycling parameters in Table 3 (generally based on the size of desired 

products). All reactions were run in either the T100 Thermal Cycler or the MJ MiniCycler, 

and most often, 4 PCR tubes containing the same components were subject to a gradient 

during the annealing step of the reaction. All samples were retrieved shortly after cycling 

was complete, and 5 µL from each tube was combined with gel loading buffer and run on 

a 1% agarose gel in TAE buffer (40 mM Tris-base, 20 mM acetic acid, 1 mM EDTA, pH 

8.0) at 120 V for ~45 min. Agarose gels were stained with EtBr in ddH2O (10 µL/ 100 mL) 

for ~20 min and imaged using the EtBr program on the ChemiDoc. Once PCR reactions 

were confirmed to be successful, any tubes containing the desired product were combined 

and any template DNA was removed using DpnI digest: 1-2 µL of the enzyme was added 

directly to PCR mixture and incubated for 30 min at 37°C. The mixture was then cleaned 

using the QiaQuick PCR purification kit and eluted with approximately 50 µL ddH2O. 
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Table 3. PCR reaction mixture and PCR cycling parameters for all reactions 
performed. 

PCR Reaction Mixture  PCR Parameters for small constructs (1-8kb) 

DNA 
template 50-150ng 

 
Step 

Number 
of 

cycles 
Temperature Duration 

 
Forward 
Primer 

25umol (5µL 
at 5µM) 

 1 1 95 2 min 

 2 
30 

95 20 sec 
Reverse 
Primer 

25µmol (5µL 
at 5µM) 

 3 gradient 20 sec 

 4 72 15s per kb 

dNTPs 200µM (1µL 
stock) 

 5 1 72 3 min 

 6 1 4 indefinite 
Pfu Ultra 
II buffer 

5µL of 10X 
stock 

     

 PCR Parameters for large constructs (>8kb) 

Pfu Ultra 
II enzyme 1µL 

 
Step 

Number 
of 

cycles 
Temperature Duration 

 

ddH2O needed for 
total volume 

 1 1 92 2 min 

 2 

19 

92 10 
total 

reaction 
volume 

50µL 
 3 gradient 20 sec 

 4 68 30s per kb 

   5 1 68 5 min 

   6 1 4 indefinite 

       

   PCR Parameters for gene fragments (<1kb) 

   
Step 

Number 
of 

cycles 
Temperature Duration 

   
   1 1 95 2 min 

   2 
30 

95 20 sec 

   3 gradient 20 sec 

   4 72 15s 

   5 1 72 3 min 

   6 1 4 indefinite 
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2.2.1.2. Luria Broth agar/ growth details and considerations 

Constructs were typically plated on Luria Broth (LB) agar plates supplemented with 

amp (50 µg/ mL, most vector preps), kan (50 µg/ mL, pET vector preps, etc.) or kan/chlor 

(50 and 34 µg/ mL, respectively, BL21 cells for protein expression and purification).  

Antibiotic concentration in LB for growths was as follows: amp-100 µg/ mL; kan- 

100 µg/ mL; kan/chlor- 50 and 34 µg/ mL. With the exception of during IPTG induction, 

all cultures were grown at 37°C. Shaking speed was typically 250 rpm for growths, but 

could be increased or decreased depending on incubation time (range 180-300 rpm, slower 

shaking could be used for overnight growths, higher shaking for day growths). Culture 

tubes and flasks were generally kept <50% “empty” to allow for adequate aeration/ optimal 

growth conditions. IP3R1 and larger constructs were generally kept below an optical 

density of the sample measured at 600 nm (OD600) 0.8 to prevent purity/quality issues with 

preps, and all others were generally grown to OD600 1.6-1.8, although issues typically did 

not occur if preps were made from higher OD600 at the time of DNA harvest. 

Glycerol stocks were sometimes used to generate more DNA from an existing prep, 

eliminating the need to re-plate DNA. They are made from large growths immediately 

before the DNA is harvested by mixing a 1:1 ratio of LB and 30% glycerol solution in a 

cryovial, followed by flash freezing of the sample in 100% ethanol cooled using dry ice, 

and then stored at -80°C.  Glycerol stocks were used by scraping a portion of the stock 

(~20 uL) into a culture tube containing ~3 mL LB + antibiotics, and subsequently scaled 

up. 
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2.2.1.3. IP3R1-HA mutagenesis 

IP3R1-HA truncation mutants were generated using the primers listed in Table 1 

through inverse PCR and the PCR recipe and cycling parameters described in Table 3. For 

these constructs, mutations were typically introduced with the insertion of a novel 

restriction enzyme site. Most often, this was NheI, but other enzymes were also used, 

including XhoI. 

After digest with DpnI and cleaning of PCR products, the linear product was 

digested using the general reaction mixture described in Table 4 and reaction conditions 

specific to the restriction enzyme(s) used, typically 37°C for 1 h. The digested product was 

cleaned again using the QiaQuick PCR purification kit and eluted with approximately 30 

µL ddH2O. Ligations were performed using the reaction mixture described in Table 4 at 

ambient temperature overnight. The next day, the ligation mixture was stored at 4°C until 

later in the day, when DNA was transformed into E. coli. Ligations were typically 

transformed by electroporation of 2 µL ligation product into 18 µL DH5α electrocompetent 

cells before being plated on LB + amp agar plates. Alternatively, the ligations could be 

transformed by incubation of 2 µL ligated product on ice with 50 µL DH5α Mix ‘N Go 

cells and then direct plating onto LB + amp agar plates. 

Individual colonies were picked from ligation plates and grown at 37°C, 200-250 

rpm, in 3-6 mL LB + amp cultures for 8-20 h until the OD600 was between 0.7-0.9 and 

mini-preps were isolated using Zippy Plasmid Miniprep kit. (IP3R1 preps that grow above 

0.9 typically yield lower quality DNA and are more likely to have purity issues, so 

generally are not allowed to go above this range in all circumstances). Preps were screened 

typically through a double digest using the novel restriction enzyme site and an existing 
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single cutter, such as XbaI, and run on a 1% agarose gel. Potentially correct preps were 

sequenced using appropriate primers (typically IP3R1-1900-RVS) through Genewiz, Inc. 

Any prep with the correct sequence was re-plated and a colony was grown to OD600 0.7-

0.9 in 600 mL LB + amp (typically 2x 300 mL in 1L flasks for best yield), and maxi prep 

DNA was isolated using the ZymoPURE II plasmid maxi-prep kit. Quality control of maxi 

preps included confirmation of expression in HEK cells, correct sequencing, and 

sometimes, repeat diagnostic digest indicating the correct cut pattern. 

Table 4. PCR digest reaction mixture and ligation reaction mixtures. 

PCR Digest Reaction Mixture 
 

Ligation Reaction Mixture 

cleaned PCR 
product 

50 µL  cleaned PCR product 
(digested) 10 µL 

 
restriction 

enzyme 2 µL 
 T4 DNA ligase 1 µL 
 

enzyme buffer 7 µL of 10X 
stock 

 T4 ligase buffer 2 µL 
 

ddH2O 11 µL  ddH2O 7 µL 
 

total reaction 
volume 50uL  total reaction 

volume 20uL 
 

 

2.2.1.4.  pET vector constructs 

pET vector constructs were generated using the primers listed in Table 1 through 

inverse PCR (pET vector) and traditional PCR (gene of interest / “insert”). Both the vector 

and the insert were generated using the PCR recipes and cycling parameters in Table 3. 

Insertion of genes into the pET vector was performed using Gibson assembly; no novel 

restriction enzyme sites were introduced in the process. 

After digest with DpnI and cleaning of PCR products, DNA concentration was 

determined using a Nanodrop, and Gibson reactions were set up according to 
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manufacturer’s instructions. Typically, several reactions were set up with varied 

vector/insert ratios (i.e. vec/ins 100/10ng, 100/50ng, and 100/100ng). These mixtures were 

heated at 50°C for 15 min, and then transformed by electroporation of 2 µL ligation product 

into 18 µL DH5α electrocompetent cells before being plated on LB + kan agar plates. (Due 

to the kan resistance, DH5α Mix ‘N Go cells could not be used). 

Individual colonies were picked and grown at 37°C, 200-250 rpm, in 3-6 mL LB + 

kan cultures for 8-20 h until OD600 was between 1.6-1.8 and mini-preps were isolated using 

Zippy Plasmid Miniprep kit. (Preps can go above 1.8, but prep quality may suffer). Preps 

were screened typically through a single/double digest with whatever restriction enzymes 

are readily available; due to the nature of the Gibson reaction, the cut pattern should be 

unique compared to the original pET vector. Digested preps were run on a 1% agarose gel, 

and potentially correct preps were sequenced using appropriate primers (typically T7) 

through Genewiz, Inc. Any correct prep was re-plated and a colony was grown to OD600 

1.6-1.8 in 300 mL LB + kan, and maxi prep DNA was isolated using the ZymoPURE II 

plasmid maxi-prep kit. Quality control of maxi preps included correct sequencing and 

repeat diagnostic digest. It is important to note that pET vector constructs must be 

transformed into BL21-CodonPlus (DE3)-RIPL E. coli cells for protein expression and 

purification (see section 2.2.9. for protein purification procedures). 

2.2.1.5. TurboID constructs 

TurboID vector constructs were generated using the primers listed in Table 1 

through inverse PCR (TurboID vector) and traditional PCR (gene of interest / “insert”). 

Both the vector and the insert were generated using the PCR recipes and cycling parameters 
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described in Table 3. Insertion of genes into the pET vector was performed using Gibson 

assembly; no novel restriction enzyme sites were introduced in the process. 

After digest with DpnI and cleaning of PCR products, DNA concentration was 

determined using a Nanodrop, and Gibson reactions were set up according to 

manufacturer’s instructions. Typically, several reactions were set up with varied 

vector/insert ratios (i.e. vec/ins 100/20ng, 100/40ng, and 100/100ng). These mixtures were 

heated at 50°C for 15 min, and then transformed by electroporation of 2 µL ligation product 

into 18 µL DH5α electrocompetent cells before being plated on LB + amp agar plates. 

Alternatively, the ligations could be transformed by incubation of 2 µL ligated product on 

ice with 50 µL DH5α Mix ‘N Go cells, and then direct plating onto LB + amp agar plates. 

Individual colonies were picked and grown at 37°C, 200-250 rpm, in 3-6 mL LB + 

amp cultures for 8-20 h until OD600 was between 1.6-1.8 and mini-preps were isolated 

using Zippy Plasmid Miniprep kit. (Preps can go above 1.8, but prep quality may suffer). 

Preps were screened typically through a single/double digest with whatever restriction 

enzymes are readily available; due to the nature of the Gibson reaction, the cut pattern 

should be unique compared to the original pET vector. Digested preps were run on a 1% 

agarose gel, and potentially correct preps were sequenced using appropriate primers 

(typically BGHR) through Genewiz, Inc. Any correct prep was re-plated and a colony was 

grown to OD600 1.6-1.8 in 300 mL LB + amp, and maxi prep DNA was isolated using the 

ZymoPURE II plasmid maxi-prep kit. Quality control of maxi preps included confirmation 

of expression in HEK cells, correct sequencing, and sometimes, repeat diagnostic digest 

indicating the correct cut pattern. 

 



44 
 

2.2.2. Cell culture 

2.2.2.1. Cell passage and routine maintenance 

MEFs were cultured in DMEM supplemented with 5% FBS and antibiotics (100 

units penicillin and 100 μg streptomycin/ mL). HeLa and HEK 293T cells were cultured in 

DMEM supplemented with 10% FBS and antibiotics. All cells were cultured and 

maintained at 37°C, with 5% CO2. Cells were passaged typically every 72-96 h. Generally, 

all cells were grown to confluence (or near-confluence) and sub-cultured by rinsing the cell 

monolayers with trypsin/EDTA, then trypsinized briefly (2-5 min, depending on cell type) 

to dislodge cells from culture dishes. The trypsin enzyme activity was quenched by the 

addition of 10 mL culture medum and cells were subsequently pipetted ~10 times before 

being divided as needed for experimentation and sub-culture. Cells were regularly screened 

for mycoplasma infection using PlasmotestTM. If cells were found to be infected, then the 

cell line was reduced to a 6-well dish, and treated for 2 weeks with 25 µg/ mL PlasmocinTM. 

2.2.2.2. Freezing and Thawing Cells 

Cells were frozen for long-term storage by trypsinization of a confluent dish of 

cells, re-suspension of the cells in their normal medium, pelleting of cells, and re-

suspension in ice-cold DMEM supplemented with 20% FBS. DMSO was added dropwise 

to the cell suspension for a final DMSO concentration of 10%, and cells were aliquoted 

into cryovials. In general, one confluent 10 cm dish was split into 10 cryovials, but the 

number of cryovials could be reduced for a higher cell number upon thaw (and therefore, 

quicker time to a confluent dish). Cells were frozen to -80°C using a CoolCellTM freezing 

container. Cells were typically checked at least 72 h after freezing for viability: to thaw 

cells, cryovials were placed directly into a 37°C water bath, pelleted by spinning at ~108xg 
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for 1 min, medium removed, and cells were re-suspended using normal cell culture medium 

and transferred into a 10 cm culture dish. In general, cells remained viable for ~18 months 

when stored at -80°C, but longer-term storage resulted in longer recovery after thaw. Cells 

intended for extended storage (more than 12 months) or original cell lines (i.e. KO lines 

recently generated by CRISPR) were placed in the liquid nitrogen tank as “stock” (usually 

3-5 vials per cell line). 

2.2.3. Transfection 

2.2.3.1. Polyethylenimine  

HEK 293T cells were solely transfected by PEI. To transfect HEK cells, cells were 

seeded at 6 x 105 cells/ well in 6-well dishes. Approximately 24 h later, 0.1-2.5 μg of the 

desired cDNAs and 6 μL PEI were added to Eppendorf tubes containing 50 μL serum-free 

culture medium, vortexed, centrifuged and incubated for 15-20 min at ambient 

temperature. Medium was removed from wells and replaced with 1 mL fresh medium, and 

1 mL medium was added to the PEI mixture, mixed by pipetting, and then added slowly to 

the side of each well. Cells were typically incubated in transfection solution for 16-20 h 

before being processed for SDS-PAGE or IP, which is described in section 2.2.6.1. 

HeLa cells were also transfected by Lipofectamine for imaging studies. To transfect 

HeLa cells by PEI, cells were seeded onto a 35 mm glass bottom dish at 3 x 104 cells, and 

transfected ~24 h later using the same procedure as above. Cells were imaged as described 

in section 2.2.11.  

2.2.3.2. Lipofectamine 2000 

Only HeLa cells were transfected by Lipofectamine 2000, and this was the 

predominant form of transfection for HeLa cells. To transfect, cells were seeded in a total 
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volume of 2 mL at 6.5 x 105 cells/ well in 6-well dishes (or 3.25 x 105 cells/well if 

transfection was carried out on the following day). Transfection could be carried out within 

minutes of seeding cells -adherence to the bottom of the dish was not necessary. 

Transfection solution was prepared by adding 9 μL Lipofectamine to 50 μL OptiMEM. For 

transfection of multiple wells, a “stock solution” was made in a single Eppendorf tube (i.e. 

transfection of 6 wells would entail 45 µL Lipofectamine + 300 µL OptiMEM). This was 

incubated for 5 min while tubes containing DNA were prepared: 0.2-2 µg of DNA was 

added to tubes containing 50 µL OptiMEM. The 59 µL Lipofectamine solution was added 

to each tube containing DNA, each tube was briefly vortexed, centrifuged and then 

incubated at ambient temperature for 15-20 min. After incubation, the ~110 µL solution 

was added drop-wise to appropriate wells, and dish was swirled gently after each solution 

was added to a well. Cells were typically incubated in transfection solution for 16-20 h 

before being processed for SDS-PAGE or IP, as described in section 2.2.6.1. 

Variations of transfection occurred when transfecting HeLa cells in a larger dish, 

such as 10 cm “medium” dishes or 15 cm “large” dishes. This was typically in instances of 

transfection of gRNA for CRISPR-Cas9-mediated gene editing (section 2.2.7.2) or biotin-

dependent proximity labeling (sections 2.2.4.2 and 2.2.6.3.). For a medium dish, 22.5 - 45 

µL Lipofectamine was added to 250 µL OptiMEM, and DNA was added to 250 µL 

OptiMEM, and otherwise followed the same procedure as above. For a large dish, 45 - 90 

µL Lipofectamine was added to 500 µL OptiMEM and DNA was added to 500 µL.  

2.2.3.3. Neon Transfection system 

MEFs were transfected using the Invitrogen NeonTM Transfection System. Cells 

were trypsinized from culture dishes and recovered in culture medium similarly to normal 
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cell passage, and a cell count was taken with an automated cell counter while the 

suspension was centrifuged to pellet cells. Medium was removed from tubes containing 

pelleted cells, and cells were re-suspended in sterile PBS at a concentration of 3 x 107 cells/ 

mL. Cells were transfected using the Neon Transfection System (5-10 μg total DNA per 

100μL cell suspension, 1 pulse, 20ms, 1500V) and then recovered in culture medium in a 

10 cm dish. Approximately 24 h later, the medium was replaced, and approximately 48 h 

after transfection, cells were either harvested directly for SDS-PAGE or 

immunoprecipitation, as described in section 2.2.6.1., or prepared for Fluorescence-

activated cell sorting, as described in section 2.2.7.2. 

2.2.4. Cell lysis and immunoprecipitation 

2.2.4.1. General cell lysis and immunoprecipitation 

Cells for lysis and immunoprecipitation were routinely grown to confluence before 

lysis. Typically, medium was removed from tissue culture dishes, cells were briefly washed 

and transferred to tubes using HBSE solution (150 mM NaCl, 10 mM HEPES, 1 mM 

EDTA, pH 7.4), centrifuged for 1 min at 13,000xg, supernatant discarded, and cells re-

suspended in lysis buffer (150 mM NaCl, 50mM Tris-HCl, 1 mM EDTA, pH 8.0) 

containing either 1% Triton (for lysates and select IP’s) or 1% CHAPS (for IP’s). Lysis 

buffers were supplemented with 1 mM DTT and protease inhibitors (0.2 μM SBTI, 10 μM 

pepstatin, 0.2 mM PMSF). Cell lysates were vortexed briefly and incubated on ice for ~30 

min, with occasional vertexing, followed by centrifugation (10 min, 16,000xg, 4°C). 

Clarified lysates were transferred to new tubes and pellets were discarded, Bradford assays 

were typically performed by taking 5 µL from each sample and mixing with 2 mL ddH2O 

and 1 mL Bradford reagent, measuring using the Nanodrop, and compared to a standard 
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BSA curve. 4X gel-loading buffer (GLB, 200 mM Tris-HCl, 400 mM DTT, 8% SDS, 0.4% 

Bromophenol Blue, 40% Glycerol, pH 8.0) was added to clarified lysates. For in IP 

experiments, a small portion of the clarified lysate was mixed with 4X GLB as “pre’s” 

(typically 45 µL + 15 µL 4X GLB), and the remaining solution was incubated with Protein 

A-Sepharose CL-4B beads and the appropriate antibody at 4°C for 16-20 h. (Typically, 3 

mg Protein A beads were added to each sample-a stock was made with all beads, which 

was pre-washed thrice in the same lysis buffer used for IP, and beads were added to lysates 

in a volume of ~ 50 µL/ sample). After incubation, beads were collected by gentle 

centrifugation (1 min, 1000xg, 4°C), 45 µL was taken from each sample as “post’s”, and 

then beads were washed 3-4 times in ice-cold lysis buffer. GLB (typically 40 – 60 µL 2X 

or 1X) was added to washed beads and bead solution. Both lysates and IP’s were incubated 

at 37°C for ~30 min or boiled for 5 min. Typically, most samples were incubated at 37°C, 

but boiling was used when it was necessary to visualize proteins by immunoblot, such as 

with IP’s when antibody bands could interfere with proper visualization. Samples were 

subject to SDS-PAGE as described in section 2.2.6.1. 

2.2.4.2. Streptavidin pull-down of biotinylated proteins 

General procedures were adapted from Firat-Karalar and Stearns189, with 

modifications. Biotinylation studies were performed successfully in HEK and HeLa cells, 

and were not successful in MEFs. Cells that had been transfected with BioID or TurboID 

constructs were treated with biotin by first removing culture medium and replacing with 

medium supplemented with 50 µM biotin. Cells were incubated with biotin for 2 h, then 

washed thrice with ice-cold PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4, pH 7.4), and harvested with ice-cold lysis buffer (Triton, for two 10 cm dishes, 1 
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mL buffer) as described above. About 45 µL “pre’s” were taken and mixed with 4X GLB, 

and to pull down biotinylated proteins, lysates were incubated with 300 µg/ mL streptavidin 

C1 magnetic beads for 16-20 h at 4 °C. As a general rule-of-thumb, large-scale pull-down 

experiments using two 10 cm dishes or one 15 cm dish required 50 µL of the bead solution. 

Smaller pilot experiments were performed in 6-well dishes, and pull-downs were carried 

out using 10 µL beads. Beads were pre-washed thrice in cold PBS before being re-

suspended in a 1:1 solution of PBS and Triton lysis buffer. After incubation, beads were 

magnetized using a magnetic rack, 45 µL solution was taken as “post’s” and beads were 

washed twice each with 3 different buffers (Wash 1: 2% SDS in ddH2O; Wash 2: 0.2% 

deoxycholate, 1% Triton X-100, 500mM NaCl, 1mM EDTA, 50mM HEPES, pH 7.5; 

Wash 3: 250mM LiCl, 0.5% Tergitol, 0.5% deoxycholate, 1% Triton X-100, 500mM NaCl, 

1mM EDTA, 10mM Tris, pH 8.1). Beads were re-suspended in 1X GLB, boiled for 5 min, 

and subjected to SDS-PAGE as described in section 2.2.6.1 and 2.2.6.3. 

2.2.4.3. In vitro immunoprecipitation using purified proteins 

Proteins were purified according to section 2.2.9.2.  Purified proteins were diluted 

in a PBS/0.01% BSA solution (typically 1:500-1:5000, depending on concentration 

desired). A small portion of this solution was taken as “pre” (typically 45 µL + 15 µL 4X 

GLB) and to the remaining solution Protein A-Sepharose CL-4B beads and appropriate 

antibodies were added. The solution was incubated at 4°C for 16-20 h. After incubation, 

beads were collected by gentle centrifugation (1 min, 1000xg, 4°C), 45 µL was taken from 

each sample as “post’s”, and then beads were washed 3-4 times in the same PBS/BSA 

buffer. GLB (typically 40 – 60 µL 2X or 1X) was added to washed beads and bead solution. 



50 
 

Samples were either incubated at 37°C for ~30 min or boiled for 5 min and subject to SDS-

PAGE as described in section 2.2.6.1. 

2.2.5. Cellular fractionation 

Crude cellular fractionation was performed in HEK and HeLa cells, most often in 

cell lines lacking endogenous IP3Rs (HEK-3KO or HeLa-3KO). To obtain crude 

membrane and cytosol fractions, cells were seeded into 6-well dishes and transfected as 

described in section 2.2.3. (typically transfected in duplicate and combined after harvesting 

cells), and the following day, were harvested with ice-cold basal homogenization buffer 

(10 mM Tris-base, 1 mM EDTA, pH 7.4), incubated on ice for 5 min and homogenized 

with 20 pulses of a Thermo Fisher Sonic Dismembrator 100. Homogenates were 

centrifuged at 20,000xg for 60 min at 4°C, supernatants were collected and pellets were 

resuspended in an equal volume of homogenization buffer. All samples were resuspended 

in gel-loading buffer, boiled for 5 min and subjected to SDS-PAGE as described in section 

2.2.6.1. 

2.2.6. SDS-PAGE 

2.2.6.1. SDS-PAGE with immunoblotting 

Samples were loaded onto either homemade or Mini-protean TGX gels and 

electrophoresed for 30-45 min at 500 mA and 250 V (constant volts) in Gel Running Buffer 

(25 mM Tris-base, 250 mM glycine, 1% SDS, pH 7.4) and then transferred to nitrocellulose 

membranes at 25 V, 0.7 A (constant A) for 1 h in blotting buffer (20% methanol, 48 mM 

Tris-base, 39 mM glycine, 1.3 mM SDS). Following transfer, nitrocellulose membranes 

were incubated in TBS-T (20 mM Tris-base, 137 mM NaCl, 0.2% Tween-20, pH 7.5) 

containing 5% nonfat milk for ~30 min, then washed 3 times in TBS-T (5 min each) before 
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being incubated with the desired primary antibodies (diluted in TBS-T containing 4% BSA, 

0.1% NaN3) for 16-24 h at 4°C. After incubation, primary antibodies were removed and 

membranes were washed 3 times in TBS-T before incubation in secondary antibodies 

(diluted in TBS-T containing 5% nonfat milk, typically 1:2000) for 45 m at ambient 

temperature. Secondary antibodies were discarded after incubation, and membranes were 

washed 3 times in TBS-T. Immunoblots were developed by incubation with 

chemiluminescent substrates for 5 min. Immunoblots were imaged using the ChemiDoc 

and Image Lab software Chemiluminescence setting. 

When performing blots with BioID samples (see section 2.2.4.2), TBS-T containing 

3% BSA was used in lieu of nonfat milk. This was done to reduce non-specific binding of 

streptavidin reagents (including purified streptavidin and streptavidin-HRP) to biotin 

contained within the milk, and to reduce background signal during image acquisition. 

2.2.6.2. Coomassie blue staining 

Samples were typically loaded onto homemade gels and subject to SDS-PAGE as 

described in section 2.2.6.1. Gels were stained by microwave-assisted protein staining: 

first, gels were transferred into a tray and microwaved in ddH2O for 45 s to remove excess 

SDS, which can interfere with staining. Water was discarded, and gels were microwaved 

in Coomassie staining sample (for 1L solution: 10% ethanol, 3 mL HCl, 0.1 g Coomassie 

Blue G-250) twice for 45 s, or until bands appeared on gel, and were de-stained by 

microwaving in ddH2O twice for 45 s. Gels were imaged using the ChemiDoc and Image 

Lab software Coomassie Blue setting.  
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2.2.6.3. SDS-PAGE for mass spectroscopy analysis 

SDS-PAGE was typically performed to remove all buffers and detergents when 

sending samples for MS analysis, in the setting of streptavidin pull-down of biotinylated 

proteins as described in section 2.2.4.2. When preparing samples for MS analysis, care was 

taken to reduce possible sources of keratin contamination, including the use of “keratin-

free” GLB, located in separately identified box, and a separate bottle of “keratin-free” gel 

running buffer. (These weren’t different recipes from those already described, but due to 

lower use, were less likely to have keratin contamination). Samples were loaded onto a 

pre-cast gel, with individual samples separated by at least 3 rows of 1X GLB. Samples 

were run approximately 2 cm into the gel, the entire lane excised using a sterile scalpel, 

and placed in keratin-free Eppendorf tubes before being brought down to the Upstate 

Proteomics Core. See sections 2.2.13.2-2.2.13.4. for general overview of sample 

preparation and analysis after gel excision. 

