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Abstract

DOC2B is a high-affinity Ca2+ sensor that translocates from the cytosol to the plasma membrane 

(PM) and promotes vesicle priming and fusion. However, the molecular mechanism underlying its 

translocation and targeting to the PM in living cells is not completely understood. DOC2B 

interacts in vitro with the PM components phosphatidylserine, phosphatidylinositol (4,5)-

bisphosphate [PI(4,5)P2] and target SNAREs (t-SNAREs). Here we show that PI(4,5)P2 hydrolysis 

at the PM of living cells abolishes DOC2B translocation, whereas manipulations of t-SNAREs and 

other phosphoinositides have no effect. Moreover, we were able to redirect DOC2B to intracellular 

membranes by synthesizing PI(4,5)P2 in those membranes. Molecular dynamics simulations and 

mutagenesis in the calcium and PI(4,5)P2-binding sites strengthened our findings, demonstrating 

that both calcium and PI(4,5)P2 are required for the DOC2B–PM association and revealing 

multiple PI(4,5)P2–C2B interactions. In addition, we show that DOC2B translocation to the PM is 

ATP-independent, and occurs in a diffusion-like manner. Our data suggest that the Ca2+-triggered 

translocation of DOC2B is diffusion-driven and aimed at PI(4,5)P2-containing membranes.
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Introduction

Double C2 domain protein B (DOC2B) is a Ca2+ sensor that enhances spontaneous and 

asynchronous neurotransmitter release 1-3. It is a soluble protein with cytoplasmic 

distribution under basal intracellular Ca2+ concentrations ([Ca2+]i). When [Ca2+]i rises, 

DOC2B translocates to the plasma membrane (PM) and supports vesicle priming and fusion. 

As its name suggests, DOC2B contains two sequential C2 domains which comprise most 

(70%) of the protein, termed C2A and C2B 1,4-8.

C2 domains are abundant Ca2+-binding modules present in many proteins and involved in 

cell signaling and the secretory pathway. They are composed of ∼130 residues organized in 
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a sandwich of two four-stranded anti-parallel β-sheets connected by loops. Ca2+ binds to 

five conserved aspartates located in the interconnecting loops with an affinity dictated by the 

surrounding sequence 9-12. C2 domains were first discovered in classical Protein Kinase C 

(PKC) where they were shown to be responsible for Ca2+-dependent membrane binding 
13,14.

DOC2B C2 domains are also responsible for DOC2B's Ca2+-dependent ability to bind to 

membranes in vitro and in living cells. In vitro, DOC2B C2 domains bind the membranal 

components—phosphatidylserine (PS), phosphatidylinositol (4,5)-bisphosphate [PI(4,5)P2] 

and the target SNAREs (t-SNAREs) syntaxin (syx) and SNAP25 when bound together in a 

binary complex 1,3-5. However, which of these components targets DOC2B specifically to 

the PM (and not to intracellular membranes), as well as the exact mechanism underlying 

DOC2B's translocation, remain elusive.

It has been repeatedly demonstrated in vitro that the C2 domains of DOC2B bind PS in a 

Ca2+-dependent manner 1,3,6, and that the C2A of DOC2B binds PS-containing liposomes at 

submicromolar [Ca2+] 5. However, isolated DOC2B C2A fails to translocate to the PM in 

living cells 6, suggesting that PS binding is insufficient to induce translocation in cells. In 

addition, PS is present in many intracellular membranes other than the PM 15,16, but neither 

full-length DOC2B nor its isolated domains are targeted to them. Thus, even though PS has 

been shown to interact with DOC2B C2 and homologous C2 domains, it is unlikely to target 

DOC2B C2 domains to the PM.

In contrast, syx•SNAP heterodimers are relatively restricted to the PM 17, and PI(4,5)P2 is 

exclusively localized to the PM 18-20, making them potential targeting molecules for Ca2+-

bound DOC2B. Specifically, PI(4,5)P2 has been proposed to function via recruitment of 

proteins to their sites of action 21,22. Indeed, PI(4,5)P2 was found to be crucial for Ca2+-

dependent translocation of the PKC C2 domain 23,24. In addition, specific interactions of 

PI(4,5)P2 with C2 domains of synaptotagmin (syt) 1 and rabphilin 3A, which present the 

highest homology to DOC2B C2 domains, have been suggested by nuclear magnetic 

resonance and in vitro assays 25-27. Other biochemical studies have established that 

PI(4,5)P2 enhances the Ca2+-dependent and independent interactions of syt1 and DOC2B C2 

domains with liposomes 1,25. Another study found a strong correlation between the ability of 

C2 domains from syt 1–9 to inhibit fusion in cracked rat adrenal pheochromocytoma (PC12) 

cells, and the ability to bind PI(4,5)P2 and t-SNAREs but not PS 28.