2.2.7. Gene editing 

2.2.7.1. Generation of gRNA constructs for use with CRISPR/Cas9-mediated 

gene editing 

Design of gRNA constructs was performed using Benchling online program and 

the self-design pCas-Guide-EF1a-GFP vector was ordered through OriGene. Sequences 

designed in this lab and used in experimentation are listed in Table 5. 
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Table 5. List of oligonucleotides designed to generate gRNA targeting molecules for 
use in CRISPR/Cas9-mediated gene-editing. 

Gene 
target Exon Species Sequence Off Target 

Score* 
On Target 

Score* 

Bok 2 H. sapiens GTCTGTGGGCGAGCGGTCAA § 94.1 45.5 

Bok 2 H. sapiens AAAGGCGTCCATGATCTCGG 93.3 74.8 

Bok 4 H. sapiens GCCCCGCGGCCACCGCATAC § 92.3 37 

All sequences are listed in the 5' -> 3' orientation.  

* Scores are used as a measure of specificity of the gRNA sequence for the gene target. A higher score 
(closer to 100) is more desirable. 

§ Designed by Caden Bonzerato 

 
2.2.7.2. Generation of KO lines with CRISPR/Cas9 

Cells were seeded into 10 cm dishes for each gRNA construct plus one control dish 

at 2 x 106 cells/dish. The next day, cells were transfected by Lipofectamine as described in 

section 2.2.3.2., and medium was changed 24 h later to remove transfection reagents. 24 h 

after medium change (48 h after transfection), cells were removed from dishes by 

trypsinization and recovered in culture medium similarly to normal cell passage, and a cell 

count was taken with an automated cell counter while the suspension was centrifuged to 

pellet cells. The pellet was re-suspended in sterile PBS at a concentration of 3 x 107 cells/ 

mL in PBS containing 1% FBS, making sure to thoroughly pipette to avoid cell clumps 

(which could clog the cell sorter). Cells were put into plastic test tubes, covered with 

parafilm and brought to the Upstate FACS Core facility. Cells were sorted for GFP-positive 

cells (using non-transfected cells as a negative control) and seeded at 1 cell/ well in 96-

well dishes (typically (3) 96-well dishes were used per condition). Cells were grown until 

wells containing single colonies were sub-cultured (25%/75% split) into two wells of a 24-

well dish. Once the cells in the 75% plate reached 80-100% confluency, clones were lysed 

as described in section 2.2.4.1. (typical lysis volume 35 µL) and subject to SDS-PAGE and 
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immunoblotting as described in section 2.2.6.1. with the exception that protein 

concentration was not measured. Any successful KO clones and some controls were sub-

cultured into 6-well dishes, and repeated another screening process by lysis and SDS-

PAGE, on the second round running a Bradford assay on the lysates. 5-6 clones were kept 

for each exon when possible, as well as 2 “control” clones, which were subject to screening 

but still expressed the gene of interest. 

2.2.7.3. Generation of lentiviral particles for use with shRNA transient knock-

down  

Lentiviral particles were used to infect cells with shRNA for transient knock-down 

(KD). The virus was made in HEK 293T cells, whereby the viral particles were harvested 

in the cell culture medium. This section describes the generation of the lentiviral particles, 

and the next section, 2.2.7.4., describes how cells were infected to induce KD. HEK 293T 

cells were seeded into one 15 cm dish for each individual shRNA construct. When cells 

were ~70% confluent, transfection was carried out with PEI essentially as described in 

section 2.2.3.1, but scaled up for the larger number of cells. Specifically, 10.5 μg pRSV-

REV, 10.5 μg pMDL/pRRE, 10.5 μg pCMV-VSVG and 21 μg of either the control or Bok 

shRNA plasmid was incubated with 210 μL PEI in 2.8 mL serum-free medium (quadruple 

transfection).  Medium was changed 24 h later, then virus-containing supernatants were 

collected 48 and 72 h later, combined, filtered through a 0.45 μm filter (Corning), and 

stored at -80°C until used to transduce WT cells. (Typically, the viral medium was used 

within 6 months to ensure potency). shRNA sequences used for Bok knock-down (KD) are 

listed in Table 6. 
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Table 6. List of oligonucleotides designed to generate shRNA targeting the gene of 
interest for knock-down. 

Gene 
target 

target 
location 

Constru
ct name Species Sequence 

Mean 
predicted 

knock-down 

Bok 3' UTR Bok 
shRNA 1 M. musculus 

CCGGAGCTTCTTGCTTAGG
CTATTTCTCGAGAAATAGCC
TAAGCAAGAAGCTTTTTTG 

0.94 

Bok 
middle 
of Bok 
mRNA 

Bok 
shRNA 2 M. musculus 

CCGGGCAAGGTAGTGTCCC
TGTATTCTCGAGAATACAGG
GACACTACCTTGCTTTTTG 

0.82 

Bok 
middle 
of Bok 
mRNA 

Bok 
shRNA 3 M. musculus 

CCGGCCACATCTTCTCAGC
AGGTATCTCGAGATACCTG
CTGAGAAGATGTGGTTTTT 

0.79 

Bok 
3' end of 

Bok 
mRNA 

Bok 
shRNA 4 M. musculus 

CCGGGCATTCTTCCTGTTG
TTGCCACTCGAGTGGCAAC
AACAGGAAGAATGCTTTTT  

0.79 

Bok 
5' end of 

Bok 
mRNA 

Bok 
shRNA 5 M. musculus 

CCGGTCTTTGCAGCGGAGA
TCATGGCTCGAGCCATGAT
CTCCGCTGCAAAGATTTTTG 

0.79 

All sequences are listed in the 5' -> 3' orientation.  
 

2.2.7.4. Lentiviral-mediated transient knock-down 

MEFs were used for Bok KD studies. Cells were seeded at 1.5 x 105 cells/well in a 

6-well dish, and the following day medium was replaced with transducing medium (1.5 

mL virus-containing medium, 0.5 mL DMEM with 20% FBS, 20 μL HEPES (1M), and 9 

μg/mL polybrene), which was added slowly to the side of each well. 24 hours later, medium 

was replaced with regular culture medium supplemented with 2 μg/mL puromycin and cell 

selection continued for 72 hours. Cells were either harvested directly for SDS-PAGE, as 

described in section 2.2.6.1, or plated onto coverslip dishes for confocal microscopy, as 

described in section 2.2.3.1. 

2.2.8. Calcium measurements 

For all Ca2+ measurement assays, HEK (2.5 x 104/ well), MEF (4 x 104/ well), or 

HeLa (5 x 104/ well) cells were plated onto 96-well plates (black, clear bottom) with or 

without poly-D-lysine. Assays were performed approximately 20 h after seeding cells. If 
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protein expression was measured in parallel with an assay, cells were also seeded into 

standard 6-well plates, and subject to lysis and SDS-PAGE (see sections 2.2.4.1 and 

2.2.6.1) on the same day as the assay. All assays were performed using a FlexStation 3 

plate reader controlled with SoftMax Pro software. Treatment solutions were added to 

individual wells using the automated injection function of the instrument at time points 

indicated, typically ~17 s. Data are typically presented as the fold change F525 relative to 

baseline measurements (for Cal6-based assays).  

2.2.8.1. Cal6 GPCR Stimulation assay 

GPCR stimulation assays were performed in HeLa and HEK cells. On the day of 

the experiment, medium was removed from all wells and replaced with a 1:1 mixture of 

Phenol Red Free DMEM and the FLIPR Cal6 Component A re-suspended in Component 

B (Hank’s Balanced Salt Solution containing 20mM HEPES, pH 7.4). Cells were incubated 

in this solution for 2 h in 5% CO2 at 37°C. Drugs were prepared in the same solution that 

cells were incubated in. Treatments for GPCR stimulation assays, based on cell type, were 

as follows: HEK- trypsin (0.05 – 5 µM), carbachol (0.1 – 100 µM), ATP (10 – 100 µM); 

HeLa- trypsin (0.05 nM – 5 µM), histamine (1 – 100 µM), ATP (1 – 100 µM). All cell 

types could be treated with 5 µM ionomycin as a control. 

2.2.8.2. Modified Cal6 assay 

A modified Cal6 assay may be performed when comparing different extracellular 

Ca2+ environments, such as 0.02 mM versus 1 mM [Ca2+]. Instead of incubating with 

DMEM/Cal6 Buffer, the entire solution is made up of standard extracellular solution (SES, 

140 mM NaCl, 4 mM KCl, 2 mM MgCl2, 1 mM KH2PO4, 10 mM HEPES, 10 mM D-

glucose, 1 mM CaCl2, pH 7.2), and adjusting the [Ca2+] by addition of CaCl2-2H2O (or 
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working with stock solutions of 1 mM/Ca2+-free SES). Drugs were prepared in the same 

SES solution that cells were incubated in. 

2.2.9. Bacterial expression and purification of proteins 

2.2.9.1. Transformation and expression of protein 

pET SUMO plasmids were transformed into BL21-CodonPlus (DE3)-RIPL E. coli 

cells shortly before use via heat shock according to manufacturer’s instructions and plated 

on LB + kan/chlor (50 and 34 µg/ mL) agar plates. ~5 colonies were picked from the plate 

(by scraping a sterile pipette tip across the plate; it is important to note that these cell 

colonies are much bigger than typical DNA prep colonies), and grown at 37°C in LB+ 

kan/chlor (50 and 34 µg/ mL). Growth of colonies was performed in a stepwise manner 

from small growth to large growth, while keeping the OD600 below 0.8 to prevent induction 

of protein expression. For example, 5 colonies would be scraped from an agar plate and 

grown in 5 mL during the day, and then 50 µL of the solution could be added to a 50 mL 

solution of LB + 1% glucose + kan/chlor to grow overnight, and then 6 mL could be added 

to 600 mL LB + kan/chlor. Upon reaching OD600, the sample was cooled to 16°C (to 

prevent non-specific translation). Before induction with IPTG, 100 µL was taken from all 

individual flasks as “pre-induction” sample, then protein expression was induced with 

IPTG for 4-24 h at 16°C. 100 µL was taken from all individual flasks as “post-induction” 

sample, both samples were mixed with 4X GLB, incubated briefly at 37°C and protein 

expression was confirmed by Coomassie Blue staining as described in section 2.2.6.2.  

2.2.9.2. Protein purification 

Pelleted bacteria were re-suspended in a phosphate buffer (300 mM NaCl, 50 mM 

Na2HPO4/NaH2PO4, 20 mM Imidazole, 1 mM benzamidine, 5 mM beta-mercaptoethanol, 
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100 mM Arginine-HCl, 100 mM glutamine, 5% glycerol). A protease inhibitor tablet, 

lysozyme and DNAse were added to the solution and then sonicated for 5 min (2s on, 4s 

off), and lysates were clarified by centrifugation at 27,000xg for 30 min at 4°C. The crude 

solution was loaded onto a column containing Ni-NTA beads, equilibrated ~20 min at 4°C, 

and flow-through collected. The column was washed thrice with ice-cold phosphate buffer, 

then 5 elution fractions were collected using the same phosphate buffer enriched with 

imidazole (400 mM). Protein purification was confirmed by taking 100 µL of each fraction 

and mixing with 4X GLB and performing Coomassie Blue staining as described in section 

2.2.6.2. 

2.2.10. Fluorescence Polarization 

Due to the light-sensitive nature of the FITC peptides, experiments were performed 

in near-darkness, and samples were protected by aluminum foil when necessary. FP 

experiments were carried out in PBS (pH 7.4) supplemented with 0.1% BSA. An increasing 

amount of purified protein (~0-1 µM final concentration) was added to solutions containing 

FITC-conjugated peptides, solutions were mixed for a total volume of 500 µL, then 200 

µL was added into duplicate wells. Measurements were taken shortly after mixing using a 

Flex Station 3, with excitation at 485 nm and emission at 525 nm. Kd values were 

determined using GraphPad Prism software after subtraction of non-specific signal 

(nonlinear regression, Binding-Saturation, one site – specific binding). 

2.2.11. Live cell confocal microscopy 

2.2.11.1. Image acquisition and analysis 

Cells were seeded onto 35mm glass bottom dishes and the next day were transfected 

with PEI as described in section 2.2.3.1. with a plasmid encoding DsRed2-Mito. 1-3 d later, 
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medium was replaced with Phenol Red-free DMEM supplemented with 10% FBS and cells 

were imaged with a Nikon C2 microscope (Ti-microscope) equipped with a 60 × Plan Apo 

VC oil-immersion objective lens, using 543.5 nm excitation/585 nm emission. All 

microscopy was done at 37°C with 5% CO2.  

2.2.11.2. Image analysis 

All images were subjected to 1 iteration of blind deconvolution and mitochondrial 

particle quantification was done using NIS-Elements software. Area cutoff for particles 

was set to 0.2 µm. Data was exported into Microsoft Excel and analyzed using Excel and 

GraphPad Prism software. At least two separate cell lines were used for all cell types to 

ensure accuracy and reproducibility of results.  

2.2.12. Measurement of Oxygen Consumption Rate 

Oxygen consumption rate (OCR) was determine using the Seahorse XF Mito Stress 

Test kit, and MEFs were used in analysis. Cells were seeded into assay plates at 4 x 105 

cells/ well and incubated at 37°C in 5% CO2 overnight. The XFe96 sensor cartridge was 

hydrated with 250 μL Seahorse XF Calibrant and incubated overnight at 37°C in a CO2-

free incubator. 24 h later, MEFs were washed two times with prepared assay medium 

(unbuffered XF medium supplemented with 10 mM D-glucose, 2 mM L-glutamine, 1 mM 

pyruvate, pH 7.4). (pH was adjusted with 0.1 N NaOH dropwise). After washes, 180 μL 

prepared assay medium was added to wells and the cell plate was incubated in a CO2-free 

incubator at 37°C for 45-60 min, while stock compounds were made and loaded onto the 

sensor cartridge. Stock compounds provided with the kit were resuspended in the prepared 

assay medium (oligomycin 100 μM, FCCP 100 μM, rotenone/antimycin A 50 μM). The 

compounds were loaded into the appropriate ports of the hydrated sensor cartridge 
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(oligomycin 20 μL into Port A, FCCP 22 μL into Port B, rotenone/antimycin A 25 μL into 

Port C). The calibration plate with loaded sensor cartridge was placed onto the instrument 

tray of the Seahorse XFe96 Extracellular Flux Analyzer for calibration, (approximately 40 

min). The calibration plate was replaced with the cell culture plate and the assay was run, 

which takes ~80 min. The assay collected triplicate measurements of baseline, followed by 

triplicate measurements after the addition of each drug (final concentration 1 μM 

oligomycin, 1 μM FCCP and 0.5 μM rotenone/antimycin A, respectively). 

After Seahorse analysis, a cell normalization assay was performed with CyQUANT 

direct cell proliferation assay kit according to manufacturer’s instructions. 147 μL medium 

was removed from each well and 100 μL 2X detection reagent was added to make the final 

ratio of medium to CyQUANT solution 1:1. The plate was incubated in a CO2-free 

incubator at 37°C for 60 min and fluorescence was measured with a Synergy H1 microplate 

reader and Gen 5 software (BioTek) using 485 nm excitation/ 528 nm emission. OCR 

measurements were normalized to the relative cell densities. 

2.2.13. Proximity-dependent biotin identification (Sections 2.2.13.2-2.2.13.4. were kindly 

provided by Dr. Ebbing de Jong.) 

2.2.13.1. Overview of proximity-dependent biotin identification timeline 

The timeline for proximity-dependent biotin identification experiments is slightly 

flexible depending on when cells are seeded/ cell density; if “Day 1” is the day of 

transfection, samples will be ready to be brought to the Proteomics core on “Day 3”. Cells 

should form a dense monolayer during the biotinylation process, so should be near-

confluent on the day of transfection. Transfection procedures are found in section 2.2.3., 

lysis and streptavidin pull-downs in section 2.2.4.2., and sample processing, which was 
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performed in the Upstate Proteomics Core, is explained in sections 2.2.13.2-2.2.13.4. Any 

data manipulation, refinement, and analysis are explained in sections 2.2.13.5. 

2.2.13.2. Sample processing for mass spectrometry 

Excised gel lanes were subjected to in-gel trypsin digestion190. Briefly, gel pieces 

were washed with 50 mM ammonium bicarbonate in 50% acetonitrile, reduced with DTT, 

alkylated with iodoacetamide, washed again, and impregnated with 75 µL of 5 ng/µL 

trypsin (Trypsin Gold; Promega) solution overnight at 37°C.  Peptides were extracted using 

solutions of 50% and 80% acetonitrile with 0.5% formic acid, and the recovered solution 

dried down in a vacuum concentrator. 

Dried peptides were dissolved in 60 µL of 0.1% trifluoroacetic acid, and desalted 

using 2-core MCX stage tips (3M)191. The stage tips were activated with acetonitrile 

followed by 3% acetonitrile with 0.1% trifluoroacetic acid.  Next, samples were applied, 

followed by two washes with 3% acetonitrile with 0.1% trifluoroacetic acid, and one wash 

with 65% acetonitrile with 0.1% trifluoroacetic acid.  Peptides were eluted with 75 µL of 

65% acetonitrile with 5% NH4OH, and dried. 

2.2.13.3. LC-MS methods 

Samples were dissolved in 25 µL of water containing 2% acetonitrile and 0.5% 

formic acid. 2 µL of this solution was injected onto a pulled tip nano-LC column with 75 

µm inner diameter packed to 25 cm with 3 µm C18AQ particles, pore size 120 Å (Dr. 

Maisch).  The peptides were separated using a gradient from 3 – 28% acetonitrile over 60 

min, followed by a 7 min ramp to 85% acetonitrile.  The column was connected in line 

with an Orbitrap Lumos via a nanoelectrospray source operating at 2.2 kV.  The mass 

spectrometer was operated in data-dependent top speed mode with a cycle time of 2.5s.  
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MS1 scans were collected at 6 x 104 resolution with AGC target of 6.0 x 105 and maximum 

injection time of 50 ms.  HCD fragmentation was used followed by MS2 scans in the 

Orbitrap at 1.5 x 104 resolution with AGC target of 1.0 x 104 and 100 ms maximum 

injection time. 

2.2.13.4. LC-MS Database searching 

MS data were searched using SequestHT in Proteome Discoverer (version 2.4, 

Thermo Scientific) against the human proteome from Uniprot, containing 70709 

sequences, concatenated with common laboratory contaminant proteins.  Enzyme 

specificity for trypsin was set to semi-tryptic with up to 4 missed cleavages.  Precursor and 

product ion mass tolerances were 10 ppm and 0.6 Da, respectively.  Cysteine 

carbamidomethylation was set as a fixed modification.  Methionine oxidation and lysine 

biotinylation were set as a variable modification.  The output was filtered using the 

Percolator algorithm with strict FDR set to 0.01. 

2.2.13.5. Refinement and analysis of MS results  

A Microsoft Excel file was received for each independent sample sent for MS 

analysis. The MS data for each TurboID fusion protein underwent two stages of refinement. 

In the first stage, for each experiment (i) proteins were excluded from further analysis if 

the q value > 0.01, (ii) keratin proteins were excluded, and (iii) proteins were included only 

if they were unique or if abundance was 5x increased in TurboID samples versus control 

samples (abundance = peptide spectrum match number divided by the total number of 

amino acids in the parent protein). In the second stage, lists of included proteins from a 

number (n) of independent experiments were compared, and proteins were considered to 

be "strongly labeled" if they were present in multiple (e.g. at least 6/7) lists.  
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Protein characterization, including sub-cellular localization and general protein 

function, was assessed using UniProt192 and GeneCards193. Localization categories were 

nucleus, ER, mitochondria, Golgi, endosome/lysosome/peroxisome, cytoskeleton, cytosol, 

and PM, with some proteins assigned multiple (up to 3) localizations. Protein lists from 

different TurboID constructs were compared to each other using Venny 2.1 (Fig. 2A, 3B, 

Supp. Fig. 4, available at https://bioinfogp.cnb.csic.es/tools/venny/). 

2.2.14. Statistical Analysis 

Numerical data was analyzed using GraphPad Prism software. Numerical data are 

presented as mean + S.E.M. from n≥3 independent experiments. T-tests were used to 

examine the statistical significance. P-values < 0.05 were considered statistically 

significant. 

 

https://bioinfogp.cnb.csic.es/tools/venny/
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3.1. Preface 

 

A condensed form of this chapter has been accepted for publication75. A more 

extensive manuscript is provided for a thorough analysis and clarity on the subject 

matter, and the published manuscript is located in Appendix A. 

 

Laura M. Szczesniak, Caden G. Bonzerato*, Jacqualyn J. Schulman*, Alaji Bah* and 

Richard J. H. Wojcikiewicz*. Bok binds to a largely disordered loop in the coupling 

domain of type 1 inositol 1,4,5-trisphosphate receptor, Biochem Biophys Res Commun 553, 

180-186. https://doi.org/10.1016/j.bbrc.2021.03.047 

  

*The following individuals contributed to the data presented in this chapter: C.B. 

(assistance with experimental design and implementation), J.S. (early experimentation that 

guided Fig. 1B and 6A-C), A.B. (general supervision, guidance with Fig. 1C, generated 

data for Fig. 1D-H, 3G-J, 5, and Supporting Figure 1,), and R.W. (principal investigator 

and significant editorial input). All authors have reviewed and provided feedback. 

 

I would also like to acknowledge Drs. Kamil Alzayady and David Yule, University of 

Rochester, for providing HEK-3KO cells, Dr. Thomas Kaufmann, University of Bern, 

Switzerland, for providing anti-Bok and the cDNA for mouse BokWT, Dr. Andras Perl for 

providing anti-TAL, Dr. Stewart Loh and Xiaokong Gao for help with in vitro experiments, 

Fanghui Hua for providing HS-HA, and Katherine Keller for technical assistance. 
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3.2. Abstract 

Bcl-2-related ovarian killer (Bok) binds tightly to inositol 1,4,5-trisphosphate 

receptors (IP3Rs) such that essentially all cellular Bok is IP3R-bound. To better understand 

this interaction, we sought to elucidate the Bok binding determinants in IP3R1, focusing on 

the ~ 75 amino acid loop (residues 1882-1957) between α helices 72 and 73. Bioinformatic 

analysis revealed that the majority of this loop is intrinsically disordered, with two flanking 

regions of high disorder next to a low disorder central region (~residues 1914-1926) that is 

predicted to contain two fused, disjointed transient helical elements. Experiments with 

IP3R1 mutants, combined with computational analysis, indicated that small amino acid 

deletions in this central region block Bok binding due to perturbation of the helical 

elements. However, these deletions did not alter IP3R1-dependent calcium mobilization, 

indicating that Bok binding does not regulate calcium channel function. Studies in vitro 

with purified Bok and IP3R1-derived peptides revealed high affinity binding to amino acids 

1898-1940 of IP3R1 (Kd ~65nM) and that binding affinity is also dependent upon both of 

the high disorder flanking regions. The strength of the Bok-IP3R1 interaction was 

demonstrated by the ability of IP3R1 or Bok to recruit transmembrane domain-free Bok or 

IP3R1 mutants, respectively, to membranes in intact cells, and that these two mutants can 

bind in the cytosol independently of membrane association. Overall, we show that Bok 

binding to IP3R1 occurs within a largely disordered loop between α helices 72 and 73, and 

that high affinity binding is mediated by multivalent interactions comprising helical and 

dynamic determinants.  
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3.3. Introduction 

Bcl-2-related ovarian killer (Bok) is a poorly-characterized protein in the Bcl-2 

family77, 78 that was originally discovered through a yeast 2-hybrid screen with Mcl-1 as 

bait and was initially shown to induce apoptosis when overexpressed66. Several studies in 

more recent years, using a variety of approaches, have found evidence that Bok can play 

pro-72, 73, 84, 194, anti-72, 91, or non-apoptotic67, 72, 76, 91, 92 roles within the cell. Bok contains 

approximately 213 amino acids66, 77, 78 and is anchored to membranes by its C-terminal 

transmembrane (TM) domain72. 

Despite the confusion that surrounds the role of Bok, one certainty is its interaction 

with inositol 1,4,5-trisphosphate receptors (IP3Rs)68, 74, which are tetrameric calcium (Ca2+) 

channels found in the endoplasmic reticulum (ER) membrane of mammalian cells that are 

activated by IP3 and Ca2+7-9. There are three IP3R isoforms, IP3R1, IP3R2 and IP3R37-9. The 

most prominent path of IP3R activation is through G-protein coupled receptor (GPCR)-

mediated activation of phospholipase C, which leads to rapid generation of IP3
7-9, 195. The 

nature of Bok binding to IP3Rs is unique74 compared to other Bcl-2 family proteins113, 196 

as it appears that essentially all cellular Bok is constitutively bound to IP3Rs74. This 

contrasts with other Bcl-2 family proteins, such as Bcl-xL and Bcl-2, that associate with 

IP3Rs only weakly196. Further, in the absence of IP3Rs, Bok is rapidly degraded by the 

proteasome68. Previous studies have demonstrated that Bok binds to both IP3R1 and IP3R2, 

but not IP3R3, via its helical BH4 domain, and that point mutations that distort the BH4 

helix (e.g. L34 to G), completely abrogate binding74. Thus far, information on the location 

of the Bok binding site on IP3Rs has only come from IP3R1 truncation mutations74, and 
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suggests that Bok binds within the coupling domain of IP3R174, and more specifically to a 

loop between α helices 72 and 73 (α72-73 loop)16. 

Here, using mutagenesis of full-length IP3R1, in vitro studies with purified proteins and 

computational analysis, we show that the Bok binding determinants in IP3R1 are 

exclusively located in the α72-73 loop, the majority of which is intrinsically disordered, 

that IP3R1s with very small deletions, e.g. IP3R1-HAΔ1917, do not bind Bok, and that high 

affinity binding is mediated by multiple determinants within the α72-73 loop. 

3.4. Experimental Procedures 

Mutagenesis 

A vector encoding IP3R1 from mus musculus tagged at the C-terminus with an HA 

epitope (IP3R1-HA)38 was the origin of IP3R1 mutants. All IP3R1 mutants were created by 

inverse PCR with insertion of either a NheI or XhoI restriction enzyme site, which 

facilitated screening for correctly mutated plasmids. IP3R1-HA∆TM contains amino acids 1-

2264 of IP3R1. A vector encoding Bok from mus musculus tagged at the N-terminus with 

a 3xFlag epitope (3F-Bok)74 was used to create 3F-Bok∆TM, which contains amino acids 1-

187 of Bok, was created by inverse PCR with insertion of a BamHI cut site. Primer 

sequences are available upon request. The authenticity of all cDNAs was confirmed by 

DNA sequencing (Genewiz).  

Analysis of Bok/IP3Rs and cellular fractionation 

 HEK-3KO cells were seeded in 6-well plates (Corning, 9.6cm2/well) at 6-

8x105/well, transfected ~24 h later with 1-2 µg cDNAs and 6µL of 1mg/mL PEI, and ~16h 

later were harvested. To prepare cell lysates for SDS-PAGE or for IP, cells were harvested 

with ice-cold lysis buffer (150 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA, 1% CHAPS, or 
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1% Triton X-100, 10 µM pepstatin, 0.2 mM phenylmethylsulfonyl fluoride, 1 mM DTT, 

and 0.2 µM soybean trypsin inhibitor, pH 8.0). CHAPS was used for all experiments 

involving IP. Lysates were incubated on ice for 30 min and clarified by centrifugation at 

16,000xg for 10 min at 4°C. To IP specific proteins, clarified lysates were incubated with 

antisera and protein A-Sepharose CL-4B for ~16 h at 4°C, and IPs were washed thoroughly 

with lysis buffer. To obtain crude membrane and cytosol fractions, cells were harvested 

with ice-cold basal homogenization buffer (10 mM Tris-base, 1 mM EDTA, pH 7.4), 

incubated on ice for 5 min and homogenized with 20 pulses of a Fisher Scientific Sonic 

Dismembrator 100. Homogenates were centrifuged at 20,000xg for 60 min at 4°C, 

supernatants were collected and pellets were resuspended in an equal volume of 

homogenization buffer. All samples were resuspended in gel-loading buffer, incubated at 

37°C for 30 min or boiled for 5 min, subjected to SDS-PAGE, and proteins were transferred 

to nitrocellulose for probing as described68. Immunoreactivity was detected using Pierce 

ECL reagents and a Chemidoc (Bio-Rad). Mass markers (in kDa) are indicated on the right 

side of all immunoblots. 

Protein disorder and helical prediction  

IP3R1 from mus musculus (GI accession P11881) was used in all analysis software. 

Disorder prediction was carried out using the IUPred2A database181, 197 (IUPred2 long 

analysis, context-dependent ANCHOR2 analysis, available at https://iupred2a.elte.hu/). 

Helical propensity analysis was carried out using Agadir175 (default settings, available at 

http://agadir.crg.es/). In mutant IP3R1 sequences, missing amino acid residues were 

assigned a value of 0 to allow for alignment with WT sequences. Net charge per residue 

https://iupred2a.elte.hu/
http://agadir.crg.es/
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analysis was carried out using CIDER (default settings, available at 

http://pappulab.wustl.edu/CIDER/).  

Ca2+ mobilization assay 

 HEK-3KO cells were seeded in 6-well plates and transfected with IP3R1-HA 

constructs as already described, then ~24h later were re-seeded into 96-well plates 

(0.34cm2/well) coated with poly-D lysine (Greiner) at 2.5x104/well, or re-seeded in 6-well 

plates for measurement of protein expression. The following day, the Cal6-based FLIPR 

Calcium Assay (Molecular Devices) was used according to manufacturer’s instructions 

with a Flex Station 3 (Molecular Devices). Traces shown in Figure 2A and 2B are the 

average of triplicate wells for an individual representative experiment, and the curves in 

Figure 2C include all experiments performed (n=5). EC50 values were determined using 

GraphPad Prism software (nonlinear regression, Dose-response, [Agonist] vs. response). 

Statistical analysis was performed using Student’s t-test. Expression of each construct was 

determined by cell lysis and SDS-PAGE in parallel with the Ca2+ mobilization assay. 

Protein purification, fluorescence polarization, and in vitro assays 

FITC-conjugated peptides were purchased from GenScript, and Bok/IP3R1 DNA 

sequences (mus musculus) were designed and ordered through GenScript using the codon 

optimization tool (available at genescript.com). Sequences were subcloned from the 

pUC57 cloning vector into a pET SUMO vector (Invitrogen), which contains a His-sumo 

(HS) tag, using Gibson assembly (primers available upon request). Proteins were expressed 

in BL21-CodonPlus (DE3)-RIPL E. coli cells (Agilent Technologies) in Luria broth 

containing kanamycin and chloramphenicol, and cultured at 37°C until OD600~0.6. Protein 

expression was induced with 1 mM IPTG for ~18h at 16ºC. After confirmation of 

http://pappulab.wustl.edu/CIDER/
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expression by Coomassie staining, cells were re-suspended in a phosphate buffer (300 mM 

NaCl, 50 mM Na2HPO4/NaH2PO4, 20 mM imidazole, 1 mM benzamidine, 5 mM beta-

mercaptoethanol, 100 mM arginine-HCl, 100 mM glutamine, 5% glycerol) supplemented 

with lysozyme and a protease inhibitor tablet, then sonicated for 5 minutes (2s on, 4s off), 

and lysates clarified by centrifugation at 27,000xg for 30 min at 4°C. HS-tagged proteins 

were purified at 4°C using a nickel-nitriloacetic acid (Ni-NTA) column (GoldBio), and 

eluted using the same phosphate buffer enriched with imidazole (400 mM). Purification 

was confirmed using SDS-PAGE and Coomassie staining. Fluorescence polarization 

experiments were carried out198 in PBS (pH 7.4) supplemented with 0.01% BSA. 

Measurements were taken using a Flex Station 3, with excitation at 485 nm and emission 

at 525 nm. Traces shown are the average of duplicate values for an individual 

representative experiment. Kd values were determined from 3 independent experiments 

using GraphPad Prism software after subtraction of non-specific signal (nonlinear 

regression, Binding-Saturation, one site – specific binding). IP experiments were 

performed on proteins incubated for ~16 h at 4°C in a PBS/0.01% BSA solution. 

3.5. Results 

3.5.1. Determinants of Bok-IP3R1 binding 

Previous studies with IP3R1 N-terminal truncation mutants have suggested that the 

Bok binding site on IP3R1 lies within the α72-73 loop74, which contains well-characterized 

sites for caspase-3 and chymotrypsin cleavage7-9, as well as many of the sites at which 

IP3R1 is ubiquitinated in stimulated cells (Fig. 1A)46, 199, 200. Although these truncation 

mutants74 have provided preliminary information about the location of the Bok binding 

site, this approach is far from ideal, because the truncated IP3Rs will certainly be 
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structurally compromised and will have functional deficits. Therefore, we sought to create 

a “full-length” mutant of IP3R1 that does not bind Bok. Several deletions were created in 

HA-tagged IP3R1 within the α72-73 loop (Fig. 1A) and constructs were assessed for 

interaction with 3xFlag-tagged Bok (3F-BokWT) by immunoprecipitation (IP) from HEK 

cells lacking all endogenous IP3Rs10 (HEK-3KO cells, Fig. 1B). IP of IP3R1 (IP3R1-HAWT) 

allowed for efficient co-IP of 3F-BokWT (Fig. 1B, lane 2), while the construct with the 

largest deletion, IP3R1-HAΔ1909-1941, which lacks the central region of the loop, did not co-

IP 3F-BokWT (lane 3). Remarkably, constructs with much smaller deletions, IP3R1-

HAΔ1916-1917, IP3R1-HAΔ1917 and IP3R1-HAΔ1920-1921 (lanes 4-6), all also failed to co-IP 3F-

BokWT, demonstrating that the integrity of this region, rather than a discrete amino acid 

sequence, is important for IP3R1-Bok binding. Interestingly, substitution of amino acids 

1916-1917 with two adjacent glycine residues, which has been shown previously to break 

any potential α helices or structural motifs201, did not inhibit 3F-BokWT co-IP (lane 7).  

Interestingly, the α72-73 loop is part of a small percentage of the IP3R1 sequence 

that could not be resolved by cryo-EM16, 18, suggesting it might be an intrinsically 

disordered region (IDR)202. Thus, we analyzed IP3R1 using the IDR analysis program 

IUPred2A176, 180, 181, 197, yielding IUPred2 and ANCHOR2 scores. These are reported as 

values between 0 and 1, and are shown for the α72-73 loop in Figure 1C. IUPred2 scores 

are derived from a database of known disordered proteins180, 181 and ANCHOR2 scores are 

based upon whether a sequence is embedded in an IDR and the presence of favorable 

interactions with existing protein binding surfaces181. A higher score indicates a higher 

probability of disorder (IUPred2), or higher binding propensity (ANCHOR2).  
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IUPred2A analysis revealed that the majority of the α72-73 loop is intrinsically 

disordered with two regions of high disorder flanking a low disorder central region 

(~residues 1914-1926). This “dip” in IUPred2 score and corresponding “peak” in 

ANCHOR2 score (Fig. 1C) coincides perfectly with the region shown to be critical for Bok 

binding in co-IP experiments (Fig. 1B). Overall, these data indicate that the α72-73 loop is 

largely an IDR, which likely explains its resistance to resolution by cryo-EM16, and that 

the central region of this loop is critical for Bok binding. 

Due to the lack of atomic resolution structural information on the α72-73 loop16, 

we performed secondary structure prediction using Jpred 4172, PSIPRED173, and the 

PredictProtein server174 (Supporting Information, Fig. 1). While the loop is largely 

disordered (Fig. 1C), these programs all demonstrate that there are regions with helical 

propensity, although the three programs did not reach a consensus on the positions of the 

helical motifs. This led us to analyze the α72-73 loop using Agadir, a program that focuses 

on predicting helical propensity of peptides using an algorithm based on the helix/coil 

transition theory175.  

Agadir analysis of the entire α72-73 loop (residues 1882-1957) revealed helical 

content in the central region, and more specifically, what seems to be two discrete, but 

fused α-helical motifs (Fig. 1D). The first motif has low helical propensity (~5%) and spans 

residues E1908-S1919, while the second motif has relatively high helical propensity (~17%) 

and spans residues A1920-A1925. Interestingly, the two helices are non-contiguous, with each 

having its own register. Helical prediction for the IP3R1 mutations that abrogate binding 

reveal that they either stabilize the first helix (Fig. 1E, F) or destabilize the second helix 

(Fig. 1G). Substitution of amino acids 1916 and 1917 with glycine, which did not block  
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Figure 1. Bok binding site in IP3R1 lies within the loop between α helices 72 and 73. A, sequence of the 
mouse IP3R1 α72-73 loop, corresponding to amino acids 1882-1957. Also shown are the positions at which 
caspase-3 and chymotrypsin cleave IP3R1 (arrows)7-9, lysine residues known to be ubiquitinated 
(arrowheads)46, 199, 200, and IP3R1-HA deletion mutants generated for Bok binding studies (green lines). B, 
Anti-HA IP and input cell lysates from IP3R1-HA and 3F-Bok co-transfected HEK-3KO cells probed in 
immunoblots for the proteins indicated; p97 serves as a loading control for the input lysates. 3F-Bok 
expresses as multiple anti-Bok immunoreactive species (27, 23, and 21 kDa) due to alternative translation 
initiation68. C, IUPred2 (disorder) and ANCHOR2 (interaction) prediction scores for IP3R1, aligned with the 
sequence in A. D-H, Agadir helical prediction for α72-73 loop in IP3R1WT and mutants. 
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Bok binding, resulted in a significant destabilization of the first helix (Fig. 1H). 

Taken together, these results demonstrate that Bok binding is dependent on a relatively low 

and high helical propensity for the first and second motifs, respectively. 

3.5.2. Functionality of IP3R1 mutants 

To demonstrate that the inhibitory effects of mutagenesis on Bok binding were specifically 

due to interference within the ~1920 region of IP3R1, rather than because of a more global 

disruption of IP3R structure, we examined the overall integrity of the Bok-binding deficient 

IP3R1-HA mutants by measuring their ability to mobilize Ca2+. HEK-3KO cells were 

transiently transfected with plasmids expressing IP3R1-HAWT, or the Bok binding-deficient 

mutants IP3R1-HAΔ1909-1941 and IP3R1-HAΔ1916-1917, and Ca2+ mobilization in response to 

the GPCR agonists carbachol and trypsin were recorded in real-time (Fig. 2); IP3R1-

HAΔ1909-1941 is the largest deletion and IP3R1-HAΔ1916-1917 represents one of the smaller 

deletions (Fig. 1A). For all of these constructs, the kinetics of responses to carbachol (Fig. 

2A) and trypsin (Fig. 2B) were essentially identical, as was sensitivity to carbachol, as 

indicated by dose-response curves and corresponding EC50 values (Fig. 2C). Equal 

expression of the IP3R1-HA constructs was demonstrated by immunoblot (Fig. 2D). The 

normal Ca2+-mobilizing behavior of the IP3R1 mutants indicates that their inability to bind 

Bok is not due to unexpected structural alterations outside the ~1920 region. Furthermore, 

the similarity in responsiveness of WT IP3R1 and Bok binding-deficient IP3R1 mutants 

supports previous observations that Bok does not regulate IP3R-mediated Ca2+ signaling76.  
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Figure 2. IP3R1-HA mutants exhibit normal Ca2+ channel function. HEK-3KO cells were transfected with 
the IP3R1-HA constructs indicated and channel activity was assessed by measuring cytosolic Ca2+ 
concentration via Calcium 6 fluorescence. A-B. Temporal responses to the GPCR-agonists carbachol (A) and 
trypsin (B). C, Dose-response curves for carbachol with EC50 values showing that there is no significant 
difference in channel function for IP3R1-HAΔ1909-1941 and IP3R1-HAΔ1916-1917 compared to IP3R1-HAWT 
(p=0.304, 0.860, respectively, n=5). D, Immunoblot showing expression levels of the IP3R1-HA constructs; 
p97 serves as the loading control. 
 

3.5.3. In vitro binding studies using purified Bok and IP3R1 peptides 

To further resolve the Bok binding site in IP3R1, we sought to recapitulate the Bok-

IP3R1 interaction in vitro using bacterially expressed, His-sumo (HS)-tagged proteins; HS-

Bok, corresponding to amino acids 1-187 of Bok, and HS-IP3R1, corresponding to amino 

acids 1882-1957 of IP3R1, with HS-HA serving as a negative control (Fig. 3A). Protein 

purity was examined by Coomassie blue staining (Fig. 3B), which demonstrated major 

bands for HS-Bok and HS-IP3R1 at  

the expected sizes of 36 and 25.5 kDa, respectively, with minor contaminants, likely 

corresponding to N-terminal fragments of HS-Bok and HS-IP3R1 (note that the sequence 

for HS-IP3R1 contains chymotrypsin and caspase-3 cleavage sites, and is likely susceptible 

to proteolysis; Fig. 1A7-9). The interaction of HS-Bok and HS-IP3R1 was shown by an IP 
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experiment using anti-IP3R11884-1903 to IP HS-IP3R1 (Fig. 3C); strong co-IP of the major 

band of HS-Bok was seen at 36 kDa, but not the HS-Bok fragment (lane 6), and no co-IP 

was seen with HS-HA (lane 7), which serves to demonstrate specificity. Minimal non-

specific binding was noted for the three HS-tagged proteins when anti- IP3R11884-1903 was 

absent (lanes 8-10). 

 
Figure 3. Bok and IP3R1-derived peptides associate in vitro. A, Diagram of the HS-tagged constructs 
expressed in bacteria. The arrowheads mark the positions of antibody epitopes used for recognition; residues 
19-32 for HS-Bok, residues 1884-1903 for HS-IP3R1, and the 9 amino acid HA tag for HS-HA. B, Coomassie 
blue-stained gel of purified bacterially-expressed HS-HA, HS-Bok and HS-IP3R1, together with known 
amounts of BSA. Protein fragments (*) were present as minor contaminants in the HS-Bok and HS-IP3R1 
preparations. C, Purified HS-IP3R1, HS-Bok and HS-HA were incubated as indicated, HS-IP3R1 was 
immunoprecipitated with anti-IP3R11884-1903 and immunoprecipitates (lanes 5-7), plus controls (lanes 8-11) 
and inputs (lanes 1-3) were probed in immunoblots for the proteins indicated. D, Diagram of FITC-
conjugated IP3R1-derived peptides. E, FP experiment using HS-Bok or HS-HA and FITC-conjugated 
peptides as indicated. F, FP experiment using HS-Bok and FITC-conjugated peptides as indicated, with Kd 
values (n=3). G-J, Agadir helical prediction for FITC-IP3R1 peptides. The grey lines show the sequence 
encompassed in the deletion/truncated peptides. (A. and D. created with BioRender.com.) 
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Further, we synthesized FITC-tagged peptides corresponding to regions of the α72-

73 loop (Fig. 3D) and assessed their binding to HS-Bok using a fluorescence polarization 

(FP) assay, in which increased polarization is proportional to the amount of peptide 

bound198. HS-Bok (Fig. 3B, lane 5), but not negative control HS-HA (lane 4), bound with 

high affinity to FITC-IP3R11898-1940, which encompasses a large portion of the IP3R1 α72-

73 loop (Fig. 3E, Kd=64 + 8 nM). Remarkably, deleting the amino acids corresponding to 

positions 1916-1917 within this peptide completely blocked the binding (Fig. 3E), 

similarly to the properties of the IP3R1-HA∆1916-1917 mutant described in Figure 1, 

indicating that these in vitro experiments accurately recapitulate events seen in intact cells. 

Additional peptides were examined to probe further the determinants of the high 

affinity binding (Fig. 3D), including a shorter peptide, FITC-IP3R11907-1921, which 

encompasses just the ANCHOR2 “peak” shown in Figure 1C, as well as FITC-IP3R11898-

1929 and FITC-IP3R11904-1940, which lack portions of the C-terminal or N-terminal highly 

disordered flanking regions, respectively (Fig. 1A, C). We found that both IP3R11898-1929 

and FITC-IP3R11904-1940 bound to HS-Bok, but with lower affinity than FITC-IP3R11898-1940, 

as indicated by higher Kd values (265 + 135 and 398 + 126 nM, respectively), and that 

FITC-IP3R11907-1921 does not bind to HS-Bok at all (Fig. 3F). 

Agadir analysis of the FITC-tagged peptides (Fig. 3G-J) appears to explain the 

inability of FITC-IP3R1∆1916-1917 and FITC-IP3R11907-1921 to bind, since the former peptide 

exhibits an increase in stability in the first α-helical motif (Fig. 3G) and the latter peptide 

completely lacks the second motif (Fig. 3H). Interestingly, the peptides lacking portions of 

the flanking disordered regions, that bind Bok with lower affinity, maintained a helical 

pattern similar to FITC-IP3R11898-1940 (Fig. 3I, J). Taken together, these data support the 
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notion that high affinity binding of Bok to the α72-73 loop of IP3R1 is dependent upon 

more than just the helical integrity of the central region of the loop; more specifically, it 

also requires the presence of both of the highly disordered flanking regions.  

3.5.4. Comparison of IP3R isoforms 

Since Bok binds to IP3R1 and IP3R2, but not IP3R374, we compared the sequences 

of IP3R1-3 α72-73 loops (Fig. 4). This revealed that the loops for IP3R1 and IP3R2 are 

highly conserved, whereas the IP3R3 loop is markedly different and lacks determinants for 

Bok binding. These differences likely explain the inability of  IP3R3 to bind Bok74. 

Figure 4. Sequence alignment of IP3R1-3. Mouse sequences (GI accession P11881, Q9Z329, and P70227 
for types 1, 2, and 3, respectively) were aligned using BLAST® multiple alignment203. Asterisks indicate 
identity between all three sequences and shading indicates identity or similarity between IP3R1 and IP3R2. 
 

 

3.5.5. Analysis of the Bok-IP3R1 interface 

While our previous studies have determined that Bok binds IP3Rs via its BH4 

domain74 (contained within a larger “BH4 helix”86), the structure of Bok86 indicates that 

this helix is not fully exposed, as an unstructured loop lies across it (Fig. 5A, B). This 

occlusion likely prevents the BH4 helix from forming a long “helix to helix” interaction 

with the central helical region of the α72-73 loop. However, the BH4 helix surface that is 

critical for IP3R binding is positively charged (Fig. 5C), prompting us to examine whether 

the IP3R1 α72-73 loop might also be charged. Analysis using the CIDER204 program 

revealed that the α72-73 loop contains a pattern of alternating charge blocks and that the 

central region of the loop contains a negatively charged area (Fig. 5D). Taken together, this 

suggests that complex determinants and electrostatic interactions mediate the Bok-IP3R1 

interaction. 
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Figure 5. Structural basis of the IP3R1 α72-73 loop interaction with Bok. A, Cartoon, B, surface and C, 
electrostatic distribution in the structure of Bok (6CKV86) in two different orientations, visualized using 
PyMOL Molecular Graphics System. The BH4 helix (red), which binds the IP3R1 α72-73 loop, is not fully 
accessible due to the orientation of the loop (green) connecting it to the next helix (A and B). Electrostatics 
contribute significantly to binding as the exposed surface around the binding interface is highly positively 
charged (C). (D) Net charge per residue (NCPR) calculated for the IP3R1 α72-73 loop, showing alternating 
blocks of positive and negative charges, including a negative region marked with a grey line that 
approximates to the central region of the loop critical for Bok binding. 
 

3.5.6. Bok and IP3Rs associate independently of membrane insertion 

We have shown previously that Bok is constitutively associated with IP3Rs74, but 

it is unclear at what point in protein maturation the Bok-IP3R1 interaction begins and 

whether this interaction is needed for normal ER membrane insertion of Bok and/or IP3Rs. 

To examine these questions, HEK-3KO cells were disrupted and separated into cytosolic 

(C) and membrane (M) fractions with little cross-contamination, as indicated by the 

exclusive segregation of the polytopic ER membrane protein Hrd1 to the M fraction205 and 

the cytosolic protein transaldolase (TAL) to the C fraction206 (Fig. 6A, lanes 1-2). 

Interestingly, exogenous IP3R1-HAWT and exogenous 3F-BokWT localize completely to the 
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membrane fraction when expressed alone (lanes 4 and 6, respectively) and when both 

IP3R1-HAWT and 3F-BokWT are co-expressed, the same localization is maintained, with an 

increase in Bok expression level (lane 8)68. Therefore, both Bok and IP3Rs are able to 

independently “self-recruit” to the membrane. 

To explore whether Bok and IP3R1 interact before or after membrane insertion, a 

Bok construct lacking the C-terminal TM domain (3F-BokΔTM) was examined. When 

expressed in HEK-3KO cells, 3F-BokΔTM is predominantly cytosolic (Fig. 6B, lane 1), but 

becomes membrane-associated and expression is increased upon co-transfection with 

IP3R1-HAWT (lanes 3-4), an effect not seen with the Bok binding-deficient mutant IP3R1-

HAΔ1916-1917 (lanes 5-6). Thus, the Bok-IP3R1 interaction can occur independently of Bok 

membrane insertion and is strong enough to retain 3F-Bok ΔTM in the membrane fraction.  

Remarkably, a similar conclusion can be drawn from examination of an IP3R1 

construct lacking all 6 C-terminal TM domains (IP3R1-HAΔTM). When  

expressed in the absence of Bok, IP3R1-HAΔTM is predominantly cytosolic (Fig 6C, lanes 

1-2), but becomes more membrane-associated upon co-transfection of 3F-BokWT (lanes 3-

4), an effect not seen with IP3R1-HAΔTM, Δ1916-1917, which lacks TM domains and the ability 

to bind Bok (lanes 5- 6). 

These data indicate that the Bok-IP3R1 interaction is robust enough for IP3R1-

HAWT and 3F-BokWT to localize TM domain-lacking Bok and IP3R1 constructs, 

respectively, to membranes, and that the interaction between Bok and IP3R1 can occur 

independent of membrane insertion. Confirmation of this notion comes from the 

observation that 3F-Bok and IP3R1-HA co-IP regardless of TM status (Fig. 6D), and more 

specifically, that cytosolic 3F-BokΔTM and IP3R1-HAΔTM strongly co-IP (lane 6).  
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Figure 6. Bok and IP3Rs associate independently of membrane insertion. A-C HEK-3KO cells were 
disrupted and separated into cytosolic (C) and membrane (M) fractions and probed in immunoblots for the 
proteins indicated. Transaldolase (TAL) and Hrd1 serve as markers for cytosol and membrane fractions, 
respectively. Cells were transfected with constructs expressing: A, IP3R1-HAWT and 3F-BokWT as indicated; 
B, a Bok mutant lacking the TM domain (3F-Bok ΔTM) and IP3R1-HAWT or IP3R1-HAΔ1916-1917 as indicated; 
C, an IP3R1 mutant lacking TM domains (IP3R1-HAΔTM) or a double IP3R1 mutant that lacks TM domains 
and does not bind Bok (IP3R1-HAΔTM, Δ1916-1917) and 3F-BokWT, as indicated. D. Anti-HA IP and input cell 
lysates from HEK-3KO cells expressing the constructs as indicated; p97 serves as a loading control for the 
input lysates. The constructs migrated as follows: 3F-BokWT at 27/23/21 kDa, 3F-Bok∆TM at 25/21/19 kDa, 
IP3R1-HAWT and IP3R1-HAΔ1916-1917 at 260kDa, and IP3R1-HAΔTM and IP3R1-HAΔTM, ∆1916-1917 at 250kDa.  
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Supporting Figure 1. Analysis of residues 1851-1978 of IP3R1 from mus musculus (GI accession P1181) 
using A. J Pred4172, B. PSIPRED173, and C. PredictProtein174 sequence analysis tools. Default program 
settings were used in all instances. The boundaries of the α72-73 loop are marked by arrows. Tools are 
available at http://www.compbio.dundee.ac.uk/jpred4/index.html, 
http://bioinf.cs.ucl.ac.uk/psipred/, and https://predictprotein.org/, respectively. 
 