Mutagenesis studies in many C2 domains have revealed a conserved basic patch of amino 

acids that interact with PI(4,5)P2 and t-SNAREs. Mutating this region in the C2B of syt1 

and DOC2B severely impaired the domain's Ca2+-independent PI(4,5)P2 binding in vitro 
1,25. In DOC2A, severe impairment of the basic patch in C2B substantially decreased Ca+2-

induced PM translocation of the full-length protein 29, and similar mutations in the C2C 

domain of extended syt1 led to loss of its peripheral distribution 30. In the tandem C2AB of 

DOC2B, a double mutation in specific lysines in both C2 domains (K237,319E) decreased t-

SNARE binding and PI(4,5)P2 Ca2+-independent interactions, and further impaired the 

domains' Ca2+-dependent ability to enhance fusion 1. However, knowledge is limited 

regarding the contribution of PI(4,5)P2 and t-SNARE binding to DOC2B's Ca2+-dependent 
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PM translocation in living cells. Understanding this constitutes a key step in the broader 

question regarding the mechanism of DOC2B in promoting asynchronous and spontaneous 

release.

To learn more about the significance of PI(4,5)P2 and t-SNARE binding to DOC2B's Ca2+-

dependent PM translocation in living cells, and to reveal the molecule that targets DOC2B 

specifically to the PM, we implemented various molecular, cellular, pharmacological and 

modeling techniques. We concluded that PI(4,5)P2 is a critical factor for DOC2B 

translocation to the PM and that its arrival to the PM is driven by diffusion. These findings 

expand our understanding of how PM composition spatially controls exocytotic events.

Results

Screening for potential targeting molecules

The C2 domains of DOC2B can bind several membranous components 1,3,4,7, but it is 

unclear which of these components targets DOC2B specifically to the PM under elevated 

[Ca2+]i. To address this, we set three main requirements for the potential DOC2B target: (1) 

its distribution pattern must match that of the Ca2+-bound DOC2B; (2) manipulations that 

affect DOC2B's interaction with the target will affect DOC2B translocation; (3) inducing a 

change in the target's distribution pattern (i.e., enriching the target in other cellular 

organelles) should change DOC2B's translocation destination according to the new pattern. 

We therefore systematically examined each of the known DOC2B-interacting partners at the 

PM, as well as DOC2B mutants, for these requirements, while using a cell-based system to 

maintain a physiological environment.

We began by examining the distribution patterns of t-SNAREs (syx1A and SNAP25), 

PI(4,5)P2 and PS, which are known to interact with DOC2B in vitro 1,3,4 and reside on the 

PM. We examined PI(4,5)P2 and PS distribution by overexpressing the phospholipid (PL) 

biosensors PLCδ-PH-GFP 19 and Lact-C2-GFP 16, respectively, in PC12 cells. The 

distribution patterns of t-SNAREs were also observed in PC12 cells using overexpression of 

fluorescently tagged syx1A or SNAP25. In accordance to previous well-established data 
15-17,19, we observed that only PI(4,5)P2 presents clear PM staining resembling that of 

DOC2B•Ca2+ (Figure S1M). The distribution of mRFP-syx1A was not restricted to the PM 

as it was also clearly observed in intracellular organelles (Figure S1). However, SNAP25-

YFP distribution was relatively restricted to the PM, and SNAP25•syx1A heterodimers were 

primarily localized to the PM in PC12 cells 17. As DOC2B only binds to SNAP25•syx1A in 

their heterodimeric state 4, we have to consider t-SNAREs as potential DOC2B-targeting 

molecules. Finally, PS was enriched in both intracellular membranes and the PM, in a 

pattern that was distinct from that of Ca2+-activated DOC2B (Figure S1) 6,8,16. Thus, even 

though it has been repeatedly shown that DOC2B can bind PS in vitro 1,3,5,6, it is less likely 

to target Ca2+-bound DOC2B to its destination in living cells. We therefore focused on 

PI(4,5)P2 and the t-SNAREs, whose distribution patterns resembled that of DOC2B•Ca2+.
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PI(4,5)P2 targets DOC2B to the PM

We next examined the distribution and translocation of the DOC2B mutant DOC2BK237,319E 

following Ca2+ elevation 1. This mutation disrupts the basic sequences in the DOC2B C2A 

and C2B domains responsible for binding to PI(4,5)P2 and t-SNAREs, but not to PS 1. 

DOC2BK237,319E-GFP was expressed in PC12 cells and its PM translocation following Ca2+ 

elevation induced by KCl was examined using conventional microscopy and quantified using 

total internal reflection fluorescent microscopy (TIRFM), which is more sensitive for the 

detection of membrane fluorescence. Indeed, while DOC2BWT-GFP showed typical PM 

translocation, DOC2BK237,319E-GFP PM translocation was severely impaired (Figure 1A,B). 