  

http://www.compbio.dundee.ac.uk/jpred4/index.html
http://bioinf.cs.ucl.ac.uk/psipred/
https://predictprotein.org/
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3.6. Discussion 

Since the discovery of Bok by Hsu and colleagues66, the cellular role of Bok has 

remained elusive and confusing70, 77, 78. Some of this may stem from the fact that Bok is 

often viewed through the traditional lens that tries to arrange all Bcl-2 family members 

within the intrinsic apoptosis pathway, and thus, many now consider that Bok plays a 

conventional Bak/Bax-type pro-apoptotic role at the outer mitochondrial membrane. Bok, 

however, is unlike other Bcl-2 family members, largely for the fact that it is uniquely and 

constitutively bound to ER-localized IP3Rs68, 74.  

The experiments in this study have sought to provide further insight into the Bok-

IP3R1 interaction. Importantly, using full-length IP3R1 as a template, we have narrowed 

down the Bok binding site on IP3R1 to a small region between α helices 72 and 73. In fact, 

deletion of a single amino acid in this region (E1917) completely blocks the Bok-IP3R1 

interaction. Since Bok binding-deficient IP3R1 mutants mobilize Ca2+ normally, it appears 

that the role of Bok binding is not to regulate Ca2+ channel activity, but lies elsewhere.  

The recent cryo-EM models of IP3R116, 18 have provided a wealth of information 

regarding the overall structure of the channel, but unfortunately did not resolve the α72-73 

loop. Our computational analysis using IUPred2 indicates that this is because the α72-73 

loop is an IDR composed of two highly disordered regions flanking a low disordered region 

in the central region of the loop. Intriguingly, the low disorder region coincides with an 

increase in ANCHOR2 score, and is precisely the region in which small deletions in full-

length IP3R1 block Bok binding. This supports the notion that this central region is integral 

to the Bok-IP3R1 interaction. Interestingly, as well as binding Bok, the α72-73 loop 

contains sites for several post-translational modifications (PTMs), including several 
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ubiquitination sites and proteolytic cleavage sites (Fig. 1A)7-9, 46, 199, 200. PTM sites are 

predominantly found in IDRs of proteins because the lack of a folded structure within these 

regions can allow for greater accessibility of a peptide sequence to transient interactions 

with modifying enzymes207. Bok has been shown to protect IP3Rs from proteolytic 

cleavage at sites within the α72-73 loop74, apparently due to steric hindrance, and it remains 

to be determined if the Bok-IP3R1 interaction regulates other PTMs within this loop or 

elsewhere in IP3R1. 

Our studies in vitro showing that purified HS-tagged IP3R1 α72-73 loop and FITC-

tagged IP3R1 peptides bind to HS-Bok specifically and strongly demonstrate that the α72-

73 loop is sufficient to bind Bok in the absence of other larger structural elements of IP3R1. 

Interestingly, perturbation of the highly disordered flanking regions within the α72-73 loop 

decreased the affinity of the Bok-IP3R1 interaction, suggesting that these regions also play 

a role in Bok binding. This is consistent with our previous findings in intact cells that an 

IP3R1 mutant lacking amino acids 1-1903 does not bind Bok74; this mutant lacks part of 

the N-terminal disordered region. Overall, these data demonstrate that the Bok-IP3R1 

interaction requires both the central, low disorder region of the α72-73 loop, along with the 

highly disordered flanking regions for maximum binding affinity.  

Computational analysis of the α72-73 loop reveals that the central region is 

composed of two contiguous α-helical motifs in different registers, and that the Bok-IP3R 

interaction is dependent on the integrity of these helical motifs. It appears that the first helix 

may have to be relatively unstable in order for the second helix to participate in binding. 

Further analysis of this central region revealed that the helical propensity did not change 

significantly upon removal of the N-terminal or C-terminal disordered regions, indicating 
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that the disordered flanking regions and the more ordered central region of the loop can 

independently contribute to binding affinity. Taken together, we hypothesize that there are 

four determinants for the α72-73 loop interaction with Bok: (i) a disordered N-terminal 

flanking region, followed by (ii) a region with low helical propensity (E1909-S1919) that is 

fused to (iii) a region with high helical propensity (A1920-A1925), but with a different helical 

register, and finally (iv) a disordered C-terminal flanking region. Structural analysis of the 

binding interface on Bok indicates that the key BH4 helix is somewhat occluded, but that 

exposed regions of the helix are highly positively charged. Likewise, the α72-73 loop 

contains alternating charge blocks and a negatively charged area that approximates to the 

central part of the loop. Perhaps electrostatic interactions and the disjointed nature of the 

helical motifs within the α72-73 loop mediate the strong interactions with the Bok binding 

surface. The unraveling of the exact molecular mechanism through which binding occurs 

will require detailed structural studies. 

With regard to the possible role of the Bok-IP3R1 interaction in membrane 

recruitment, our data showing that Bok and IP3R1 are able to insert into membranes 

independently of each other argues against our previous proposal68 that IP3Rs are needed 

for the membrane insertion of Bok, which is a tail-anchored protein72. Nevertheless, it is 

remarkable that the Bok-IP3R1 interaction is strong enough to allow for both Bok and 

IP3R1 to recruit to membranes TM domain-lacking versions of their counterparts, and for 

TM domain-lacking versions of each protein to co-IP. Thus, the Bok-IP3R1 interaction can 

occur in the cytosol prior to membrane insertion and full protein maturation. These studies 

also reveal that that the stabilization of Bok that results from binding to IP3R168 can occur 
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independently of membranes, suggesting that the pathway that mediates Bok degradation 

may be cytosol-based, rather than ER-based, which has been previously suggested68, 73.  

In addition to Bok, several other Bcl-2 family proteins have been reported to 

interact with IP3Rs, including Bcl-2 and Bcl-xL
196. Both of these proteins can interact with 

IP3R1 via their BH4 domains208, similarly to Bok74. However, they interact with IP3R1 at 

a site different from the α72-73 loop and much more weakly than Bok74. Interestingly, the 

Bcl-2-IP3R1 interaction has been extensively studied115, leading to the creation of a small 

peptide inhibitor, BIRD-2, that is a potential therapeutic agent114, 116. It seems likely that 

the information obtained in the present study will guide future work that seeks to interfere 

with the PTM-rich α72-73 loop, or the Bok-IP3R1 interaction itself, and may lead to useful 

inhibitory compounds. 
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Chapter 4. 

Identification of the Bok interactome 

using proximity labeling   
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4.1. Preface 

 

This chapter will be submitted for publication in the future, though is unpublished 

at this time. The list of authors for the manuscript include: 

Laura M. Szczesniak, Caden G. Bonzerato*, and Richard J. H. Wojcikiewicz* 

 

*The following individuals contributed to the data presented in this chapter: C.B. 

(assistance with experimental design and implemented screening of HeLa Bok KO cell 

lines and assisted with image acquisition for Fig. 1B) and R.W. (principal investigator and 

significant editorial input). All authors have reviewed and provided feedback. 

 

I would also like to thank Dr. Thomas Kaufmann, University of Bern, Switzerland, for 

providing anti-Bok and the cDNAs for mouse Bok, Mcl-1, and human Bak, Dr. Ebbing de 

Jong for assistance with mass spectrometry analysis, Dr. Bruce Knutson for providing 

TurboID cDNA and helpful suggestions, Dr. Jacqualyn Schulman for assistance with 

gRNA vector design, Katherine Keller and Pranav Suri for technical assistance and helpful 

suggestions. BioRender was used to generate Figures 2A, 3, 4, 5A, and 7B. 

 

This chapter contains 4 tables, which are located in Appendices B-E. 
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4.2. Abstract 

The function of the Bcl-2 family member Bok is currently enigmatic, with various 

disparate roles reported, including mediation of apoptosis, regulation of mitochondrial 

morphology, binding to inositol 1,4,5-trisphosphate receptors, and regulation of uridine 

metabolism.  To better define the roles of Bok, we examined its interactome using 

TurboID-mediated proximity labeling in HeLa cells, in which Bok knock-out leads to 

mitochondrial fragmentation and Bok overexpression leads to apoptosis. Labeling with 

TurboID-Bok revealed that Bok was proximal to a wide array of proteins, particularly those 

involved in mitochondrial fission (e.g., Drp1), endoplasmic reticulum-plasma membrane 

junctions (e.g., Stim1), and surprisingly among the Bcl-2 family members, just Mcl-1. 

Comparison with TurboID-Mcl-1 and TurboID-Bak revealed that the three Bcl-2 family 

member interactomes were largely independent, but with some overlap that likely identifies 

key interactors. Interestingly, when overexpressed, Mcl-1 and Bok interact physically and 

functionally, in a manner that depends upon the transmembrane domain of Bok. Overall, 

this work shows that the Bok interactome is different from those of Mcl-1 and Bak, 

identifies novel proximities and potential interaction points for Bcl-2 family members, and 

suggests that Bok may regulate mitochondrial fission via Mcl-1 and Drp1. 
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4.3. Introduction 

 The Bcl-2 family mediates the intrinsic apoptosis pathway through the coordinated 

actions of pro- and anti-apoptotic proteins49. The pro-apoptotic proteins include Bax and 

Bak, which mediate the release of cytochrome c from mitochondria via mitochondrial outer 

membrane permeabilization (MOMP), an effect opposed by the anti-apoptotic proteins 

Bcl-2, Mcl-1, and Bcl-xL
49. Pro-apoptotic sensitizer proteins, including Bad and Noxa, bind 

the anti-apoptotic proteins to prevent inhibition of apoptosis, while pro-apoptotic activator 

proteins, such as Bid and Bim, bind and activate Bax and Bak to facilitate MOMP49. Many 

"non-apoptotic" roles for Bcl-2 family members have also been identified, including 

regulation of mitochondrial morphology and dynamics209, Ca2+ homeostasis108, and 

autophagy97. 

Bcl-2 related ovarian killer (Bok) was initially categorized as a pro-apoptotic Bcl-

2 family member that can trigger MOMP66, 73, but many recent studies have also identified 

non-apoptotic functions67, 72, 76-78, 91, 92. For instance, Bok knock-out (KO) from mouse 

embryonic fibroblasts (MEFs) causes mitochondrial fragmentation, which can be rescued 

by re-introduction of Bok76. This phenotype is intriguing, given the fact that Bok is 

predominantly endoplasmic reticulum (ER)-localized72 and constitutively bound to inositol 

1,4,5-trisphosphate receptors (IP3Rs)68, 74, 75, which are tetrameric Ca2+ channels that 

release Ca2+ from ER stores. Bok has also been reported to protect IP3Rs from proteolysis74, 

mediate ER stress-induced apoptosis80, and positively regulate uridine metabolism through 

uridine monophosphate synthetase (Umps)92.  

Proximity-dependent biotin identification (BioID) was developed after the 

discovery that a point mutation, R118G, in the Escherichia coli biotin ligase protein BirA 
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created a promiscuous ligase that could biotinylate proteins within an approximately 20 

nm radius in situ, after the addition of exogenous biotin184. Since the inception of BioID, 

multiple iterative modifications have been made to the original biotin ligase, the most 

recent being TurboID186, which contains 16 mutations, permitting efficient biotin labeling 

in situ in as little as 15 minutes186.  

 Here we show using TurboID that the Bok interactome is wide-ranging, but 

importantly, contains numerous ER and mitochondrial proteins, including mediators of 

mitochondrial fission, proteins involved in ER-plasma membrane (PM) contact, and Mcl-

1. Further, we show that Bok and Mcl-1 interact physically and functionally and that the 

interactomes for Bok, Bak, and Mcl-1 are distinct, but overlap somewhat. These results 

shed light on the cellular roles of Bok and other Bcl-2 family members. 

4.4. Experimental Procedures 

Generation and analysis of Bok KO HeLa cell lines 

The CRISPR-Cas9 system210, 211 using the pCas-Guide-EF1a-GFP vector 

(#GE100018, OriGene) was used to generate Bok KO HeLa cells by targeting exon 2 

(GTCTGTGGGCGAGCGGTCAA) or exon 4 (GCCCCGCGGCCACCGCATAC). Cells 

were transfected using Lipofectamine 2000, medium was changed after 24 h, and 48 h post-

transfection, EGFP-expressing cells were selected by fluorescence-activated cell sorting 

and were seeded at one cell/well in a 96-well plate. Colonies were expanded and screened 

in immunoblots for Bok immunoreactivity. Multiple independent Bok KO cell lines for 

each exon target were used for all experiments. 
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Generation of TurboID fusion proteins 

A vector encoding TurboID tagged at the N terminus with a V5 epitope (V5-

TurboID-NES_pcDNA3, Addgene #107169)186 was the origin of TurboID fusion proteins. 

cDNAs were subcloned from pcDNA3 vectors containing mouse BokWT 74, mouse BokL34G 

74, mouse Mcl-1WT 72, and  human BakWT 68, then were ligated to the C terminus of V5-

TurboID using Gibson assembly, creating TurboID-BokWT, TurboID-BokL34G, TurboID-

Mcl-1, and TurboID-Bak, respectively; primer sequences are available upon request. The 

authenticity of all constructs was confirmed by DNA sequencing (Genewiz). 

Cell lysis and immunoprecipitation 

To prepare cell lysates for SDS-PAGE or IP, cells were harvested with ice-cold 

lysis buffer as described74. All samples were re-suspended in gel-loading buffer, incubated 

at 37 °C for 30 min, subjected to SDS-PAGE, and proteins were transferred to 

nitrocellulose for probing as described68. Immunoreactivity was detected and quantified 

using Pierce ECL reagents, a Chemidoc, and Image Lab software (Bio-Rad). Mass markers 

(in kDa) are indicated on the right side of all immunoblots. 

Proximity dependent biotin identification (TurboID) 

Essentially as described189, Bok KO HeLa cells in 10 cm dishes were transfected 

(0.325 -1.25 µg cDNA / 22.5 µL Lipofectamine), and ~16 h later, medium was changed, 

cells were incubated with 50 µM biotin for 2 h, washed thrice with ice-cold PBS, and 

harvested with ~500 µL ice-cold lysis buffer as described74. To purify biotinylated proteins, 

lysates were incubated with 300µg/mL DynabeadsTM Streptavidin C1 magnetic beads 

(Thermo Fisher) for ~16 h at 4 °C, and beads were washed stringently with buffers 

containing SDS and detergents as described189. All samples were re-suspended in gel 
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loading buffer, boiled for 5 min, and subjected to SDS-PAGE. For pilot experiments (Fig. 

2B and 7A), cell lysate proteins were transferred to nitrocellulose as described68, and 

biotinylated species were detected by incubation with 100 ng / mL purified streptavidin 

(which binds to biotin with high affinity) for 1 h, anti-streptavidin for ~16 h, and then 

developed similarly to other immunoblots. Once biotinylation was confirmed, purified 

biotinylated proteins were again subjected to SDS-PAGE until the dye front ran ~2 cm, 

and lanes were excised for mass spectrometry (MS) analysis (described in Chapter 2.13). 

For each TurboID construct, strongly labeled protein lists are shown in Appendices B-E. 

4.5. Results 

4.5.1. Bok deletion in HeLa cells causes mitochondrial fragmentation 

We selected HeLa cells for TurboID as they are relatively easy to transfect and have 

been used previously in proximity labeling studies184, 212, 213. To facilitate analysis of the 

Bok interactome, we deleted endogenous Bok by CRISPR-Cas9 targeting of Bok exons 2 

and 4, with no off-target effects on expression of other Bcl-2 family members or IP3Rs 

(Fig. 1A). Interestingly, imaging of these Bok KO cells indicated that Bok deletion causes 

mitochondrial fragmentation (Fig. 1B), with image quantification revealing significantly 

reduced mitochondrial particle length, area, and aspect ratio, while mitochondrial width 

was unchanged (Fig. 1C-F). Similar effects of Bok KO have been observed in MEFs76. 
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Figure 1. Bok deletion causes mitochondrial fragmentation in HeLa cells. (A), Immunoblot 
demonstrating specific deletion of Bok in lysates from WT versus Bok KO HeLa cells, obtained by targeting 
exon 2 (lane 2) or exon 4 (lane 3), p97 serves as a loading control. (B), Representative confocal images of 
WT and Bok KO HeLa cells transiently expressing DsRed2-Mito (scale bar = 10µm). (C-F), Quantified 
measurements of mitochondrial particle length, width, area and aspect ratio (AR = length divided by width) 
in WT and Bok KO HeLa cells obtained using NIS-Elements software. Quantitated data included WT and 
both exon 2 and exon 4-targeted cells and are expressed as mean + SEM (n = the number of cells analyzed). 
An unpaired t-test was used to determine significance; p<0.0001 is denoted by ****, n.s. = not statistically 
significant. Data were graphed and analyzed using GraphPad Prism software. 
 
4.5.2. TurboID-Bok as a method to identify the Bok interactome 

We performed TurboID experiments using wild-type Bok (BokWT) and an L34G 

Bok mutant that cannot bind IP3Rs (BokL34G)74 to determine if the proteins proximal to Bok 

are dependent on the interaction of Bok and IP3Rs. Both BokWT and BokL34G were fused to 

V5-tagged TurboID, creating TurboID-BokWT and TurboID-BokL34G (hereafter referred to 

as T-BokWT and T-BokL34G, respectively, Fig. 2A). TurboID was fused to the N-termini 

rather than C-termini to minimize the possibility of mislocalization, since Bok is localized 

to the ER by its C-terminal transmembrane (TM) domain66. 

 Expression of T-BokWT and T-BokL34G in Bok KO HeLa cells resulted in an 

exogenous biotin-dependent smear of biotinylated species (Fig. 2B, lanes 5, 6). The two 

prominent bands at ~130kDa and 70kDa, seen in all lanes, were identified by MS analysis 

as the endogenously biotinylated proteins pyruvate carboxylase and propionyl-CoA 
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carboxylase214, respectively. It is also noteworthy that the immunoreactivity of the T-Bok 

constructs increased after the addition of biotin (Fig. 2B, lanes 2-3 versus 5-6), consistent 

with previous findings that TurboID constructs are stabilized by exogenous biotin186. 

 
Figure 2. TurboID-Bok construct characterization. (A), V5-TurboID-Bok fusion constructs, T-BokWT and 
T-BokL34G. (B), Immunoblot for biotin-labeled species (detected with streptavidin/anti-streptavidin) in 
lysates from Bok KO HeLa cells transfected as indicated to express T-BokWT or T-BokL34G, without or with 
2 h media supplementation with 50 µM biotin. Immunoreactivity of T-Bok constructs was assessed with 
either anti-Bok or anti-V5 (middle and lowest panels, respectively). (C), Anti-IP3R1/IP3R3 IP (lanes 1-3) and 
lysates (either pre- or post-IP; lanes 4-9) from Bok KO HeLa cells transfected as indicated, probed in 
immunoblots for the proteins indicated; p97 serves as a loading control. Co-migrating IgG heavy chain seen 
in the Bok probe is indicated by the asterisk. Because BokL34G is relatively unstable68, to obtain equal 
expression, the amount of cDNA transfected for T-BokL34G was double that for T-BokWT. 
 

To determine how well the T-Bok constructs interact with IP3Rs, we examined their 

ability to co-IP with endogenous IP3Rs (Fig. 2C). This showed, as expected, that T-BokWT, 

but not T-BokL34G, binds IP3Rs (lane 2 versus 3)74. Importantly, the difference between 

pre-IP versus post-IP lysates suggest that most, but not all, of T-BokWT is associated with 

IP3Rs (lane 5 versus 8). 

 From cells incubated with biotin as in Fig. 2B (lanes 4-6), biotinylated proteins 

were purified using streptavidin-coated beads followed by SDS-PAGE, trypsin digestion, 

and MS analysis (for an overview of workflow, see Fig. 3). The initial list of proteins 
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obtained for each T-Bok sample underwent two stages of data refinement to remove non-

specifically interacting proteins (Fig. 4). The first stage excluded any proteins that were 

also found in control (non-transfected) samples analyzed on the same day, and the second 

stage included proteins present only in multiple independent experiments; for T-BokWT and 

T-BokL34G, only proteins present in at least 6/7 and 4/5 experiments, respectively, were 

included. These “strongly labeled” proteins were categorized for subcellular localization 

(Appendices B and C, Fig. 5A) and were compared to determine similarities and 

differences (Fig. 5B). Interestingly, fewer proteins were identified by T-BokL34G than T-

BokWT (28 versus 90 proteins, respectively), Bok was present on both lists due to self-

biotinylation,  and only T-BokWT labeled IP3Rs (Itpr1-3),  indicating  that the approach  is            

valid. 

 

Figure 3. Overview of TurboID experimental procedure. 
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Figure 4. Overview of data refinement of TurboID MS results. Data refinement 1 was implemented for 
each individual experiment with control and TurboID samples to exclude proteins binding to streptavidin-
coated beads non-specifically: (i) proteins were excluded if q>0.01 (i.e. medium/low confidence 
identification), (ii) keratins were excluded, and (iii) proteins were included only when unique or if abundance 
was 5x increased in TurboID samples versus control samples. For data refinement 2, proteins present only in 
multiple data sets, or “strongly labeled” proteins, were included for further consideration. Due to the inherent 
variability in the TurboID procedure, proteins were considered as strongly labeled if present in n-1 
independent experiments. 
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T-BokWT was proximal to a broad array of proteins at different subcellular sites 

(Fig. 2A), although ER and nuclear localizations were predominant (33% and 32% of 

labeled proteins, respectively). While the identification of ER proteins is to be expected 

due to Bok's constitutive ER localization with IP3Rs68, 72, the high number of nuclear 

proteins is surprising. However, proteins were assigned up to 3 locations, and many of the 

multi-located proteins included a nuclear assignment. Additionally, several of the nucleus-

assigned proteins were nuclear membrane proteins, which is understandable given the 

contiguous nature of the ER and nuclear membrane215. Also in the T-BokWT protein list 

were several PM (16%), cytosolic (16%), Golgi (13%), and mitochondrial proteins (11%). 

More detailed consideration of proteins identified for T-BokWT (Fig 5B) revealed 

clusters of proteins known to regulate mitochondrial fission (Drp1118, 216, 217, Mff118, 216, 217, 

Inf2217, Akap1218, Mtfr1219, etc.) and ER-PM contact sites (Itpr1-38, Stim18, 220, Vapa221, 

Vapb221, etc.). Drp1 is a GTPase well-known for being the main effector protein for 

mitochondrial fission118, 216, 217, Stim1 is an ER protein involved in store-operated Ca2+ 

entry (SOCE) and ER-PM junctions8, 220, and Akap1 is an OMM scaffolding protein that 

regulates a variety of mitochondrial functions218. Notably, no Bcl-2 family members were 

labeled by T-BokWT aside from Mcl-166. Surprisingly, we did not detect Umps, despite 

recent reports that Bok regulates uridine metabolism by interacting with and enhancing 

Umps activity92, or key proteins involved in mitochondrial fusion (e.g. Mfn1/2), despite 

evidence that Bok can regulate fusion rate76.  

The result that T-BokWT strongly labeled three times as many proteins as T-BokL34G 

was initially perplexing. However, it is likely that T-BokL34G is rapidly turned over because 

it cannot interact with IP3Rs68, and this may impair biotin ligase activity. Indeed, to achieve  
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Figure 5. TurboID-BokWT and TurboID-BokL34G interactomes. (A) Localization of proteins identified by 
T-BokWT (purple) and T-BokL34G (red). Percentage values are the percent of proteins assigned to the specified 
subcellular compartment; as proteins were assigned to 1-3 compartments, percentages add to >100%. For 
further information, see Supplemental Tables 1 & 2. (B), Comparison of proteins identified by T-BokWT and 
T-BokL34G. The proteins shown were present in at least 6/7 and 4/5 independent experiments, respectively. 

 

 
 
 
 
 
Figure 6. Comparison of proteins 
identified by T-BokWT and T-BokL34G 
at lower stringency. Proteins labeled by 
T-BokL34G that are present in 3/5 
independent experiments are blue and 
emboldened; all other proteins (black 
text) are the same as those shown in Fig. 
2B. 

 

 

comparable expression and biotinylation required using twice as much T-BokL34G cDNA 

than T-BokWT cDNA (Fig. 2B and C). Nevertheless, the protein list for T-BokL34G 

overlapped significantly with that of T-BokWT, suggesting that the mutant protein still 

localizes to the ER despite not binding to IP3Rs. A comparison of the two T-Bok constructs 

with a lower threshold for T-BokL34G (i.e. inclusion of proteins in at least 3/5 MS data sets,  

Figure 6, Appendix C) identified more proteins that were also present in the T-BokWT list, 
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including more of the proteins involved in mitochondrial fission (Inf2 and Mff). Overall, 

the interactome of T-BokL34G has some similarities to that of T-BokWT, but also major 

differences. Some of these differences may result from localization of T-BokWT to IP3Rs, 

but likely also reflect the marked differences in T-BokWT and T-BokL34G stability. 

4.5.3. TurboID-Bak and TurboID-Mcl-1 interactomes 

 To assess T-BokWT proximity labeling specificity and better understand other Bcl-

2 family members, we generated TurboID constructs for Bak, which localizes 

predominantly to mitochondria49, and Mcl-1, which also localizes to mitochondria, but is 

also found at the ER and in the cytosol49. Both TurboID-Bak (T-Bak) and TurboID-Mcl-1 

(T-Mcl-1) expressed and induced biotinylation similarly to T-BokWT (Fig. 7A).  

TurboID was performed in Bok KO HeLa cells to allow for direct comparison with 

T-BokWT results (n=3 for T-Bak and T-Mcl-1, Appendices E and F). Localization of 

strongly labeled proteins (Fig. 7B) demonstrates that both T-Bak and T-Mcl-1 did not 

identify as many ER proteins as T-BokWT (9%, 10%, and 33%, respectively), as expected. 

In order of abundance, T-Bak identified mitochondrial (35%), cytosolic (31%), and nuclear 

proteins (24%), whereas T-Mcl-1 identified nuclear (41%), cytosolic (36%), and 

mitochondrial proteins (18%). Again, as expected, both T-Bak and T-Mcl-1 labeled more 

mitochondrial proteins than T-BokWT.  

Comparison of the protein lists for the three Bcl-2 family proteins (Fig. 7C) 

demonstrated that each interactome is quite distinct, although there was significant overlap. 

In particular, Inf2 and Mavs, which are involved in mitochondrial fission144 and fusion222, 

respectively, were present in all lists, as were Akap1 and Stim1. Also, both T-BokWT and 
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T-Bak labeled Mcl-1, which is consistent with studies indicating that Bok66, 223 and Bak224 

can physically interact with Mcl-1. 

 
Figure 7. TurboID-Bak and 
TurboID-Mcl-1 interactomes. 
(A), Immunoblot for biotin-
labeled species (detected with 

streptavidin/anti-streptavidin) 
in lysates from Bok KO HeLa 
cells transfected as indicated to 
express T-Bak or T-Mcl-1, 
without or with 2h media 
supplementation with 50 µM 
biotin. Immunoreactivity of 
TurboID constructs was 
assessed with either anti-Bak, 
anti-Mcl-1, or anti-V5 (2nd-4th 
panels, respectively).  (B), 
Localization of proteins 
identified by T-Bak (blue) and 
T-Mcl-1 (green). Percentage 
values are the percent of 
proteins assigned to the 
specified subcellular 
compartment; as proteins were 
assigned to 1-3 compartments, 
percentages add to >100%. For 
further information, see 
Supplemental Tables 3 & 4. 
(C), Comparison of proteins 
identified by T-BokWT, T-Bak, 
and T-Mcl-1. The proteins 
shown were present in at least 
6/7, 2/3, and 2/3 independent 
experiments, respectively. 
 

 The protein lists for T-Bak and T-BokWT showed some overlap, and notably, the 

mitochondrial fission proteins Mff and Mtfr1 were common to both. Many of the proteins 

unique to the T-Bak list were mitochondrial proteins, and not surprisingly, Bax was among 

them49. T-Mcl-1 showed only minor overlap with T-BokWT, and uniquely labeled Vdac1/2, 

consistent with findings that Mcl-1 physically interacts with Vdac and can facilitate Vdac-



103 
 

dependent mitochondrial Ca2+ uptake225. Overall, the discrete proximity labeling patterns 

for T-BokWT, T-Bak, and T-Mcl-1 validate the TurboID approach, and comparison of the 

three protein lists reflects the complexity of the Bcl-2 family network and identifies 

potential novel interactions. 

4.5.4. Analysis of the Bok-Mcl-1 interaction 

Since T-BokWT labeled Mcl-1 but no other Bcl-2 family member (Figure 5), we 

wondered whether this signified mere proximity between Bok and Mcl-1, or whether they 

interact directly. Interestingly, when co-expressed, BokWT did co-IP with 1F-Mcl-1, and 

1F-Mcl-1 increased Bok immunoreactivity (Fig. 8A, lane 4), suggesting that the interaction 

stabilizes Bok.  This interaction and immunoreactivity increase was still observed with 

BokL34G (lane 8), indicating that it was not mediated by the BH4 domain of Bok that is 

critical for the interaction with IP3Rs74, but was markedly reduced for Bok∆TM (lane 6), 

indicating that Bok localization to membranes is important for the interaction. Under the 

same conditions, endogenous Bok did not co-IP with endogenous Mcl-1 (Fig. 9), as noted 

in some other studies68, 72, 74, indicating that the Bok-Mcl-1 interaction is relatively weak 

and is only detectable upon protein overexpression223. Nevertheless, the interaction 

between exogenous BokWT and 1F-Mcl-1 has functional significance, as BokWT-mediated 

increases in cleaved caspase-3 (cC3), were suppressed significantly by 1F-Mcl-1 (Fig. 8B, 

lanes 3 versus 4). Interestingly, Bok∆TM increased cC3 levels similarly to BokWT, but the 

effect of Bok∆TM was not significantly suppressed by 1F-Mcl-1 (lanes 5 versus 6), 

consistent with their much weaker physical interaction (Fig. 8A, lane 6). Further, BokL34G 

induced significantly more cC3 than BokWT (Fig. 8B, lanes 3 versus 7), presumably 

because BokL34G is not sequestered by IP3Rs, although Mcl-1 suppressed the response 
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(lanes 7 versus 8). Overall, these data indicate that the proximity labeling approach can 

identify fleeting protein-protein interactions of functional significance that might not be 

detectable by conventional (e.g. co-IP) analysis of endogenous proteins, and that Mcl-1 

likely mediates or modulates the effects of Bok. 

 
Figure 8. Overexpressed Mcl-1 and Bok interact with consequences on apoptotic signaling. (A), Bok 
KO HeLa cells were transfected to express 1F-Mcl-1 and BokWT and mutants as indicated, and cell lysates 
and anti-Flag IPs were probed as indicated; p97 serves as a loading control. (B), Cleaved caspase-3 (cC3) 
immunoreactivity was measured and quantified in Bok KO HeLa cells expressing 1F-Mcl-1 and BokWT and 
mutants as indicated; a representative immunoblot is shown together with quantification of cC3 
immunoreactivity using Image Lab software (reported as mean + SEM, n=4). An unpaired t-test with Welch's 
correction was used to determine significance; p<0.005 is denoted by **, p<0.0005 is denoted by ***, n.s. = 
not statistically significant. Data were graphed and analyzed using GraphPad Prism software. 
 

 
 
Figure 9. Endogenous Mcl-1 IP. HeLa cell lysate (lane 1) 
and anti-Mcl-1 IP (lane 2) and control IP (lane 3) were probed 
as indicated, showing that the Bok-Mcl-1 interaction is not 
readily detectable for endogenous proteins.  
 

4.5.5. Bok deletion in HeLa cells does not alter Drp1 phosphorylation status or Ca2+ 

mobilization 

Since Drp1 is a crucial mediator of mitochondrial fission226 and was strongly 

labeled by T-BokWT (Fig. 5, Appendix B), we sought to determine if Bok regulates Drp1 

activity, which is measured through Drp1 phosphorylation (pDrp1), since this could 
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account for the effects of Bok on mitochondrial morphology76. pDrp1S616 is associated with 

increased mitochondrial fission136, whereas pDrp1S637 is associated with decreased 

mitochondrial fission138, 139, 227. Using antibodies for pDrp1S616 and pDrp1S637, which we 

validated using calyculin A228, forskolin229, and staurosporine230 (Fig. 10A), we examined 

pDrp1 levels among HeLa cell lines (Fig. 10B) and found that pDrp1S616 and pDrp1S637 

levels are not substantially changed by Bok deletion. Likewise, given that several proteins 

related to intracellular Ca2+ signaling at the ER or at ER-PM contact sites were labeled by 

T-BokWT, we sought to determine whether Bok KO altered Ca2+ mobilization. However, 

WT and Bok KO HeLa cells responded essentially identically to the G-protein coupled 

receptor agonist trypsin (Fig. 11), indicating that Bok KO does not affect Ca2+ signaling. 

 
Figure 10. Examination of pDrp1S616/S637 levels in HeLa cells. (A), Validation of pDrp1-specific antibodies 
anti-pDrp1S616 and pDrp1S637. HeLa cells were treated either with 50 nM calyculin A (CalA) for 30 min, 20 
µM forskolin (FSK) for 30 min, or 1 µM staurosporine (SST) for 2 hours. Anti-Drp1 IPs and input lysates 
were probed as indicated; erlin2 serves as a loading control for the input lysates. In Drp1 IPs, treatment with 
CalA, a potent phosphatase inhibitor228, increased both pDrp1S616 and pDrp1S637 immunoreactivity (lane 1 
versus 2), FSK increased pDrp1S637 immunoreactivity due to Protein Kinase A activation229 (lane 1 versus 3), 
and SST decreased both pDrp1S616 and pDrp1S637 immunoreactivity, as it is a nonspecific protein kinase 
inhibitor230 (lane 1 versus 4). (B), Anti-Drp1 IPs and input lysates from WT and Bok KO HeLa cells were 
probed as indicated; Mcl-1 serves as a loading control for the input lysates. pDrp1S616/637 immunoreactivity 
is not substantially altered by Bok KO.  
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Figure 11. GPCR-mediated Ca2+ signaling in WT and Bok KO HeLa cells.  Cells were set into 96-well 
plates and the following day the Cal6-based FLIPR Calcium Assay was performed as described75. (A), 
Temporal response to trypsin; traces shown are the average of triplicate wells for an individual representative 
experiment. (B), Trypsin dose-response curves (traces are mean + SEM, n=3). Data was graphed using 
GraphPad Prism software. 
 

4.6. Discussion 

 Proximity labeling was developed to identify the interactome for a given protein by 

labeling transient interactions and nearby proteins, providing an alternative to the 

traditional co-IP or co-purification approaches that reveal only the highest affinity protein-

protein interactions184. Here we show that TurboID can efficiently and specifically identify 

the interactomes for Bok, Mcl-1, and Bak. T-Bok-labeled proteins are predominantly found 

in the ER, consistent with Bok’s reported subcellular localization72. In contrast, T-Bak and 

T-Mcl-1 mostly labeled mitochondrial and nuclear proteins, respectively, consistent with 

Bak’s known localization to the mitochondrial membrane, and a more mixed distribution 

for Mcl-149.  

While the proteins labeled by T-BokWT were, as expected, predominantly ER-

residents, protein groups in other locations were also identified, indicating a role for Bok 

at the interface of the ER and other organelles. As Bok deletion causes mitochondrial 

fragmentation, we particularly focused on mitochondrial proteins. Mitochondria-ER 

contacts (MERCs), sometimes referred to as mitochondrial-associated membranes 
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(MAMs) when isolated in biophysical protocols21, are transient microdomains where ER 

and mitochondria come within 10-80 nm from each other20, 21. Several studies report that 

MERCs are essential for numerous signaling processes, including Ca2+ transfer, lipid 

trafficking/metabolism, and regulation of cell death or survival20, and interestingly, a recent 

study suggests that Bok is integral to the stability of MERCs/MAMs87. However, aside 

from IP3Rs, T-Bok did not label any of the proteins reported to be important in the coupling 

of the ER to mitochondria at MERCs/MAMs, including Vdac1, Grp75, or Mfn220, 21. 

Rather, T-Bok identified several proteins important for mitochondrial fission, including 

Drp1, Mff, Akap1, Mtfr1, and Inf2118, 216-219. This suggests that the role of Bok at the 

interface of ER and mitochondria is not to maintain MERC/MAM structure or function, 

but rather to regulate mitochondrial fission. This notion is consistent with findings that the 

ER is highly involved in mitochondrial fission20, and that ER projections can wrap around 

a mitochondrion to mediate the division process145. 

Could an inhibitory effect of Bok on key fission mediators, such as Drp1, explain 

the mitochondrial fragmentation seen in Bok KO cells? This is a distinct possibility, since 

although we were unable to see an effect of Bok KO on Drp1 levels or phosphorylation (a 

measure of Drp1 activity), Drp1 function is regulated by several post-translational 

modifications aside from phosphorylation135, and other fission mediators (e.g. Inf2, Mff), 

could also be regulated by interfacing with Bok. Further, as indicated below, Mcl-1 could 

mediate effects of Bok on mitochondrial fission. 

That the protein list for T-BokL34G, which does not bind IP3Rs74, was considerably 

shorter than that for T- BokWT and other TurboID-fusion proteins, is likely explained by 

the instability of T-BokL34G 68; presumably, the rapid turnover of T- BokL34G impairs its 
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ability to elicit significant biotinylation. Unfortunately, this unexpected finding made it 

impossible to accurately assess the effect of localization to IP3Rs on the T-BokWT 

interactome. Nevertheless, it is interesting that almost all of the proteins strongly labeled 

by T-BokL34G were also labeled by T-BokWT, indicating that T-BokL34G is localized 

similarly to T-BokWT. This is consistent with the ability of BokL34G to restore normal 

mitochondrial morphology when introduced into Bok KO cells76. 

The overlap in proteins labeled by T-Bok, T-Bak, and T-Mcl-1 is intriguing and 

may open new research avenues. For example, the scaffolding protein Akap1, which 

modulates numerous signaling pathways at the mitochondrial surface218, was labeled by T-

Bok, T-Bak, and T-Mcl-1, suggesting that it may mediate Bcl-2 family-related processes 

at the OMM. Likewise, all 3 proteins labeled Stim1, an ER membrane protein involved in 

ER-PM coupling for SOCE8. Interestingly, to the best of our knowledge, interactions 

between Stim1 and Bok, Bak, or Mcl-1 have not been previously reported, and although 

we did not detect an effect of Bok KO on Ca2+ signals that include SOCE, Bcl-2 does 

regulate SOCE231, 232 in cancer cells, suggesting that many Bcl-2 family members may 

regulate this pathway. Lastly, both T-Bok and T-Bak identified Mcl-1, and Mcl-1 was the 

only Bcl-2 family member identified by T-Bok.  This is consistent with the widespread 

distribution of Mcl-149 and indicates that analysis of the Bok-Mcl-1 interaction may be a 

fruitful approach to solving the puzzle77, 78 of how Bok acts within the cell.  

Indeed, we were able to show that Bok and Mcl-1 interact physically, albeit only 

when overexpressed, and that this binding has functional consequences, since Mcl-1 

inhibited Bok-mediated apoptotic signaling (increased cC3).   These finding are broadly 

consistent with those of others66, 223, 233, but with some significant differences.  In particular, 
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our findings that Bok∆TM mediates apoptotic signaling similarly to BokWT contradict a 

recent study233 indicating that the TM domain of Bok is required for apoptosis, although 

this could be accounted for by the different experimental systems used.  The Bok-Mcl-1 

interaction also provides a potential mechanism for Bok to regulate mitochondrial 

morphology, since Mcl-1 regulates mitochondrial fission152, 154, 156, at least in part, by acting 

through Drp1154. As we find that T-BokWT strongly labels both Mcl-1 and Drp1, it is 

possible that Bok inhibits mitochondrial fission rate by modulating the action of Mcl-1.  

Thus, upon Bok KO, fission rate would be accelerated, explaining the mitochondrial 

fragmentation observed in Bok KO MEFs76 and Hela cells (Fig. 1).   Interestingly, in our 

previous studies on the mechanism of Bok KO-induced mitochondrial fragmentation76 we 

could not measure mitochondrial fission rate directly, but found that Bok KO inhibits 

fusion rate. Since T-Bok identified mitochondrial fission mediators but not fusion 

mediators, we speculate that the effect of Bok KO on fusion rate76 may be an adaptation to 

a direct effect of Bok KO on fission mediators and fission rate. 

It is important to note that the proteins labeled by TurboID constructs reveal 

proximity, but not necessarily functional interactions. As a "shotgun" approach to the study 

of possible protein-protein interactions, deriving meaning from proximity labeling still 

requires functional studies, such as those we performed with Bok and Mcl-1. In that 

particular case, we were able to demonstrate functional consequences from the Bok-Mcl-1 

interaction, but it is also inevitable that some, perhaps most, labeled proteins will not 

interact physically, and other methods (e.g. CRISPR-Cas9-mediated protein KO) will be 

required to establish significance of proximity. Overall, we hope that this study serves to 
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drive further research into Bok and Bcl-2 family interactions, with outcomes that will lead 

to a better understanding of Bok and cell physiology.  
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Chapter 5.  

Ancillary Data 
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5.1. Introduction 

 This chapter describes smaller projects that either played minor roles in previous 

publications or were negative data, and serves to supplement the data presented in Chapter 

4.  

5.2. Selected figures from “Bok regulates mitochondrial fusion and morphology”76 

 We published a manuscript in 2019 describing how Bok KO causes mitochondrial 

fragmentation76; I was the second author on the manuscript. My contributions included the 

development of a lentiviral-mediated short-hairpin RNA (shRNA) transient knock-down 

(KD) model for Bok (shown here in Fig. 1A), measurement of mitochondrial bioenergetics 

using Seahorse Extracellular Flux Analyzer (Fig. 2A, B), measurement of electron 

transport chain (ETC) complex expression (Fig. 2C), and cell proliferation assays (Fig. 

2D). All experiments were performed in Control or Bok KO MEFs.  

When we first discovered that Bok deletion by CRISPR-Cas9 gene editing caused 

mitochondrial fragmentation, we wanted to confirm that fragmentation resulted 

specifically from Bok KO and was not a compensatory mechanism after cells were subject 

to gene editing. Therefore, I generated a Bok KD model using lentiviral-based shRNA, 

whereby Bok could be acutely depleted. MEFs infected with either scramble or Bok 

shRNA demonstrated specific targeting of Bok with no off-target effects seen in other Bcl-

2 family members (Fig. 1A). Imaging of Control (scramble shRNA-treated cells) or Bok 

KD cells demonstrated fragmentation specific to Bok depletion (i.e. was not a result of 

viral infection, Fig, 1B). Quantification of images taken of Control and Bok KD MEFs 

indicated that Bok KD resulted in significantly more mitochondria per cell, and Bok KD 

mitochondria were also significantly smaller and rounder than Control (Fig. 1C-E). 
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Figure. 1. Acute depletion of Bok causes mitochondrial fragmentation (adapted from76). A, Immunoblot 
demonstrating specific depletion of Bok in lysates from scramble (scr) or Bok KD (KD) MEFs; p97 serves 
as a loading control. B, Representative confocal images of control and Bok-KD MEFs stained with 
MitoTracker Red (scale bar = 10 μm). Cells were seeded onto 35 mm glass-bottom dishes, and ~24 h later, 
cells were imaged at 37°C/5% CO2 with a Nikon C2 microscope equipped with a 60 × Plan Apo VC oil-
immersion objective lens, using 543.5 nm excitation/585 nm emission. All images were subjected to 1 
iteration of blind deconvolution using NIS-Elements software. The white boxed regions are further magnified 
in the expanded images (right side). C-E, Quantified measurements of mitochondrial particle number/cell, 
particle area, and particle roundness in control and Bok KD MEFs obtained using NIS Elements software. 
Quantitated data are expressed as mean ± SEM (n = the number of cells or mitochondrial particles analyzed). 
An unpaired t-test was used to determine significance. Data were graphed and analyzed using GraphPad 
Prism software. 
 

We next examined mitochondrial bioenergetics in Control versus Bok KO MEFs 

to see whether the mitochondrial fragmentation caused by Bok KO altered mitochondrial 

function. The Seahorse XF Cell Mito Stress Test Kit was used, which iteratively stresses 

mitochondria with oligomycin (complex V inhibitor), FCCP (ionophore that collapses the 

inner membrane gradient), and rotenone/antimycin A (inhibits complex I/III, respectively) 

to see where there may be potential deficiencies in energy production (Fig. 2A). We saw 

no significant change in most measurements of oxygen consumption rate (OCR) between 

Control and Bok KO MEFs, aside from the spare respiratory capacity, which is the 

difference of the maximal OCR compared to the basal OCR. Surprisingly, Bok KO MEFs 

had a higher spare respiratory capacity than Control cells (Fig. 2B), which we attributed to 
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a greater mitochondrial surface area allowing for more efficient bioenergetic functioning76. 

This was not what we expected, as mitochondrial fragmentation often indicates poor 

cellular health or pathologic state234. We also did not notice any change in expression for 

any of the ETC complexes I-V (Fig. 2C) or in growth rate between Control and Bok KO 

MEFs (Fig. 2D)76.  As these experiments were only performed in CRISPR-Cas9 edited 

MEFs, future experiments could explore whether acute depletion of Bok affects 

mitochondrial bioenergetics or if other cell lines, such as HeLa cells, had similar traces. 

 
Figure 2. Bok deletion increases mitochondrial spare respiratory capacity but does not affect cell 
growth in MEFs (adapted from76). A, Cells were seeded onto 96 well plates, and ~24 h later oxygen 
consumption rate (OCR) was measured in Control and Bok KO MEFs treated with oligomycin, FCCP, and 
a combination of rotenone and antimycin A (traces are mean ± SEM, n = 4). B, Spare respiratory capacity in 
control and Bok KO MEFs. Quantitated data are expressed as mean ± SEM, n = 4. An unpaired t-test was 
used to determine significance. C, Immunoblot of electron transport chain (ETC) complexes from control 
and Bok KO MEF lysates, p97 serves as a loading control. D, Cell growth curves from control and Bok KO 
MEFs (mean + SEM; n=5).  
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5.3. Bok KO does not affect cell viability after treatment with Mcl-1 inhibitor S63845 

 After we discovered that Bok and Mcl-1 co-IP when over-expressed (Chapter 3, 

Fig. 8), we wanted to see if the Bok-Mcl-1 interaction played a role in cell viability upon 

treatment with an Mcl-1 inhibitor. Therefore, we obtained the small-molecule inhibitor 

S63845235, which is currently being investigated in clinical trials to treat acute myeloid 

leukemia236. We treated WT or Bok KO HeLa cells with a gradient of the inhibitor for 24 

h and then measured cell viability using a WST-1 assay (Fig. 3); no significant difference 

was noted between WT and Bok KO HeLa cells.  

 This relatively low-stakes experiment was performed in parallel with the Bok-Mcl-

1 experiments performed in Chapter 4. As we only treated cells with endogenous levels of 

Mcl-1 and Bok, future experiments could involve transfection of Mcl-1 without and with 

Bok in Bok KO cells to determine if viability is altered in settings of over-expression. 

 

 
Figure 3. Treatment with Mcl-1 inhibitor S63845235 in HeLa cells. WT and Bok KO HeLa cells were set 
into 96-well plates and the following day were treated with S63845 at the concentrations indicated. 24 h later, 
cell viability was measured using the WST-1 colorimetric assay (Sigma) according to manufacturer’s 
instructions and measured on a Flex Station 3; data are presented as the average of quadruplicate wells for 
an individual representative experiment. Quantitated data included WT and both exon 2 and exon 4-targeted 
cells and are expressed as mean + SEM (n=3).  
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Chapter 6.  

General Discussion 
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6.1. Introduction 

 The work described in this dissertation has further characterized the Bok-IP3R 

interaction and provided further information about the Bok interactome. Chapter 3 shows 

that the Bok binding site on IP3Rs is based on multiple determinants, including two helical 

motifs flanked by disordered regions. We have also created a full-length IP3R1 mutant that 

does not bind Bok, which will help future functional studies on the Bok-IP3R interaction. 

In Chapter 4, we employ proximity labeling using TurboID to better characterize the Bok 

interactome by labeling neighboring proteins, including functionally similar protein 

clusters of mitochondrial fission proteins and ER-PM contact site proteins. Chapter 5 

includes ancillary data highlighting minor projects related to Bok functional studies. This 

research has brought us closer to creating a structural model of the Bok-IP3R interaction 

and opened new research avenues to study Bok and other Bcl-2 family functions. 

6.2. The Bok-IP3R interaction 

 The Wojcikiewicz lab discovered Bok's interaction with IP3Rs74 and has since been 

the primary source of information on the Bok-IP3R interaction68, 75, 76. We know from 

previous work that Bok binds to IP3Rs via its helical BH4 domain and that the BH4 mutant 

BokL34G does not associate with IP3Rs74. Given the size discrepancy of Bok and IP3Rs (the 

former contains ~200 amino acids whereas the latter contains ~2,700 amino acids per 

subunit), the process to determine the Bok binding region on IP3Rs was more complicated. 

My work on the Bok binding site of IP3Rs was largely based on earlier truncation mutations 

of IP3R174, and we now have full-length IP3R1 lacking only a single amino acid (IP3R1-

HA∆1917, Chapter 3, Fig. 1) that does not bind Bok. It is important to emphasize that position 

1917 is not the exact binding site of Bok binding per se but instead is located within a 
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predicted helical region that encompasses one of at least four binding determinants to Bok 

within this loop (Fig. 1). Collaboration and guidance from Dr. Alaji Bah helped close some 

of the gaps in knowledge for this region through structural modeling software and disorder 

prediction software. 

 
Figure 1. Predicted structural model of IP3R1 loop located between α72-73 (kindly provided by Dr. 
Alaji Bah). The four binding determinants of Bok binding within this loop are indicated with brackets. 
 
 The full-length IP3R mutants created through this project can be used in future 

functional studies to determine how binding to Bok may affect IP3R function. We know 

that the Bok-IP3R interaction does not modulate normal GPCR-stimulated Ca2+ release, 

mitochondrial Ca2+ uptake, or affect IP3R channel opening probablility74-76. However, Ca2+ 

signaling is incredibly versatile, and we can explore other IP3R-mediated processes with 

the Bok binding mutant more thoroughly, such as SOCE. Since we know that Bok protects 

IP3Rs from proteolytic cleavage74, we can also express the mutant IP3Rs in cells to see if 

they are processed differently when not bound to Bok. This may increase access for 

proteolytic cleavage or allow some unknown protein to bind or interact in the same region.   
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 Other future studies that stem from this project involve structurally characterizing 

the IP3R1 α72-73 loop upon binding to Bok through NMR spectroscopy. It would be 

interesting to see how IP3R structure changes upon binding Bok, specifically if there are 

any disorder-to-order transitions in the loop's flanking IDRs or changes in the 

conformational arrangement of the two disjointed helical regions. The BH4 domain of Bok 

is not fully exposed to the cytosol (Chapter 3, Fig. 5), so the two helices may adopt a more 

loose structure to fit into the BH4 binding region of Bok properly. An overview of the Bok-

IP3R interaction is shown in Figure 2. 

 

Figure 2. Model of the Bok-IP3R interaction. Bok86 (blue) binds to IP3Rs at the ER via its BH4 helix 
(purple). Bok binds to each IP3R1 subunit; one Bok peptide is shown for clarity. IP3R116 (green) binds Bok 
via the α72-73 loop (orange), which was not fully resolved in the structure shown. Future studies should 
structurally characterize the Bok-IP3R interface. 
 

In addition to binding determinants of the Bok binding site on IP3Rs, this study also 

reaffirms that the Bok-IP3R interaction is incredibly robust; Bok and IP3Rs can recruit each 

other to the ER membrane, and soluble forms of both proteins still associate in the cytosol 

(Chapter 3, Fig. 6), indicating that ER-localization is not required for the Bok-IP3R 
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interaction to occur. Also intriguing is that Bok is stabilized by IP3Rs in the cytosol, which 

suggests that Bok's typical degradation may be based within the cytosol instead of ERAD 

machinery, which we originally hypothesized68. Investigations are already underway to 

determine how Bok may be processed by other mechanisms. 