[Ca2+]i increase in the cells was verified using the red-shifted calcium indicator R-GECO 31 

(Figure 1C).

To discriminate the individual contribution of t-SNAREs and PI(4,5)P2 to the PM 

localization of Ca2+-bound DOC2B, we manipulated each of these factors separately at the 

PM and examined DOC2B translocation. To substantially reduce t-SNARE levels, we 

cleaved syx and SNAP25 by expressing the light chains of botulinum toxin C (BoNT/C) and 

botulinum toxin E (BoNT/E) for 48 h 32-35. We verified t-SNARE cleavage using cells 

overexpressing syx1A or SNAP25 fused to fluorophores positioned on the side of the protein 

that is destined for cleavage. As expected, SNAP25-YFP and mRFP-syx1A, which localize 

to the PM under control conditions, were localized to the cytosol when co-expressed with 

the toxins, indicating their successful cleavage (Figure 2A). We then measured DOC2B-GFP 

translocation in the presence or absence of the toxins and found it to be similar under both 

conditions (Figure 2B,C). To confirm that the toxins do not change Ca2+ elevation in the 

cells, we also measured R-GECO fluorescence in cells expressing the toxins and in naive 

cells, and found similar Ca2+ dynamics in both (Figure 2D).

Next, we manipulated PI(4,5)P2 levels at the PM using the rapamycin system 20. This 

technique is based on the rapamycin-dependent dimerization of two protein fragments: 

FKBP and FRB, where FRB is fused to a PM anchor, Lyn11, and FKBP is cloned into a 

fluorescently tagged 5′ phosphatase, CFP-Inp54p. Upon addition of rapamycin, CFP-

FKBP-Inp54p (CF-Inp) translocates to its PM anchor, Lyn11-FRB, and PI(4,5)P2 is 

dephosphorylated to PI4P. We used the PI(4,5)P2 biosensor PLCδ-PH-GFP to monitor 

PI(4,5)P2 levels at the PM and found that it detaches from the PM to the cytosol within 2 

min of rapamycin addition (Figure 3A). An inactive variant of the phosphatase, CFP-FKBP-

Inp54D281A (CF-InpD281A), was used as a control, and under this condition, PLCδ-PH-GFP 

did not detach from the PM (Figure 3B). We then examined the effect of PI(4,5)P2 

hydrolysis on DOC2B translocation and found it to be severely impaired. Fluorescently 

tagged DOC2B failed to translocate to the PM following high KCl stimulation when CF-Inp 

was expressed, but translocated to the PM when the inactive phosphatase CF-InpD281A was 

expressed (Figure 3C,D) despite unchanged calcium dynamics, measured by R-GECO 

(Figure 3E). This suggested that PI(4,5)P2 is crucial for DOC2B translocation to the PM.

We then examined the effect of PI(4,5)P2 synthesis at the PM. We again used the rapamycin 

system, this time to induce the dimerization of CFP-FKBP-PIPK (CF-PIPK) to Lyn11-FRB 

at the PM. CF-PIPK, a PIPK 5 kinase, phosphorylates PI4P to PI(4,5)P2. In the control 

group, CF-PIPK was replaced by the inactive variant CF-PIPKi, and we verified that Ca2+ 
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dynamics does not differ between the two experimental conditions (Figure 3G). DOC2B-

mRFP translocation was not affected by this manipulation (Figure 3F). This was not 

surprising considering the fact that the PI(4,5)P2 biosensor, PLCδ-PH, is also unaffected by 

this manipulation 20.

Previous studies have found that certain mutations in the C2A Ca2+-binding loops, 

specifically neutralization of the negative charge in aspartates 218 and 220, mimic the Ca2+-

bound form of the protein, resulting in constitutive localization of the mutant at the PM 

under basal [Ca2+]i 5,8,36. However, the nature of this interaction is not clear. We therefore 

examined the previously described DOC2BD218,220N 4,8 for its requirement of PI(4,5)P2 for 

constitutive PM distribution. DOC2BD218,220N completely relocalized to the cytosol 

following PI(4,5)P2 hydrolysis by CF-Inp (Figure 4A), but not under control conditions 

(Figure 4B). The relocalization was not due to changes in basal [Ca2+]i as this was 

unchanged following this manipulation [R-GECO ΔF/F = -0.02 ± 0.05 for the PI(4,5)P2 

depletion group and -0.02 ± 0.02 for controls; n = 10 and 9, accordingly; t-test P > 0.05]. 

Since DOC2BD218,220N closely mimics the distribution and function of Ca2+-activated 

DOC2B 4,36, this experiment supported the requirement of PI(4,5)P2 for DOC2B•Ca2+ PM 

localization.