6.3. Cellular role of Bok and commentary on current Bok literature 

Bok is frequently referenced in literature as a bona fide pro-apoptotic protein and 

tumor suppressor so that it can fit cleanly into the pro- or anti-apoptotic dichotomy of the 

Bcl-2 family. Indeed, overexpression of Bok can induce apoptosis, but this classification 

is relatively superficial given that significant overexpression is not likely to occur and that 

the ability of Bok to induce apoptosis is largely redundant with that of Bax and Bak. 

Further, the continual reference to Bok as a tumor suppressor is somewhat exaggerated; 

the highly-referenced paper where this was originally suggested identifies a frequently 

deleted chromosomal region containing 19 different genes, including Bok83. Therefore, 

Bok may play a tumor-suppressive role, but there is also the possibility that Bok deletion 

in cancer could simply be a passenger mutation. 

 Toward the beginning of my doctoral research, we discovered that Bok KO or 

transient Bok KD (Chapter 5, Fig. 1) causes mitochondrial fragmentation in MEF cells76, 

which I have since observed in Bok KO HeLa cells (Chapter 4. Fig. 1). Despite 

mitochondrial fragmentation, MEF cell bioenergetics were unaffected by Bok deletion 

aside from an increased spare respiratory capacity (Chapter 5, Fig. 2), and no difference in 

baseline expression was noted for the primary mediators of mitochondrial morphology, 

including Mfn1/2 and Drp176. TurboID studies were implemented to identify interacting 

proteins that could explain Bok's role in mitochondrial morphology. Given Bok’s 
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constitutive association with IP3Rs at the ER and the intimate involvement of ER with 

mitochondria during fusion and fission (Fig. 3A)23, 145, we hypothesized that Bok could be 

“reaching over” to mitochondria to regulate one of these processes.  

Mitochondrial fragmentation results from an imbalance between fission and fusion 

processes; this may represent an increase in fission, a decrease in fusion, or a combination 

of the two (since fission and fusion are rarely separate from one another)118. Based on 

results of a photoactivatable GFP fusion-based assay between WT and Bok KO cells 

performed before TurboID results, we concluded that Bok KO decreases mitochondrial 

fusion rate76, and TurboID results indicate that Bok is proximal to mitochondrial fission 

proteins, but not fusion proteins (Chapter 4, Fig 5). Therefore, we concluded that Bok KO 

cells have an imbalance in fusion and fission due to partial adaptation, though it is likely 

that Bok mainly inhibits mitochondrial fission processes. 

To our knowledge, most of the mitochondrial fission proteins labeled by T-Bok 

(except Mtfr1) are known to interact with Drp1 (Fig. 3B). We are unsure if Bok interacts 

directly or indirectly with any of these proteins, aside from Mcl-1, though we hypothesize 

that Bok indirectly inhibits fission through one or more of the proteins listed in Fig. 2B. 

There are important questions to consider when looking at these proteins, including how 

Bok can regulate mitochondrial morphology as an ER-resident protein. Is Bok “reaching 

over” to mitochondria, or does it interact with an ER protein, such as Inf2237 or ER-

localized Mcl-149? Is Bok modulating the function of Akap1, a protein that regulates 

numerous mitochondrial functions218? Could Bok somehow regulate mitochondrial 

morphology by association with the OMM? Since Bok is constitutively bound to IP3Rs at 

the ER, it is not likely that OMM localization is required to regulate mitochondrial 
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morphology, though T-BokL34G also labeled Drp1, indicating that Bok regulation of 

mitochondrial morphology is likely independent of the Bok-IP3R interaction and 

theoretically could occur in a small population of OMM-localized Bok.   

 
Figure 3. Endoplasmic Reticulum involvement in mitochondrial fission. A, Model of ER (green) 
association with mitochondria (purple) obtained from EM and tomography of yeast cells. The smaller two 
panels indicate ER-mitochondrial contact points less than 30nm apart, indicated in red. Scale bar = 200 nm. 
(Adapted from145)  B, Protein-protein interaction (PPI) web of Bok and mediators of mitochondrial fission. 
Proteins connected by a green line are PPIs or known regulatory effects confirmed in the literature; yellow 
lines are potential PPIs that could be examined in future functional studies of Bok.   

 
We showed that Mcl-1 was strongly labeled by T-Bok (Chapter 4, Fig 5) and that 

when overexpressed, Bok and Mcl-1 associate with functional consequences (i.e. Mcl-1 

inhibits Bok-mediated cC3 production, Chapter 4, Fig 8). Interestingly, we had been unable 

to see this interaction previously because we had only screened endogenous proteins, which 

do not seem to interact (Chapter 4, Fig 9); even with overexpression of both proteins, it 

appears that only a small fraction of overexpressed Bok bound to Mcl-1, indicating that it 

is generally a low-affinity interaction. As mentioned above, we do not believe that Bok 

significantly contributes to apoptosis. The purpose of this interaction may be for Mcl-1 to 

prevent any Bok-mediated apoptosis from occurring in the cell, though more likely is that 

the Bok-Mcl-1 interaction has another role. For instance, Mcl-1 can induce or inhibit 

mitochondrial fission through interaction with Drp1152, 154 or Mff156 (Fig. 3A), so Bok may 

interact with Mcl-1 to further modulate mitochondrial morphology within a cell.  
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Given that Bok is constitutively associated with IP3Rs68, 74, the Bok-Mcl-1 

interaction must be considered in the context of the Bok-IP3R interaction. Since both Mcl-

1 and IP3Rs stabilize Bok, it is tempting to speculate that Bok is somehow transferred from 

IP3Rs to Mcl-1 under certain conditions. Perhaps IP3Rs act as a “sink” for Bok, and that 

“released” Bok is free to bind to Mcl-1 and regulate mitochondrial fission within MERCs. 

Further exploration of the Bok-Mcl-1 interaction is imperative, including how the 

two proteins associate and how Mcl-1 inhibits Bok function. Contrary to other publications 

on their interaction223, we have shown that the TM domain of Bok is important to binding 

Mcl-1 (Chapter 4, Fig 8), though not crucial. The BH3 domain likely plays a role in their 

interaction49 and will be the subject of future experiments. We also hope to identify the 

subcellular localization of the Bok-Mcl-1 interaction, whether it is at the ER or near 

MERCs could provide more functional information about each protein’s functions.  

Further studies must be performed to determine if Bok functionally interacts with 

the proteins outlined in Fig. 3B. This may include protein activity studies, gene deletion 

studies using CRISPR-Cas9, or drug treatments that stress the mitochondrial morphology 

machinery. Interestingly, the small molecule inhibitor P110, which inhibits Drp1 function 

through blocking its interaction with Fis1238, is commercially available; perhaps this could 

be used to disrupt mitochondrial fission for comparison between WT and Bok KO cells.  

 On a related note, a recent study found that germline deletion of Bok decreased ER-

mitochondrial contact points in MEFs and suggested that Bok is necessary for the stability 

of MERCs by serving as a tether point between the two organelles87. Interestingly, the 

MEFs used in this analysis demonstrated significant IP3R down-regulation, an effect not 

seen in other independently-derived MEF Bok KO cell lines68. Therefore, the decreased 
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IP3R expression may fully account for the altered MERC stability rather than Bok. Further, 

the T-Bok results obtained in Chapter 4 did not identify any typical MERC tethering 

proteins (Vdac1, Grp75, Mfn2)20. We believe that Bok is located within MERCs, though 

functionally, it seems to regulate mitochondrial morphology, not tethering. 

6.4. Concluding Remarks 

IP3Rs are Ca2+ channels vital to intracellular Ca2+ signaling processes throughout 

the body. The functions of Bcl-2 family member Bok, however, seem to be more discrete, 

or at least elusive.  Since the Bok-IP3R interaction has been discovered, we have learned 

that Bok prevents proteolytic cleavage of IP3Rs74 and IP3Rs stabilize Bok’s expression68, 

but much remains unknown at this time, including other functions of Bok beyond its 

interaction with IP3Rs. Bok KO causes mitochondrial fragmentation76, but a mechanism of 

action has not been clear. 

 The work presented in this thesis has brought a deeper understanding of the Bok-

IP3R interaction, which can be used in future studies to create a structural model for the 

PTM-rich IDRs located within the IP3R1 α72-73 loop, and further define the function of 

Bok binding to IP3Rs.  We have also learned that Bok is proximal to several mitochondrial 

fission proteins, which likely explains a role in preventing excessive mitochondrial fission. 

Given that Bok is highly concentrated in the hippocampus69 (a region of the brain important 

for memory formation), and excessive mitochondrial fission is often found in 

neurodegenerative diseases that cause dementia162, a better understanding of Bok’s role in 

mitochondrial morphology and the Bok-IP3R interaction could help further understand how 

these diseases develop and how we can prevent them in the future. 
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a b s t r a c t

Bcl-2-related ovarian killer (Bok) binds tightly to inositol 1,4,5-trisphosphate receptors (IP3Rs). To better
understand this interaction, we sought to elucidate the Bok binding determinants in IP3R1, focusing on
the ~75 amino acid loop (residues 1882e1957) between a helices 72 and 73. Bioinformatic analysis
revealed that the majority of this loop is intrinsically disordered, with two flanking regions of high
disorder next to a low disorder central region (~residues 1914e1926) that is predicted to contain two
fused, disjointed transient helical elements. Experiments with IP3R1 mutants, combined with compu-
tational analysis, indicated that small deletions in this central region block Bok binding due to pertur-
bation of the helical elements. Studies in vitro with purified Bok and IP3R1-derived peptides revealed
high affinity binding to amino acids 1898e1940 of IP3R1 (Kd ~65 nM) and that binding affinity is also
dependent upon both of the high disorder flanking regions. The strength of the Bok-IP3R1 interactionwas
demonstrated by the ability of IP3R1 or Bok to recruit transmembrane domain-free Bok or IP3R1 mutants,
respectively, to membranes in intact cells, and that these two mutants can bind in the cytosol inde-
pendently of membrane association. Overall, we show that Bok binding to IP3R1 occurs within a largely
disordered loop between a helices 72 and 73 and that high affinity binding is mediated by multivalent
interactions.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Bcl-2-related ovarian killer (Bok) is a poorly-characterized pro-
tein in the Bcl-2 family, with several studies in recent years indi-
cating that Bok can play pro-, anti-, or non-apoptotic roles [1,2]. Bok
contains 213 amino acids and is anchored to membranes by its C-
terminal transmembrane (TM) domain [1,2].

Despite the confusion that surrounds the role of Bok, one cer-
tainty is its interaction with inositol 1,4,5-trisphosphate receptors
(IP3Rs) [3e5], which are tetrameric Ca2þ channels found in the
endoplasmic reticulum (ER) membrane of mammalian cells [6]. The
nature of Bok binding to IP3Rs is unique compared to other Bcl-2

family proteins [7], as it appears that essentially all cellular Bok is
constitutively bound to IP3Rs [3,4]. Further, in the absence of IP3Rs,
Bok is rapidly degraded by the proteasome [4]. Previous studies
have demonstrated that Bok binds to IP3R1 via its helical BH4
domain, and that point mutations that distort the BH4 helix
completely abrogate binding [3]. Thus far, information on the
location of the Bok binding site on IP3Rs has only come from IP3R1
truncation mutations [3], and suggests that Bok binds within the
coupling domain of IP3R1, and perhaps to a loop between a helices
72 and 73 (a72-73 loop) [3,8].

Here, using mutagenesis of full-length IP3R1, in vitro studies
with purified proteins and computational analysis, we show that
the Bok binding determinants in IP3R1 are exclusively located in the
a72-73 loop, the majority of which is intrinsically disordered, that
IP3R1s with very small deletions do not bind Bok, and that high
affinity binding is mediated by multiple determinants within the
a72-73 loop.

Abbreviations: Bok, Bcl-2-related ovarian killer; ER, endoplasmic reticulum; FP,
fluorescence polarization; IDR, intrinsically disordered region; IP3R, inositol 1,4,5-
trisphosphate receptor; PTM, post-translational modification; TM, transmembrane.
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2. Materials and methods

2.1. Materials

HEK-3KO cells were created and maintained as described [9].
Rabbit antibodies were: anti-HA [3] (used for IP), anti-
IP3R11884"1903 (Enzo), anti-Hrd1 [10], anti-transaldolase [10], and
anti-Bok [3]. Mouse monoclonal antibodies were: anti-HA (Berke-
ley Antibody Co. for immunoblot) and anti-p97 (Research Di-
agnostics Inc.). PCR reagents were from New England BioLabs. SDS-
PAGE reagents were from BioRad. Protein A-Sepharose CL-4B was
from GE Healthcare. Linear, MW~25,000 polyethylenimine (PEI)
was from Polysciences Inc. Horseradish peroxidase-conjugated
secondary antibodies, protease inhibitors, and all other reagents
not listed were from Sigma.

2.2. Mutagenesis

All IP3R1 mutants were created frommouse IP3R1 tagged at the
C-terminus with an HA epitope (IP3R1-HA) [3] by inverse PCR, with
insertion of either a NheI or XhoI site, to facilitate screening. IP3R1-
HAD™ contains amino acids 1e2264 of IP3R1. Bok from mouse
tagged at the N-terminus with a 3xFlag epitope (3F-Bok) [3] was
used to create 3F-BokD™, which contains amino acids 1e187 of Bok,
by inverse PCR, with insertion of a BamHI site. Primer sequences are
available upon request. The authenticity of all cDNAs was
confirmed by DNA sequencing (Genewiz).

2.3. Analysis of Bok/IP3Rs and cellular fractionation

HEK-3KO cells were seeded in 6-well plates (Corning) at 6-
8x105/well and transfected ~24 h later with 1e2 mg cDNAs and 6 mL
of 1mg/mL PEI. Cell lysates were prepared for IP as described [3]. To
obtain crude membrane and cytosol fractions, cells were harvested
with ice-cold homogenization buffer and sonicated [10], were
centrifuged at 20,000xg for 60 min at 4 #C, supernatants were
collected, and pellets were resuspended in homogenization buffer.
All samples were resuspended in gel-loading buffer, incubated at
37 #C for 30 min or boiled for 5 min, subjected to SDS-PAGE, and
proteins were transferred to nitrocellulose for probing as described
[4]. Immunoreactivity was detected using Pierce ECL reagents and a
Chemidoc (Bio-Rad). Mass markers (in kDa) are indicated on the
right side of all immunoblots.

2.4. Protein purification, fluorescence polarization (FP), and in vitro
assays

FITC-conjugated peptides and mouse Bok/IP3R1 DNA sequences
were from GenScript. Sequences were subcloned from the pUC57
vector into a pET SUMO vector (Invitrogen), which contains a His-
sumo (HS) tag, using Gibson assembly (primers available upon
request). Proteins were expressed in BL21-CodonPlus (DE3)-RIPL E.
coli cells (Agilent Technologies) in Luria broth containing kana-
mycin and chloramphenicol, and cultured at 37 #C until OD600~0.6.
After incubation with 1 mM IPTG for ~18 h at 16 #C, pelleted cells
were re-suspended in phosphate buffer (300 mM NaCl, 50 mM
Na2HPO4/NaH2PO4, 20 mM imidazole, 1 mM benzamidine, 5 mM
beta-mercaptoethanol, 100 mM arginine-HCl, pH 7.4, 100 mM
glutamine, 5% glycerol) supplemented with lysozyme, were soni-
cated for 5min, andwere centrifuged at 27,000xg for 30min at 4 #C.
HS-tagged proteins were purified using a nickel-nitriloacetic acid
column (GoldBio), and eluted using the same phosphate buffer
enriched with imidazole (400 mM). FP [11] was performed in PBS
(pH 7.4)/0.1% BSA using a Flex Station 3 (excitation 485 nm/emis-
sion 525 nm). Traces shown are the average of duplicate values for

an individual representative experiment. Kd values were deter-
mined using GraphPad Prism after subtraction of non-specific
signal (nonlinear regression, Binding-Saturation, one site e spe-
cific binding).

3. Results

3.1. Determinants of Bok-IP3R1 binding

Previous studies with IP3R1 N-terminal truncationmutants have
suggested that the Bok binding site on IP3R1 lies within the a72-73
loop [3], which contains well-characterized sites for caspase-3 and
chymotrypsin cleavage, as well as many of the sites at which IP3R1
is ubiquitinated (Fig. 1A) [12]. This approach is far from ideal,
however, because the truncated IP3Rs will certainly be structurally
compromised and will have functional deficits. Therefore, we
sought to create a “full-length” mutant of IP3R1 that does not bind
Bok. Several deletions were created in IP3R1-HA within the a72-73
loop (Fig. 1A) and constructs were assessed for interaction with 3F-
BokWT by immunoprecipitation (IP) from HEK cells lacking all
endogenous IP3Rs (HEK-3KO cells, Fig. 1B) [9]. IP of IP3R1-HAWT

allowed for efficient co-IP of 3F-BokWT (Fig. 1B, lane 2), while the
construct with the largest deletion, IP3R1-HAD1909-1941 did not co-IP
3F-BokWT (lane 3). Remarkably, constructs with much smaller de-
letions, IP3R1-HAD1916-1917, IP3R1-HAD1917 and IP3R1-HAD1920-1921

(lanes 4e6), all also failed to co-IP 3F-BokWT, demonstrating that
the integrity of this region, rather than a discrete amino acid
sequence, is important for IP3R1-Bok binding. Interestingly, sub-
stitution of amino acids 1916e1917 with two adjacent glycine
residues, which has been shown previously to break any potential a
helices or structural motifs [4,13], did not inhibit 3F-BokWT co-IP
(lane 7). All mutants examined exhibited normal Ca2þ channel
function, indicating that inability to bind Bok is not due to major
structural perturbation outside of the ~1920 region
(Supplementary Data, Fig. 1).

The a72-73 loop is part of a small percentage of the IP3R1
sequence that could not be resolved by cryo-EM [8,14], suggesting it
might be an intrinsically disordered region (IDR) [15]. IUPred2A
disorder analysis [16] revealed that the majority of the a72-73 loop
is indeed intrinsically disordered, with two regions of high disorder
flanking a low disorder central region (~residues 1914e1926;
Fig. 1C). This “dip” in IUPred2 score and corresponding “peak” in
ANCHOR2 score, an index of binding propensity, coincides perfectly
with the region shown to be critical for Bok binding in co-IP ex-
periments (Fig. 1B). Overall, these data indicate that the a72-73
loop is largely an IDR and that the central region of this loop is
critical for Bok binding.

Secondary structure prediction of the loop identified regions
with helical propensity, but did not reach a consensus on their
positions (Supplementary Data, Fig. 2). Further analysis using
Agadir, a program that predicts helical propensity based on the
helix/coil transition theory [17], revealed clear helical propensity in
the central region and, specifically, two discrete, but fused a-helical
motifs (Fig. 1D). The first motif has low helical propensity (~5%) and
spans residues E1908-S1919, while the second motif has relatively
high helical propensity (~17%) and spans residues A1920-A1925.
Interestingly, the two helices are non-contiguous, with each having
its own register. Helical prediction for the IP3R1 mutations that
abrogate binding reveal that they either stabilize the first helix
(Fig. 1E and F) or destabilize the second helix (Fig. 1G). Substitution
of amino acids 1916 and 1917 with glycine, which did not block Bok
binding, resulted in a significant destabilization of the first helix
(Fig. 1H). Taken together, these results demonstrate that Bok
binding is dependent on a relatively low and high helical pro-
pensity for the first and second motifs, respectively.
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3.2. In vitro binding studies using purified Bok and IP3R1 peptides

To further resolve the Bok binding site in IP3R1, we sought to
recapitulate the Bok-IP3R1 interaction in vitro using bacterially
expressed, HS-tagged proteins (Fig. 2A). Examination of protein
purity (Fig. 2B), revealed major bands for HS-Bok and HS-IP3R1 at
the expected sizes of 36 and 25.5 kDa, respectively, with minor
contaminants, likely corresponding to N-terminal fragments of HS-

Bok and HS-IP3R1. The interaction of HS-Bok and HS-IP3R1 was
shown via IP of IP HS-IP3R1 (Fig. 2C); strong co-IP of the major band
of HS-Bokwas seen at 36 kDa, but not the HS-Bok fragment (lane 6),
and no co-IP was seen with HS-HA (lane 7), which serves to
demonstrate specificity.

We also analyzed the binding of FITC-tagged peptides corre-
sponding to regions of the a72-73 loop (Fig. 2D) using a FP assay
[11]. HS-Bok (Fig. 2B, lane 5), but not negative control HS-HA (lane

Fig. 1. The Bok binding site in IP3R1 lies within the loop between a helices 72 and 73. A) sequence of the IP3R1 a72-73 loop, corresponding to amino acids 1882e1957, the
positions at which caspase-3 and chymotrypsin cleave IP3R1 (arrows) [12], lysine residues known to be ubiquitinated (arrowheads) [12], and IP3R1-HA deletion mutants (green
lines). B) Anti-HA IP and input cell lysates from IP3R1-HA and 3F-Bok co-transfected HEK-3KO cells probed in immunoblots for the proteins indicated; p97 serves as a loading
control for the input lysates. 3F-Bok expresses as multiple anti-Bok immunoreactive species (27, 23, and 21 kDa) due to alternative translation initiation [4]. C) IUPred2 and
ANCHOR2 scores, aligned with the sequence in A (IUPred2 long analysis, context-dependent ANCHOR2 analysis, available at https://iupred2a.elte.hu/). D-H) Agadir helical pre-
dictions (default settings, available at http://agadir.crg.es/). In IP3R1 mutants, missing amino acid residues were assigned a value of 0. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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4), bound with high affinity to FITC-IP3R11898"1940, which encom-
passes a large portion of the IP3R1 a72-73 loop (Fig. 3E,
Kd ¼ 64 ± 8 nM). Remarkably, deleting the amino acids corre-
sponding to positions 1916e1917 within this peptide completely
blocked the binding (Fig. 2E), similarly to the properties of the
IP3R1-HAD1916-1917 mutant described in Fig. 1, indicating that these
in vitro experiments accurately recapitulate events seen in intact
cells.

Additional peptides were examined (Fig. 2D), including a
shorter peptide, FITC-IP3R11907"1921, which encompasses just the
ANCHOR2 “peak” shown in Fig. 1C, as well as FITC-IP3R11898"1929

and FITC-IP3R11904"1940, which lack portions of the C-terminal or N-
terminal highly disordered flanking regions, respectively (Fig. 1A,
C). We found that both IP3R11898"1929 and FITC-IP3R11904"1940

bound to HS-Bok, but with lower affinity than FITC-IP3R11898"1940,

as indicated by higher Kd values (265 ± 135 and 398 ± 126 nM,
respectively), and that FITC-IP3R11907"1921 does not bind to HS-Bok
at all (Fig. 2F). Agadir analysis (Fig. 2GeJ) appears to explain the
inability of FITC-IP3R1D1916-1917 and FITC-IP3R11907"1921 to bind,
since the former peptide exhibits an increase in stability in the first
a-helical motif (Fig. 2G) and the latter peptide completely lacks the
second motif (Fig. 2H). Interestingly, the peptides lacking portions
of the flanking disordered regions, that bind Bok with lower af-
finity, maintained a helical pattern similar to FITC-IP3R11898"1940

(Fig. 2I and J). Taken together, these data indicate that high affinity
binding of Bok to the a72-73 loop of IP3R1 is dependent upon more
than just the helical integrity of the central region of the loop; it
also requires the presence of both of the highly disordered flanking
regions.

Fig. 2. Bok and IP3R1-derived peptides associate in vitro. A) HS-tagged constructs expressed in bacteria. Arrowheads mark the positions of antibody epitopes used for recog-
nition; residues 19e32 for HS-Bok, residues 1884e1903 for HS-IP3R1, and the 9 amino acid HA tag for HS-HA. B) Coomassie blue-stained gel of purified bacterially-expressed HS-HA,
HS-Bok and HS-IP3R1, together with known amounts of BSA. Protein fragments (*) were present as minor contaminants in the HS-Bok and HS-IP3R1 preparations. C) Purified HS-
IP3R1, HS-Bok and HS-HA were incubated as indicated in PBS/0.1% BSA for 16 h at 4 #C, HS-IP3R1 was immunoprecipitated with anti-IP3R11884"1903 and immunoprecipitates (lanes
5e7), plus controls (lanes 8e11) and inputs (lanes 1e3) were probed in immunoblots for the proteins indicated. D) FITC-conjugated, IP3R1-derived peptides. E) FP with HS-Bok or
HS-HA and FITC-conjugated peptides. F) FP with HS-Bok and FITC-conjugated peptides, with Kd values (n ¼ 3). G-J, Agadir helical prediction for FITC-IP3R1 peptides. The grey lines
show the sequence encompassed in each peptide. (A. and D. created with BioRender). (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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3.3. Analysis of the Bok-IP3R1 interface

While Bok binds IP3Rs via its BH4 helix [3,4], the structure of Bok
[18] indicates that this helix is not fully exposed, as an unstructured
loop lies across it (Fig. 3A and B). This occlusion likely prevents the
BH4 helix from forming a long “helix to helix” interaction with the
central helical region of the a72-73 loop. However, the BH4 helix
surface that is critical for IP3R binding is positively charged (Fig. 3C),

prompting us to examinewhether the IP3R1 a72-73 loopmight also
be charged. Analysis using the CIDER program [19] revealed that
the a72-73 loop contains a pattern of alternating charge blocks and
that the central region of the loop, that is critical for Bok binding,
contains a negatively charged area (Fig. 3D), suggesting that elec-
trostatic interactions contribute to binding.

3.4. Bok and IP3Rs associate independently of membrane insertion

Bok is constitutively associated with IP3Rs [3], but it is unclear at
what point in protein maturation the Bok-IP3R1 interaction begins
and whether this interaction is needed for normal ER membrane
insertion. Interestingly, exogenous IP3R1-HAWT and exogenous 3F-
BokWT localize completely to membranes when expressed alone
(Fig. 4A, lanes 4 and 6, respectively), and when both IP3R1-HAWT

and 3F-BokWT are co-expressed, the same localization is main-
tained, with an increase in Bok expression level (lane 8) [4].
Therefore, both Bok and IP3Rs are able to independently “self-re-
cruit” to membranes.

To explore when Bok and IP3R1 interact, a Bok construct lacking
the C-terminal TM domain (3F-BokD™) was examined. 3F-BokD™ is
predominantly cytosolic (Fig. 4B, lane 1), but becomes membrane-
associated and expression is increased upon co-transfection with
IP3R1-HAWT (lanes 3e4), an effect not seen with the Bok binding-
deficient mutant IP3R1-HAD1916-1917 (lanes 5e6). Thus, the Bok-
IP3R1 interaction can occur prior to Bok membrane insertion and is
strong enough to retain 3F-Bok D™ in the membrane fraction.

Remarkably, a similar conclusion can be drawn from examina-
tion of an IP3R1 construct lacking all 6 C-terminal TM domains
(IP3R1-HAD™). When expressed in the absence of Bok, IP3R1-HAD™
is predominantly cytosolic (Fig. 4C, lanes 1e2), but becomes more
membrane-associated upon co-transfection of 3F-BokWT (lanes
3e4), an effect not seen with IP3R1-HAD™, D1916-1917, which lacks
TM domains and the ability to bind Bok (lanes 5e6).

Thus, the Bok-IP3R1 interaction is robust enough for IP3R1-HAWT

and 3F-BokWT to localize TM domain-lacking Bok and IP3R1 con-
structs, respectively, to membranes, and that the interaction be-
tween Bok and IP3R1 can occur independently of membrane
insertion. This was confirmed by the observation that 3F-Bok and
IP3R1-HA co-IP regardless of TM status (Fig. 4D), and more impor-
tantly, that cytosolic 3F-BokD™ and IP3R1-HAD™ strongly co-IP
(lane 6).

4. Discussion

Since its discovery, the cellular role of Bok has remained elusive
and confusing [1,2]. Some of this may stem from efforts to assign
Bok a rolewithin the intrinsic apoptosis pathway, and indeed, many
now consider that Bok plays a conventional Bak/Bax-type pro-
apoptotic role at the outer mitochondrial membrane [1,2,20]. Bok,
however, is unlike other Bcl-2 family members, largely for the fact
that it is uniquely and constitutively bound to ER-localized IP3Rs
[3,4].

Here we provide insight into the Bok-IP3R1 interaction and have
narrowed down the Bok binding site on IP3R1 to a small region
between a helices 72 and 73. The recent cryo-EM models of IP3R1
[8,14] have provided a wealth of information regarding the overall
structure of the channel, but unfortunately did not resolve the a72-
73 loop. Our data indicates that this is because the a72-73 loop is an
IDR, composed of two highly disordered regions flanking a low
disorder region in the central part of the loop that coincides with an
increase in ANCHOR2 score, and is precisely the region in which
small deletions in full-length IP3R1 block Bok binding. Interestingly,
perturbation of the highly disordered flanking regions decreased
the affinity of the Bok-IP3R1 interaction, suggesting that these

Fig. 3. Structural basis of the IP3R1 a72e73 loop interaction with Bok. A) Cartoon,
B) surface and C) electrostatic distribution in the structure of Bok (6CKV [18]) in two
orientations, visualized using PyMOL. The BH4 helix (red) is not fully accessible due to
the loop (green) connecting it to the next helix (A and B) and the exposed surface
around the binding interface is highly positively charged (C). D) Net charge per residue
(NCPR) of the a72-73 loop calculated using CIDER [19] (default settings, available at
http://pappulab.wustl.edu/CIDER/), revealing a negative region marked with a grey
line that approximates to the central region of the loop critical for Bok binding. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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regions also play a role in Bok binding. This is consistent with our
previous findings in intact cells that an IP3R1 mutant lacking amino
acids 1e1903 does not bind Bok [3]; this mutant lacks part of the N-
terminal highly disordered region. Overall, these data demonstrate
that the Bok-IP3R1 interaction requires both the central, low dis-
order region of the a72-73 loop, along with the highly disordered
flanking regions for maximum binding affinity.

Agadir analysis revealed that the central region of the loop is
composed of two contiguous a-helical motifs in different registers,
and that the first helix may have to be relatively unstable in order
for the second helix to participate in binding. Further, helical pro-
pensity did not change significantly upon removal of the N-termi-
nal or C-terminal disordered regions, indicating that the disordered
flanking regions and the more ordered central region of the loop
can independently contribute to binding affinity. Thus, there
appear to be four determinants for the a72-73 loop interactionwith
Bok: (i) a disordered N-terminal flanking region, followed by (ii) a
region with low helical propensity (E1909-S1919) that is fused to (iii)
a regionwith high helical propensity (A1920-A1925), and finally (iv) a
disordered C-terminal flanking region. Given the charge distribu-
tions in Bok and the a72-73 loop, it is likely that electrostatic in-
teractions, together with the disjointed nature of the helical motifs
within the a72-73 loop, mediate the strong interactions between
IP3R1 and Bok.

As well as binding Bok, the a72-73 loop contains sites for several
post-translational modifications (PTMs) (Fig. 1A) [6,12], consistent
with findings for other IDRs [21]. Bok binding has been shown to
protect IP3R1 from proteolytic cleavage within the a72-73 loop [3],
apparently due to steric hindrance, and may regulate other PTMs.
While binding to IP3Rs is critical for Bok stability [4], it does not
appear to regulate Ca2þ channel function (Supplementary Data,
Fig. 1) [5], and other potential roles for the interaction (e.g. in

controlling mitochondrial morphology [5]) are currently being
investigated. With regard to a possible role in membrane insertion,
it is remarkable that the Bok-IP3R1 interaction is strong enough to
allow for both Bok and IP3R1 to recruit to membranes TM domain-
lacking versions of their counterparts, and for TM domain-lacking
versions of each protein to co-IP. Thus, the Bok-IP3R1 interaction
can occur in the cytosol prior to membrane insertion. These studies
also reveal that the stabilization of Bok that results from binding to
IP3R1 [4] can occur independently of membranes, suggesting that
the pathway that mediates Bok degradation may be cytosol-based,
rather than ER-based, which has been previously suggested [4,20].

In addition to Bok, several other Bcl-2 family proteins have been
reported to interact with IP3Rs, including Bcl-2 and Bcl-xL [7]. Both
of these proteins can interact with IP3R1 via their BH4 domains [7],
similarly to Bok [3]. However, they interact with IP3R1 at a site
different from the a72-73 loop andmuch less strongly than Bok [3].
Interestingly, the Bcl-2-IP3R1 interaction has been extensively
studied [22], leading to the creation of a small peptide inhibitor,
BIRD-2, that is a potential therapeutic agent [22,23]. It seems likely
that the information obtained in the present studywill guide future
work that seeks to interferewith the Bok-IP3R1 interaction andmay
lead to useful inhibitory compounds.
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Supplementary Figure 1. IP3R1-HA mutants exhibit normal Ca2+ channel function. HEK-3KO cells were 
transfected with the IP3R1-HA constructs indicated, then ~24h later were re-seeded into 96-well plates 
(0.34cm2/well) coated with poly-D lysine (Greiner) at 2.5x104/well, or re-seeded in 6-well plates for measurement 
of protein expression. The following day, the Cal6-based FLIPR Calcium Assay (Molecular Devices) was used 
according to manufacturer’s instructions with a Flex Station 3 (Molecular Devices) to measure cytosolic Ca2+ 
concentration and thus IP3R1 channel activity. IP3R1-HAΔ1909-1941 is the largest deletion and IP3R1-HAΔ1916-1917 

represents one of the smaller deletions (Fig. 1A). A-B) Temporal responses to carbachol (A) and trypsin (B); data 
are presented as the average of triplicate wells for an individual representative experiment. C) Dose-response 
curves for carbachol with EC50 values showing that there is no significant difference in channel function for 
IP3R1-HAΔ1909-1941 and IP3R1-HAΔ1916-1917 compared to IP3R1-HAWT (p=0.30, 0.86, respectively, n=5). EC50 
values were determined using GraphPad Prism software (nonlinear regression, Dose-response, [Agonist] vs. 
response). Statistical analysis was performed using Student’s t-test. D) Immunoblot showing equal expression 
levels of the IP3R1-HA constructs; p97 serves as a loading control. The normal Ca2+-mobilizing behavior of the 
IP3R1 mutants indicates that their inability to bind Bok is not due to unexpected structural alterations outside the 
~1920 region. Furthermore, the similarity in responsiveness of IP3R1-HAWT and Bok binding-deficient IP3R1 
mutants indicates that Bok does not regulate IP3R-mediated Ca2+ signaling. 
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Supplementary Figure 2. Secondary Structure Predictions. Analysis of residues 1851-1978 of mouse IP3R1 (GI 
accession P11881) using A) J Pred4 [1], B) PSIPRED [2], and C) PredictProtein [3] sequence analysis tools. 
Default program settings were used in all instances. The boundaries of the α72-73 loop are marked by arrows. 
Tools and citations are available at http://www.compbio.dundee.ac.uk/jpred4/index.html, 
http://bioinf.cs.ucl.ac.uk/psipred/, and https://predictprotein.org/, respectively. 
 
[1] A. Drozdetskiy, C. Cole, J. Procter, G.J. Barton, JPred4: a protein secondary structure prediction server, Nucleic Acids Res 43(W1) 
(2015) W389-94. 
[2] D.W.A. Buchan, D.T. Jones, The PSIPRED Protein Analysis Workbench: 20 years on, Nucleic Acids Res 47(W1) (2019) W402-W407. 
[3] G. Yachdav, E. Kloppmann, L. Kajan, M. Hecht, T. Goldberg, T. Hamp, P. Honigschmid, A. Schafferhans, M. Roos, M. Bernhofer, L. 
Richter, H. Ashkenazy, M. Punta, A. Schlessinger, Y. Bromberg, R. Schneider, G. Vriend, C. Sander, N. Ben-Tal, B. Rost, PredictProtein-
-an open resource for online prediction of protein structural and functional features, Nucleic Acids Res 42(Web Server issue) (2014) 
W337-43. 

 

http://www.compbio.dundee.ac.uk/jpred4/index.html
http://bioinf.cs.ucl.ac.uk/psipred/
https://predictprotein.org/
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Appendix B. TurboID-BokWT protein list (Chapter 4). 

frequency 
(out of 7 

data sets) 
Description Gene symbol Localization* Notes 

6 ATP-binding cassette sub-family D 
member 3  GN=ABCD3   ABCD3 ELP     transport BCFA and bile acids 

to peroxisome 

7 Acyl-CoA-binding domain-containing 
protein 5  GN=ACBD5   ACBD5   ELP     important with peroxisome 

degradation 

7 Long-chain-fatty-acid--CoA ligase 3  
GN=ACSL3   ACSL3 ER Mito ELP synthesis of lipids 

6 Arf-GAP domain and FG repeat-
containing protein 1  GN=AGFG1   AGFG1 N     RNA trafficking 

6 Neuroblast differentiation-associated 
protein AHNAK  GN=AHNAK   AHNAK N     differentiation of neuronal 

cells 

7 A-kinase anchor protein 1, 
mitochondrial  GN=AKAP1   AKAP1 Mito     binds PKA regulatory 

subunits 

6 Ankyrin repeat and LEM domain-
containing protein 2  GN=ANKLE2   ANKLE2 ER     mitotic nuclear envelope 

reassembly 

6 Ankyrin repeat domain-containing 
protein 17  GN=ANKRD17   ANKRD17 N     cell cycle, DNA regulation 

6 ADP-ribosylation factor GTPase-
activating protein 2  GN=ARFGAP2   ARFGAP2   G     GAP for Arf1, membrane 

trafficking 

6 Armadillo repeat-containing X-linked 
protein 3  GN=ARMCX3   ARMCX3 Mito N   regulates mito aggregation 

6 Activating signal cointegrator 1 
complex subunit 3  GN=ASCC3   ASCC3 N     helicase-like 

7 Ancient ubiquitous protein 1  
GN=AUP1   AUP1 ER     UPR, translocate misfolded 

proteins to cytosol 

7 Bcl-2-related ovarian killer protein  
GN=BOK   BOK ER G   protein of interest 

6 T-complex protein 1 subunit theta  
GN=CCT8   CCT8 CS     component of TRiC, folds 

proteins 

6 Threonylcarbamoyladenosine tRNA 
methylthiotransferase  GN=CDKAL1   CDKAL1 ER     methylthiolation in tRNAs 

6 Clathrin interactor 1  GN=CLINT1   CLINT1 G     binds to PIP2-rich 
membranes 

6 Src substrate cortactin  GN=CTTN   CTTN PM CS   actin organization 

6 7-dehydrocholesterol reductase  
GN=DHCR7   DHCR7 ER     cholesterol biosynthesis 

7 Dynamin-1-like protein  GN=DRP1   DRP1 Mito Cyt   mito division 

6 Eukaryotic translation initiation factor 
3 subunit C-like protein  GN=EIF3CL   EIF3CL Cyt     component of translation 

initiation factor 3 complex 

6 Eukaryotic translation initiation factor 
4B  GN=EIF4B   EIF4B Cyt     RNA binding 

6 Eukaryotic translation initiation factor 
4 gamma 2 (Fragment)  GN=EIF4G2   EIF4G2   Cyt     plays role in mitosis, 

apoptosis, viral infection 

7 Extended synaptotagmin-1  
GN=ESYT1   ESYT1 ER PM   

Ca2+ binding, 
glycerophospholipid 
transport, ER PM tether 
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6 Extended synaptotagmin-2 
(Fragment)  GN=ESYT2   ESYT2   ER PM   

lipid transport, binds Ca2+ 
and forms ER-PM contact 
sites 

7 Exonuclease 3'-5' domain-containing 
protein 2  GN=EXD2   EXD2 N Mito   

DNA damage response, 
regulation of ATP production, 
mito translation 

6 Fatty acid synthase  GN=FASN   FASN Cyt     synthesis of LCFAs 

6 Filamin-A  GN=FLNA   FLNA CS     branching of actin 

6 Fibronectin type-III domain-
containing protein 3A  GN=FNDC3A   FNDC3A   G     role in spermatogenesis 

6 Golgin subfamily A member 2  
GN=GOLGA2   GOLGA2 G CS   maintain Golgi structure, 

facilitate vesicle fusion 

6 G patch domain-containing protein 4  
GN=GPATCH4   GPATCH4 N     nucleic acid binding 

6 Helicase, lymphoid-specific, isoform 
CRA_b  GN=HELLS   HELLS   N     expansion of lymphoid cells, 

dna methylation regulation 

7 Gamma-interferon-inducible protein 
16  GN=IFI16   IFI16 N Cyt   binds dsDNA, transcriptional 

regulation 

6 Immunoglobulin-binding protein 1  
GN=IGBP1   IGBP1 EC     associated with IgM, signal 

transduction 

7 Cation-independent mannose-6-
phosphate receptor  GN=IGF2R   IGF2R ELP     transport of enzymes Golgi to 

lysosomes 

6 Inverted formin-2  GN=INF2   INF2 CS ER   actin organization, mito 
division 

6 Integrin beta-1  GN=ITGB1   ITGB1 PM ELP   cell-ECM adhesion 

7 Inositol 1,4,5-trisphosphate receptor 
type 1  GN=ITPR1   ITPR1 ER     Ca2+ channel 

6 Inositol 1,4,5-trisphosphate receptor 
type 2  GN=ITPR2   ITPR2 ER     Ca2+ channel 

7 Inositol 1,4,5-trisphosphate receptor 
type 3  GN=ITPR3   ITPR3 ER     Ca2+ channel 

6 Kinectin  GN=KTN1   KTN1 ER     vesicle motility 

7 Lamin-B receptor  GN=LBR   LBR N ER   cholesterol biosynthesis 

7 Inner nuclear membrane protein 
Man1  GN=LEMD3   LEMD3 N     repress TGF beta 

7 Large subunit GTPase 1 homolog  
GN=LSG1   LSG1 N ER   nuc export of 60S ribosome 

6 Microtubule-associated protein  
GN=MAP4   MAP4   CS     promotes MT assembly 

7 Mitochondrial antiviral-signaling 
protein  GN=MAVS   MAVS Mito ELP   innate immunity, protect 

from apoptosis? 

6 Cell surface glycoprotein MUC18  
GN=MCAM   MCAM EC     cell adhesion 

6 
Induced myeloid leukemia cell 
differentiation protein Mcl-1  
GN=MCL1   

MCL1 Mito Cyt ER inhibit apoptosis 

6 Mitochondrial fission factor  GN=MFF   MFF Mito ELP   
mito and peroxisomal fission, 
promotes DRP1 association 
with mito surface 

7 Double-strand break repair protein 
MRE11  GN=MRE11   MRE11 N     dsDNA break repair 
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6 Protein LYRIC  GN=MTDH   MTDH N ER   activates NFkB, role in 
metastasis 

6 Mitochondrial fission regulator 1  
GN=MTFR1   MTFR1 Mito     mito fission and respiration 

regulation 

6 Methionine synthase reductase  
GN=MTRR   MTRR Cyt     reductive regeneration of 

B12 cofactor 

7 Myoferlin  GN=MYOF   MYOF N PM   ca2+ binding, repair of 
membranes 

7 Nucleoporin NDC1  GN=NDC1   NDC1 N     component of nuclear pore 
complex 

6 Nuclear pore complex protein 
Nup153  GN=NUP153   NUP153 N     component of nuclear pore 

complex 

6 Nuclear pore complex protein Nup98-
Nup96  GN=NUP98   NUP98 N     component of nuclear pore 

complex 

6 Serine/threonine-protein kinase PAK 
2  GN=PAK2   PAK2 N     S/T kinase, general cell 

signaling 

6 
Pyridoxal-dependent decarboxylase 
domain-containing protein 1  
GN=PDXDC1   

PDXDC1   ER G   decarboxylase 

7 Perilipin-4  GN=PLIN4   PLIN4   PM     TG packing into adipocytes, 
lipid biogenesis 

6 Periplakin  GN=PPL   PPL   PM CS   localization signal in pkb/akt 
signaling, link cs components 

6 Protein phosphatase 1 regulatory 
subunit 15B  GN=PPP1R15B   PPP1R15B ER     phosphatase, normal 

conditions 

6 Tyrosine-protein phosphatase non-
receptor type 1  GN=PTPN1   PTPN1 ER     regulator of ER UPR 

6 Rab-like protein 3  GN=RABL3   RABL3 N     nucleic acid binding 

6 GTP-binding protein Rheb  GN=RHEB   RHEB   Cyt ER G activates mTORC1, apoptosis 
regulation,  

6 RNA polymerase II-associated protein 
3  GN=RPAP3   RPAP3 Cyt     RNAP/chaperone protein 

interface 

7 Ribosome-binding protein 1  
GN=RRBP1   RRBP1   ER     ER-ribosome interactions at 

ER 

7 N-terminal kinase-like protein  
GN=SCYL1   SCYL1 ER G   COPI trafficking bw ER and 

Golgi 

6 Vesicle-trafficking protein SEC22b  
GN=SEC22B   SEC22B ER G   ER-Golgi transport 

6 Protein transport protein Sec24A  
GN=SEC24A   SEC24A ER Cyt   component of COPII vesicles 

6 STE20-like serine/threonine-protein 
kinase  GN=SLK   SLK Cyt     mediates apoptosis, actin 

fiber dissolution 

7 Spartin  GN=SPG20   SPG20 Cyt     endosomal trafficking, MT 
dynamics 

6 Sequestosome-1  GN=SQSTM1   SQSTM1   ELP     regulates nf-kB pathway 

7 Signal recognition particle 54 kDa 
protein  GN=SRP54   SRP54 N     binds presecretory proteins 

7 Signal recognition particle receptor 
subunit alpha  GN=SRPRA   SRPRA ER     ER localization 

6 Sperm-specific antigen 2  GN=SSFA2   SSFA2   N Cyt   interacts with IP3Rs 

7 STIM1L  GN=STIM1   STIM1 ER PM   Ca2+ channel 
regulation,SOCE 
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6 Syntaxin-5  GN=STX5   STX5 G     ER/Golgi transport 

6 Synapse-associated protein 1  
GN=SYAP1   SYAP1 G PM   promotes phosphorylation of 

Akt, adipocyte diff 

6 
Tight junction protein 1 (Zona 
occludens 1), isoform CRA_a  
GN=TJP1   

TJP1   PM     scaffolding between cells 

6 Lamina-associated polypeptide 2, 
isoforms beta/gamma  GN=TMPO   TPMO N     direct assembly of nuclear 

lamina 

6 
Mitochondrial import receptor 
subunit TOM20 homolog  
GN=TOMM20   

TOMM20 Mito     import of preproteins into 
mito 

6 Torsin-1A-interacting protein 1  
GN=TOR1AIP1   TOR1AIP1  N     nuclear membrane integrity 

6 Thyroid receptor-interacting protein 
11  GN=TRIP11   TRIP11 G CS   tethering vesicles to Golgi, 

Golgi structure 

6 Thioredoxin-like protein 1  GN=TXNL1   TXN1 N     proteasome associated 

7 UBX domain-containing protein 4  
GN=UBXN4   UBXN4 ER     ERAD 

6 Regulator of nonsense transcripts 1  
GN=UPF1   UPF1 N     

nonsense mediated decay of 
mRNA with premature stop 
codon 

6 
Vesicle-associated membrane 
protein-associated protein A  
GN=VAPA   

VAPA N ER PM vesicle trafficking, ER 
morphology? 

7 
Vesicle-associated membrane 
protein-associated protein B/C  
GN=VAPB   

VAPB ER     regulator of ER UPR, Ca2+ 
homeostasis regulation 

6 Vezatin  GN=VEZT   VEZT N PM   maintenance of adherns 
junctions 

7 Zinc finger CCCH-type antiviral 
protein 1  GN=ZC3HAV1   ZC3HAV1 N     inhibits viral replication 

 

 

*CS = cytoskeleton; Cyt = cytosol; ELP = endosome / lysosome / peroxisome; ER = 
endoplasmic reticulum; G = Golgi; Mito = mitochondria; N = nucleus; PM = plasma 
membrane 
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Appendix C. TurboID-BokL34G protein list (Chapter 4). 
frequency (out 
of 5 data sets) Description Gene Symbol Localization* Notes 

4 ATP-binding cassette sub-family D 
member 3  GN=ABCD3   ABCD3   ELP     transport BCFA and bile acids to 

peroxisome 

5 A-kinase anchor protein 1, 
mitochondrial  GN=AKAP1   AKAP1   Mito     binds PKA regulatory subunits 

5 Bcl-2-related ovarian killer protein  
GN=BOK   BOK   ER G   protein of interest 

4 Calcyclin-binding protein  
GN=CACYBP   CACYBP   N     Ca2+ dependent ubqn, degraded. 

4 T-complex protein 1 subunit theta  
GN=CCT8   CCT8   CS     component of TRiC, folds 

proteins 

4 Dynamin-1-like protein  GN=DRP1L   DRP1L   Mito Cyt   mito division 

4 Eukaryotic translation initiation 
factor 4B  GN=EIF4B   EIF4B   Cyt     RNA binding 

4 Extended synaptotagmin-1  
GN=ESYT1   ESYT1   ER PM   lipid transport, binds Ca2+ and 

forms ER-PM contact sites 

5 Filamin-A  GN=FLNA   FLNA   CS     branching of actin 

5 Gamma-interferon-inducible protein 
16  GN=IFI16   IFI16   N     transcriptional regulation 

4 Inner nuclear membrane protein 
Man1  GN=LEMD3   LEMD3   N     repress TGF beta 

4 Microtubule-associated protein 4  
GN=MAP4   MAP4   CS     promotes MT assembly 

4 Double-strand break repair protein 
MRE11  GN=MRE11   MRE11   N     dsDNA break repair 

5 Mitochondrial fission regulator 1  
GN=MTFR1   MTFR1   Mito     mito fission and respiration 

regulation 

4 Myoferlin  GN=MYOF   MYOF   N PM   ca2+ binding, mem. repair 

4 
Pyridoxal-dependent decarboxylase 

domain-containing protein 1  
GN=PDXDC1   

PDXDC1   ER G   Decarboxylase 

4 Peroxisomal membrane protein 
PEX13  GN=PEX13   PEX13   ELP     component of peroxisomal 

translocation machinery 

5 Perilipin-4  GN=PLIN4   PLIN4   PM     TG packing into adipocytes, lipid 
biogenesis 

5 Protein phosphatase 1 regulatory 
subunit 15B  GN=PPP1R15B   PPP1R15B   ER     phosphatase, normal conditions 

4 60S ribosomal protein L27a  
GN=RPL27A   RPL27A   Cyt     ribosomal protein 

4 Signal recognition particle 54 kDa 
protein  GN=SRP54   SRP54   N     binds presecretory proteins 

4 Signal recognition particle receptor 
subunit alpha  GN=SRPRA   SRPRA   ER     ER localization 

5 Stromal interaction molecule 1  
GN=STIM1   STIM1   ER PM   Ca2+ channel regulation,SOCE 

4 Synapse-associated protein 1  
GN=SYAP1   SYAP1   G PM   promotes phosphorylation of Akt, 

adipocyte diff 

5 Lamina-associated polypeptide 2, 
isoforms beta/gamma  GN=TMPO   TMPO   N     direct assembly of nuclear lamina 

4 Thyroid receptor-interacting protein 
11  GN=TRIP11   TRIP11   G CS   tethering vesicles to 

Golgi/structure 

5 Pre-mRNA-splicing factor SYF1  
GN=XAB2   XAB2   N     component of spliceosome 

4 Zinc finger CCCH-type antiviral 
protein 1  GN=ZC3HAV1   ZC3HAV1   N     inhibits viral replication 
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frequency (out 
of 5 data sets) Description Gene Symbol Localization* Notes 

3 Neuroblast differentiation-associated 
protein AHNAK  GN=AHNAK   AHNAK   N     RNA splicing 

3 Acyl-CoA-binding domain-containing 
protein 5  GN=ACBD5   ACBD5   ELP     important with peroxisome 

degradation 

3 Activating signal cointegrator 1 
complex subunit 3  GN=ASCC3   ASCC3   N     helicase-like 

3 Carnitine O-palmitoyltransferase 1, 
liver isoform  GN=CPT1A   CPT1A   Mito     conjugates LCFA onto carnitine 

for mito uptake 

3 Src substrate cortactin  GN=CTTN   CTTN   PM CS   actin organization 

3 Glyceraldehyde-3-phosphate 
dehydrogenase  GN=GAPDH   GAPDH   Cyt     important in glycolysis 

3 Golgi autoantigen, Golgin subfamily 
a, 2, isoform CRA_a  GN=GOLGA2   GOLGA2   G CS   maintain Golgi structure, 

facilitate vesicle fusion 

3 G patch domain-containing protein 4  
GN=GPATCH4   GPATCH4   N     nucleic acid binding 

3 Histone H1x  GN=H1FX   H1FX   N     component of histone 

3 Lymphoid-specific helicase  
GN=HELLS   HELLS N     expansion of lymphoid cells, dna 

methylation regulation 

3 MICOS complex subunit MIC60  
GN=IMMT   IMMT   Mito     part of MICOS complex, cristae jn 

architecture maintenance 

3 Inverted formin-2  GN=INF2   INF2   CS ER   actin organization, mito division 

3 Lamin-B receptor  GN=LBR   LBR   N ER   cholesterol biosynthesis 

3 Mitochondrial antiviral-signaling 
protein  GN=MAVS   MAVS   Mito ELP   innate immunity, protect from 

apoptosis? 

3 Mitochondrial fission factor  GN=MFF   MFF   Mito ELP   
mito and peroxisomal fission, 

promotes DRP1 association with 
mito surface 

3 Protein LYRIC  GN=MTDH   MTDH   N ER   activates NFkB, role in metastasis 

3 Non-POU domain-containing 
octamer-binding protein  GN=NONO   NONO N     transcriptional regulation 

3 OCIA domain-containing protein 1  
GN=OCIAD1   OCIAD1   ELP     increases stat3 polarization 

3 Peroxisomal biogenesis factor 3  
GN=PEX3   PEX3   ELP     peroxisome biosynthesis and 

integrity 

3 26S protease regulatory subunit 6A  
GN=PSMC3   PSMC3   N     component of 26s proteasome 

3 60S ribosomal protein L10 
(Fragment)  GN=RPL10   RPL10   Cyt     ribosomal protein 

3 40S ribosomal protein S16  
GN=RPS16   RPS16   N Cyt   component of ribosome 

3 Vesicle-trafficking protein SEC22b  
GN=SEC22B   SEC22B   ER G   ER-Golgi transport 

3 Staphylococcal nuclease domain-
containing protein 1  GN=SND1   SND1   N     stat6-TF signaling, regulation of 

transcription 

3 Sequestosome-1  GN=SQSTM1   SQSTM1   ELP     regulates nf-kB pathway 

3 Treacle protein  GN=TCOF1   TCOF1   N     regulates RNAP 

3 Tyrosyl-DNA phosphodiesterase 2  
GN=TDP2   TDP2   N     DNA repair 

3 TATA element modulatory factor  
GN=TMF1   TMF1   N G   mediates stat3 degradation, cell 

transport 

3 Vezatin  GN=VEZT   VEZT   N PM   maintenance of adherns 
junctions 
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Appendix D. TurboID-Bak protein list (Chapter 4). 

frequency 
(out of 3 

data sets) 
Description Gene 

Symbol Localization* Notes 

3 Dynamin-1-like protein  GN=DRP1   DRP1   Mito Cyt   mito division 

3 T-complex protein 1 subunit theta  
GN=CCT8   CCT8   CS     component of TRiC, folds 

proteins 

3 Gamma-interferon-inducible protein 16  
GN=IFI16   IFI16   N     transcriptional regulation 

3 A-kinase anchor protein 1, mitochondrial  
GN=AKAP1   AKAP1   Mito     binds PKA regulatory subunits 

3 Microtubule-associated protein  
GN=MAP4   MAP4   CS     promotes MT assembly 

3 Zinc finger CCCH-type antiviral protein 1  
GN=ZC3HAV1   ZC3HAV1   N     inhibits viral replication 

3 Hexokinase-2  GN=HK2   HK2   Mito Cyt   glycolysis, OMM structure 
maintenance 

3 Mitochondrial import inner membrane 
translocase subunit TIM44  GN=TIMM44   TIMM44   Mito     protein transport into mito 

matrix 

3 Perilipin-4  GN=PLIN4   PLIN4   PM     TG packing into adipocytes, 
lipid biogenesis 

2 Talin-1  GN=TLN1   TLN1   CS PM   anchor CS to PM 

2 Pre-mRNA-splicing factor SYF1  GN=XAB2   XAB2   N     component of spliceosome 

2 Elongation factor 1-alpha 1  GN=EEF1A1   EEF1A1   Cyt     tRNA to ribosome in 
translation 

2 Src substrate cortactin  GN=CTTN   CTTN   PM CS   actin organization 

2 Filamin-A  GN=FLNA   FLNA   CS     branching of actin 

3 Exonuclease 3'-5' domain-containing 
protein 2  GN=EXD2   EXD2   N Mito   exoribonuclease, damage 

response/repair 

2 Unconventional myosin-XIX  GN=MYO19   MYO19   Mito CS   mito transport/positioning 

2 Ribosomal protein L37  GN=RPL37   RPL37   Cyt     binds rRNA 

2 Fatty acid synthase  GN=FASN   FASN   Cyt     synthesis of LCFAs 

2 60S ribosomal protein L26 (Fragment)  
GN=RPL26   RPL26   Cyt     component of 60S ribosome 

2 Carnitine O-palmitoyltransferase 1, liver 
isoform  GN=CPT1A   CPT1A   Mito     TG metabolism, mito uptake of 

LCFAs 

3 Synapse-associated protein 1  GN=SYAP1   SYAP1   G PM   promotes phosphorylation of 
Akt, adipocyte diff 

2 Signal transducer and activator of 
transcription 3  GN=STAT3   STAT3   N Cyt   transcription activator 

2 Eukaryotic translation initiation factor 4 
gamma 1  GN=EIF4G1   EIF4G1   Cyt     translation initiation 

3 Annexin A2  GN=ANXA2   ANXA2   N ELP   anti-inflammatory, LOF in 
tumors (suppressor?) 

3 ATP-binding cassette sub-family D 
member 3  GN=ABCD3   ABCD3   ELP     transport fatty acids into 

peroxisome, bile biosynthesis 
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2 Desmoplakin  GN=DSP   DSP   PM CS   component of desmosomes, 
PM-CS anchoring 

3 Mitochondrial fission factor  GN=MFF   MFF   Mito ELP   
mito and peroxisomal fission, 
promotes DRP1 association 

with mito surface 

3 Eukaryotic translation initiation factor 4 
gamma 2  GN=EIF4G2   EIF4G2   Cyt     RNA binding 

2 Annexin A1  GN=ANXA1   ANXA1   N ELP PM immune response, anti-
inflammatory 

2 Poly(rC)-binding protein 1  GN=PCBP1   PCBP1   Cyt N   RNA binding 

2 Heat shock protein 75 kDa, 
mitochondrial  GN=TRAP1   TRAP1   Mito     

maintains mito fn and 
polarization, balance ox phos 

and glycolysis 

3 Mitochondrial fission regulator 1  
GN=MTFR1   MTFR1   Mito     mito fission and respiration 

regulation 

3 G patch domain-containing protein 4  
GN=GPATCH4   GPATCH4   N     nucleic acid binding 

3 Armadillo repeat-containing X-linked 
protein 3  GN=ARMCX3   ARMCX3   Mito N   regulates mito aggregation 

2 Acyl-coenzyme A thioesterase 1  
GN=ACOT1   ACOT1   Cyt     hydrolysis of acyl coAs into 

FFA 

2 60S ribosomal protein L27a  GN=RPL27A   RPL27A   Cyt     component of 60S ribosome 

3 STIM1L  GN=STIM1   STIM1   ER PM   Ca2+ channel regulation,SOCE 

3 TBC1 domain family member 15  
GN=TBC1D15   TBC1D15   Cyt     regulate intracellular 

trafficking 

3 Apoptosis regulator BAX  GN=BAX   BAX   Mito Cyt   apoptosis 

3 Eukaryotic peptide chain release factor 
GTP-binding subunit ERF3A  GN=GSPT1   GSPT1   Cyt     translation termination 

2 Staphylococcal nuclease domain-
containing protein 1  GN=SND1   SND1   N     transcription regulation 

2 Prelamin-A/C  GN=LMNA   LMNA   N     nuclear assembly and 
structure 

2 Hexokinase-1  GN=HK1   HK1   Mito Cyt   glycolysis 

2 Double-strand break repair protein 
MRE11  GN=MRE11   MRE11   N     ds DNA break repair 

2 Protein arginine methyltransferase 
NDUFAF7, mitochondrial  GN=NDUFAF7   NDUFAF7   Mito     stability of mito NADH 

2 Spartin  GN=SPG20   SPG20   Mito CS   endosomal trafficking, MT 
structure, mito fn 

3 Mitochondrial antiviral-signaling protein  
GN=MAVS   MAVS   Mito ELP   innate immunity, protect from 

apoptosis? 

3 Inverted formin-2  GN=INF2   INF2   CS ER   actin organization, mito 
division 

3 CDGSH iron-sulfur domain-containing 
protein 1  GN=CISD1   CISD1   Mito     regulates maximal 

OXPHOS/ETC capacity 

2 Serine/threonine-protein kinase PAK 2  
GN=PAK2   PAK2   N     cell survival 

2 Mitochondrial amidoxime reducing 
component 2  GN=MARC2   MARC2   Mito ELP   metabolism of drugs, 

mitochondrial regulation 
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2 OCIA domain-containing protein 1  
GN=OCIAD1   OCIAD1   ELP     increases stat3 polarization 

3 Eukaryotic translation initiation factor 4B  
GN=EIF4B   EIF4B   Cyt     RNA binding 

3 Protein phosphatase 1 regulatory 
subunit 15B  GN=PPP1R15B   PPP1R15B   ER     phosphatase, normal 

conditions 

3 Lymphoid-specific helicase  GN=HELLS   HELLS   N     expansion of lymphoid cells, 
dna methylation regulation 

2 Arf-GAP domain and FG repeat-
containing protein 1  GN=AGFG1   AGFG1   N     RNA trafficking 

2 Heterogeneous nuclear 
ribonucleoprotein M  GN=HNRNPM   HNRNPM   N     splicing 

2 Serine hydroxymethyltransferase, 
mitochondrial  GN=SHMT2   SHMT2   N Mito   purine biosynthesis, 

deubiquitination 

2 Bcl-2 homologous antagonist/killer  
GN=BAK1   BAK1   Mito     apoptosis 

2 Mitochondrial amidoxime-reducing 
component 1  GN=MARC1   MARC1   Mito     mitochondrial regulation, 

metabolism of drugs 

3 Shootin-1  GN=SHTN1   SHTN1   CS     neurite outgrowth, PI3K 
activity 

2 Caldesmon  GN=CALD1   CALD1   CS     smooth muscle, non muscle 
contraction 

2 Calcium-independent phospholipase A2-
gamma (Fragment)  GN=PNPLA8   PNPLA8   ELP ER G cleavage of membrane 

phospholipids 

2 Adenosylhomocysteinase 2  GN=AHCYL1   AHCYL1   ER Cyt PM inhibits IP3R signaling, 
regulates other processes 

3 60S ribosomal protein L10a  GN=RPL10A   RPL10A   Cyt     ribosomal protein 

2 
ATP-dependent Clp protease ATP-binding 

subunit clpX-like, mitochondrial  
GN=CLPX   

CLPX   Mito     

mitochondrial nucleoid 
structure maintenance, 
erythropoiesis, heme 

production 

2 Isoleucine--tRNA ligase, mitochondrial  
GN=IARS2   IARS2   Mito     aminoacylation of tRNA 

2 EF-hand domain-containing protein D2  
GN=EFHD2   EFHD2   Cyt     negative regulation of NF-kB, 

role in apoptosis 

2 
Smith-Magenis syndrome chromosomal 

region candidate gene 8 protein  
GN=SMCR8   

SMCR8   N     autophagy regulation 

3 MICOS complex subunit MIC60  
GN=IMMT   IMMT   Mito     part of MICOS complex, cristae 

jn architecture maintenance 

2 
Phosphatidylglycerophosphatase and 

protein-tyrosine phosphatase 1  
GN=PTPMT1   

PTPMT1   Mito     dephosphorylation of mito 
proteins 

2 28S ribosomal protein S31, mitochondrial  
GN=MRPS31   MRPS31   Mito     28S ribosomal component 

3 Peptidyl-prolyl cis-trans isomerase FKBP8  
GN=FKBP8   FKBP8   Mito     Ca2+ binding, chaperone for 

Bcl2, apoptosis regulation 

2 Acyl-protein thioesterase 2  GN=LYPLA2   LYPLA2   Cyt G   regulates lysophopsholipids in 
membrane 

2 UBX domain-containing protein 4  
GN=UBXN4   UBXN4   ER     ERAD 



144 
 

2 Induced myeloid leukemia cell 
differentiation protein Mcl-1  GN=MCL1   MCL1   Mito Cyt ER inhibit apoptosis 

2 40S ribosomal protein S15a  GN=RPS15A   RPS15A   Cyt     component of 40s ribosome 

2 40S ribosomal protein S29  GN=RPS29   RPS29   Cyt     component of 40s ribosome 

2 Capping protein (Actin filament) muscle 
Z-line, beta, isoform CRA_d  GN=CAPZB   CAPZB   CS     capping protein at actin ends 

2 Peroxiredoxin-4 (Fragment)  GN=PRDX4   PRDX4   Cyt     antioxidant, regulation nf-kB 

 

*CS = cytoskeleton; Cyt = cytosol; ELP = endosome / lysosome / peroxisome; ER = 
endoplasmic reticulum; G = Golgi; Mito = mitochondria; N = nucleus; PM = plasma 
membrane 
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Appendix E. TurboID-Mcl-1 protein list (Chapter 4). 

frequency 
(out of 3 data 

sets) 
Description Gene 

Symbol Localization* Notes 

3 Filamin-A  GN=FLNA   FLNA   CS     branching of actin 

2 T-complex protein 1 subunit theta  
GN=CCT8   CCT8 CS     component of TRiC, folds 

proteins 

2 60S ribosomal protein L23a 
(Fragment)  GN=RPL23A   RPL23A   Cyt     ribosomal protein 

3 Microtubule-associated protein  
GN=MAP4   MAP4   CS     promotes MT assembly 

3 Gamma-interferon-inducible protein 
16  GN=IFI16   IFI16   N     transcriptional regulation 

2 Prelamin-A/C  GN=LMNA   LMNA N     nuclear assembly and structure 

2 Fatty acid synthase  GN=FASN   FASN Cyt     synthesis of LCFAs 

2 Treacle protein  GN=TCOF1   TCOF1   Cyt     rDNA transcription 

2 Src substrate cortactin  GN=CTTN   CTTN   PM CS   actin organization 

2 Eukaryotic translation initiation factor 
4 gamma 1  GN=EIF4G1   EIF4G1   Cyt     facilitate mRNA to ribosome in 

translation 

2 
Mitochondrial import inner 
membrane translocase subunit TIM44  
GN=TIMM44   

TIMM44   Mito     protein transport into mito 
matrix 

2 Elongation factor 1-alpha 2  
GN=EEF1A2   EEF1A2   Cyt     tRNA to ribosome in 

translation 

2 Poly [ADP-ribose] polymerase 1  
GN=PARP1   PARP1 N     DNA repair pathways, cleaved 

by caspases in apoptosis 

3 Perilipin-4  GN=PLIN4   PLIN4   PM     TG packing into adipocytes, 
lipid biogenesis 

3 Pyruvate kinase  GN=PKM   PKM   Cyt Mito   
important in glycolysis, 
translocated to nuc in 
apoptosis 

2 Pre-mRNA-splicing factor SYF1  
GN=XAB2   XAB2   N     component of spliceosome 

3 Glyceraldehyde-3-phosphate 
dehydrogenase  GN=GAPDH   GAPDH   Cyt     important in glycolysis 

2 Heat shock protein HSP 90-alpha  
GN=HSP90AA1   HSP90AA1 N PM   chaperone in cell cycle control 

3 Stromal interaction molecule 1  
GN=STIM1   STIM1   ER PM   Ca2+ channel regulation,SOCE 

2 Transketolase  GN=TKT   TKT   N     channels excess sugar 
phosphates to glycolysis 

2 
Eukaryotic peptide chain release 
factor GTP-binding subunit ERF3A  
GN=GSPT1   

GSPT1   Cyt     translation termination 

2 
ATP synthase subunit alpha, 
mitochondrial (Fragment)  
GN=ATP5A1   

ATP5A1 Mito     ATP synthesis 

3 Lymphoid-specific helicase  
GN=HELLS   HELLS   N     expansion of lymphoid cells, 

dna methylation regulation 

2 Heat shock 70 kDa protein 1B  
GN=HSPA1B   HSPA1B Cyt     chaperone, stabilizes and 

prevents aggregation 

2 Prohibitin-2  GN=PHB2   PHB2 Mito     
transcriptional repression, 
stability of respiratory 
enzymes in mito 
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2 
Lamina-associated polypeptide 2, 
isoforms beta/gamma (Fragment)  
GN=TMPO   

TMPO N     direct assembly of nuclear 
lamina 

3 Protein phosphatase 1 regulatory 
subunit 15B  GN=PPP1R15B   PPP1R15B   ER     phosphatase, normal 

conditions 

2 A-kinase anchor protein 1, 
mitochondrial  GN=AKAP1   AKAP1   Mito     binds PKA regulatory subunits 

2 Adenosylhomocysteinase 2  
GN=AHCYL1   AHCYL1   ER Cyt PM inhibits IP3R signaling, 

regulates other processes 

2 Kinectin  GN=KTN1   KTN1   ER     vesicle motility 

2 Transgelin-2  GN=TAGLN2   TAGLN2   Cyt     tumor suppressor?? Still 
unknown 

2 Heat shock protein 75 kDa, 
mitochondrial  GN=TRAP1   TRAP1   Mito     

maintains mito fn and 
polarization, balance ox phos 
and glycolysis 

2 Mitochondrial antiviral-signaling 
protein  GN=MAVS   MAVS   Mito ELP   innate immunity, protect from 

apoptosis? 

2 Tight junction protein ZO-1  GN=TJP1   TJP1   PM     regulates cell-cell junctions 

2 Carbamoyl-phosphate synthase 
[ammonia], mitochondrial  GN=CPS1   CPS1 Mito N   urea cycle, remove excess 

ammonia from cell 

2 60S acidic ribosomal protein P0  
GN=RPLP0   RPLP0 N     component of 60s subunit of 

ribosome 

3 Eukaryotic translation initiation factor 
4B  GN=EIF4B   EIF4B   Cyt     RNA binding 

3 
Induced myeloid leukemia cell 
differentiation protein Mcl-1  
GN=MCL1   

MCL1   Mito Cyt ER inhibit apoptosis 

2 Filamin-C  GN=FLNC   FLNC   CS     actin cross linking in muscle 
cells 

2 Acyl-coenzyme A thioesterase 1  
GN=ACOT1   ACOT1   Cyt     hydrolysis of acyl coAs into FFA 

2 
Heterogeneous nuclear 
ribonucleoprotein U (Fragment)  
GN=HNRNPU   

HNRNPU   N     formation of ribonucleoprotein 
complexes 

2 Serine/arginine-rich splicing factor 6  
GN=SRSF6   SRSF6   N     constitutive splicing, wound 

healing 

3 Myb-binding protein 1A (Fragment)  
GN=MYBBP1A   MYBBP1A   N     nucleolar stress response, 

tumor suppression? 

2 Probable ATP-dependent RNA 
helicase DDX5  GN=DDX5   DDX5 N     

adaptor molecule, rna 
structure alteration, splicing, 
etc. 

2 Poly(rC)-binding protein 1  GN=PCBP1   PCBP1 N     nucleic acid binding 

2 Single-stranded DNA-binding protein, 
mitochondrial  GN=SSBP1   SSBP1 Mito     maintain mito DNA copy 

numbers 

3 Synapse-associated protein 1  
GN=SYAP1   SYAP1   G PM   promotes phosphorylation of 

Akt, adipocyte diff 

3 60S ribosomal protein L7  GN=RPL7   RPL7   Cyt     component of 60s subunit of 
ribosome 

3 Leucine-rich PPR motif-containing 
protein, mitochondrial  GN=LRPPRC   LRPPRC   N Mito   stability of mito proteins, gene 

stability 

2 Annexin (Fragment)  GN=ANXA1   ANXA1   N ELP   anti-inflammatory, LOF in 
tumors (suppressor?) 

2 Inverted formin-2  GN=INF2   INF2   CS ER   actin organization, mito 
division 

2 Peptidyl-prolyl cis-trans isomerase 
FKBP4  GN=FKBP4   FKBP4   Mito Cyt N 

chaperone, trafficking of 
steroid hormone receptors, 
regulate MT dynamics 
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2 Transferrin receptor protein 1  
GN=TFRC   TFRC   PM     uptake of iron 

2 
Voltage-dependent anion-selective 
channel protein 2 (Fragment)  
GN=VDAC2   

VDAC2   Mito     
metabolite diffusion across 
OMM,regulation of BAK 
activity 

2 Elongation factor Tu, mitochondrial  
GN=TUFM   TUFM   Mito     protein synthesis, autophagy, 

innate immunity 

2 Protein LYRIC  GN=MTDH   MTDH   N ER   activates NFkB, role in 
metastasis 

2 Peroxiredoxin-4 (Fragment)  
GN=PRDX4   PRDX4   Cyt     antioxidant, regulation nf-kB 

2 Nuclear migration protein nudC  
GN=NUDC   NUDC   N CS   neurogenesis 

2 40S ribosomal protein S9  GN=RPS9   RPS9   Cyt     ribosomal protein 

2 Heat shock protein beta-1  
GN=HSPB1   HSPB1   N CS   chaperone, protein folding 

2 ATP synthase subunit beta, 
mitochondrial (Fragment)  GN=ATP5B   ATP5B   Mito     atp synthesis 

2 60S ribosomal protein L39  GN=RPL39   RPL39   Cyt     ribosomal protein 

2 Multifunctional protein ADE2 
(Fragment)  GN=PAICS   PAICS   Cyt N   purine biosynthesis 

2 Histone H1x  GN=H1FX   H1FX N     histone component 

2 Protein disulfide-isomerase A6  
GN=PDIA6   PDIA6 PM ER   regulates UPR, platelet 

aggregation 

2 40S ribosomal protein S24  GN=RPS24   RPS24 Cyt     component of 40s subunit of 
ribosome 

3 
Inosine-5'-monophosphate 
dehydrogenase 2 (Fragment)  
GN=IMPDH2   

IMPDH2   Cyt     nucleotide biosynthesis, 
possible oncogene 

3 60S ribosomal protein L31 (Fragment)  
GN=RPL31   RPL31   Cyt     component of 60s subunit of 

ribosome 

2 Putative 60S ribosomal protein L13a 
protein RPL13AP3  GN=RPL13AP3   RPL13AP3   N     ribosomal protein 

2 Heterogeneous nuclear 
ribonucleoprotein A/B  GN=HNRNPAB   HNRNPAB   N     binds ssRNA 

2 Eukaryotic initiation factor 4A-II 
(Fragment)  GN=EIF4A2   EIF4A2   Cyt N   important for mRNA binding to 

ribosome 

2 Large neutral amino acids transporter 
small subunit 1  GN=SLC7A5   SLC7A5   ELP PM   transport of neutral aa's 

2 D-3-phosphoglycerate 
dehydrogenase  GN=PHGDH   PHGDH   Cyt     serine biosynthesis 

2 Prohibitin  GN=PHB   PHB   N Mito   
transcriptional repression, 
stability of respiratory 
enzymes in mito 

2 Ras GTPase-activating protein-
binding protein 1  GN=G3BP1   G3BP1   Cyt N   innate immunity, helicase 

2 
Acidic leucine-rich nuclear 
phosphoprotein 32 family member B  
GN=ANP32B   

ANP32B   N     cell cycle progression and 
survival, caspase 3 inhibitor 

3 40S ribosomal protein S27-like  
GN=RPS27L   RPS27L   Cyt N   component of 40s subunit of 

ribosome 

2 Ras-related C3 botulinum toxin 
substrate 2 (Fragment)  GN=RAC2   RAC2   PM Cyt   regulates cellular responses, 

secretion, etc. 

2 Arf-GAP domain and FG repeat-
containing protein 1  GN=AGFG1   AGFG1   N     RNA trafficking 
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2 
Thyroid transcription factor 1-
associated protein 26 (Fragment)  
GN=CCDC59   

CCDC59   N Cyt   transcription related 

2 60S ribosomal protein L10a  
GN=RPL10A   RPL10A   N Cyt   component of 60s subunit of 

ribosome 

2 Vesicle-trafficking protein SEC22b  
GN=SEC22B   SEC22B   ER G   ER-Golgi transport 

2 Sodium/potassium-transporting 
ATPase subunit alpha-3  GN=ATP1A3   ATP1A3   ER PM G na/k atpase, osmoregulation 

2 Envoplakin  GN=EVPL   EVPL   CS     component of desmosomes 

2 ATP-dependent RNA helicase DDX3X  
GN=DDX3X   DDX3X N Cyt   helicase, related to cell death 

2 Eukaryotic translation initiation factor 
2 subunit 1  GN=EIF2S1   EIF2S1 Cyt     early protein synthesis, stress 

response 

2 Importin subunit beta-1  GN=KPNB1   KPNB1 N     nuclear protein import 

2 
Heterogeneous nuclear 
ribonucleoproteins A2/B1  
GN=HNRNPA2B1   

HNRNPA2B1 N     transcription, etc. packaging 
mRNAs 

2 Voltage-dependent anion-selective 
channel protein 1  GN=VDAC1   VDAC1 Mito PM   channels OMM and PM, can 

trigger apoptosis 

2 60S ribosomal protein L14  GN=RPL14   RPL14 Cyt     component of 60s subunit of 
ribosome 

2 
Heterogeneous nuclear 
ribonucleoprotein M (Fragment)  
GN=HNRNPM  SV=8 

HNRNPM N     splicing 

2 Nucleolar complex protein 3 homolog  
GN=NOC3L   NOC3L N     component of nucleolus 

 

*CS = cytoskeleton; Cyt = cytosol; ELP = endosome / lysosome / peroxisome; ER = 
endoplasmic reticulum; G = Golgi; Mito = mitochondria; N = nucleus; PM = plasma 
membrane 
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