Finally, to further demonstrate the ability of PI(4,5)P2 to target DOC2B to the PM, we used 

a novel approach of protein targeting in living cells by examining whether a change in the 

distribution pattern of PI(4,5)P2 will retarget DOC2B translocation accordingly. In this 

experiment, we induced the synthesis of PI(4,5)P2 in intracellular membranes 37 by co-

expressing DOC2B-mRFP and PLCδ-PH-GFP together with CF-PIPK (or inactive CF-

PIPKi as a control) and Rab7-FRB. The latter was used as an anchor for late endosomes/

lysosomes. We performed these experiments in COS7 cells as they provide a better platform 

for the multiple transfections required in this particular experiment. Rapamycin induced the 

dimerization of CF-PIPK and Rab7-FRB, as expressed by intracellular CFP staining. This 

resulted in the appearance of PLCδ-PH-GFP fluorescence at the intracellular membranes, 

indicating PI(4,5)P2 synthesis (Figure 5A). At this stage, DOC2B-mRFP was still observed 

primarily in the cytosol. We then elevated [Ca2+]i and this induced robust translocation of 

DOC2B-mRFP to the intracellular membranes in addition to the PM, in a manner that 

perfectly matched the new PI(4,5)P2 pattern reported by PLCδ-PH-GFP (Figure 5A): 

intracellular organelles that expressed PI(4,5)P2 also showed DOC2B-mRFP staining 

following calcium elevation. In the control cells, rapamycin induced dimerization of the 

inactive PIPK (CF-PIPKi) with the Rab7-FRB, as observed by CFP fluorescence in 

intracellular membranes. However, PI(4,5)P2 was not formed, and DOC2B-mRFP calcium-

induced translocation was limited to the PM (Figure 5B). We also used this system to test 

the PI(4,5)P2-targeting of C2B isolated from DOC2B. C2B is the primary Ca2+ sensor in 

DOC2B, capable of independent translocation to the PM 6. Similar to the full-length 

DOC2B, isolated C2B translocated to intracellular membranes containing PI(4,5)P2 

following rapamycin and ionomycin treatments (Figure S2A). Furthermore, C2BK319E, 

previously shown to be impaired in PI(4,5)P2 binding1 and comprising one of the mutations 

in the non-translocating DOC2BK237,319E (Figure 1), did not translocate to the PM (Figure 

7A,B) or to intracellular membranes following PI(4,5)P2 synthesis in these organelles 

(Figure S2B). In summary, under all of the conditions tested, Ca2+-bound DOC2B and 
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isolated C2B followed PLCδ-PH as reported by their prominent co-localization (Figure 

5A,B and Figure S2, respectively). This places PI(4,5)P2 as a crucial targeting element for 

Ca2+-bound DOC2B, which spatially controls its cellular localization.

Molecular dynamics (MD) simulations reveal multiple PI(4,5)P2 –C2B interactions

The fact that isolated C2B presents behavior similar to that of the full-length DOC2B in 

terms of translocation and requirement of PI(4,5)P2 for translocation makes it attractive for 

modeling and further examining the PM association. To investigate lipid penetration by the 

C2B domain of DOC2B, we performed prolonged MD simulations of the C2B domain in 

Ca2+-free and Ca2+-bound forms, interacting with the POPC/POPS/PI(4,5)P2 bilayer 

(75:20:5). In the absence of Ca2+, the protein remained on the surface of the lipid bilayer 

and did not show any deep penetration (Figure 6A,B). The energy of Van der Waals (VdW) 

interactions between the protein and lipids (Figure 6A, black line) fluctuated around zero, 

demonstrating a lack of strong close-range interactions. Consistent with this, only a few 

contacts between the protein and the lipid bilayer were observed in the protein region distal 

to the Ca2+-binding loops (Figure 6B, right) at the final point of the trajectory.

In contrast, the Ca2+-bound form of DOC2B's C2B domain was consistently penetrating into 

the bilayer (note a steady decrease in the energy of VdW interactions between the protein 

and lipids; Figure 6A, blue line). At the final point of the trajectory (Figure 6B), the Ca2+-

binding loops of the protein deeply penetrated the lipid bilayer. Importantly, this state was 

stabilized by a salt bridge between lysine 319 and a PI(4,5)P2 molecule (Figure 6C). In 

addition, salt bridges were formed between the same PI(4,5)P2 molecule and the residues 

K317 and K321. Finally, a salt bridge was formed between another PI(4,5)P2 molecule and 

lysine 327 belonging to one of the Ca2+-binding loops. This interaction is likely to promote 

penetration of the Ca2+-binding loops into the lipid bilayer. Overall, fairly deep penetration 

of the Ca2+-bound C2B domain was observed (Figure 6C), involving the polybasic region of 

the domain as well as its Ca2+-bound loops.

The analysis of energy components revealed that the protein–lipid interactions are largely 

governed by electrostatics (Figure 6D). Interactions of the protein with POPS and PI(4,5)P2 

lipids made the major contribution to the overall energy of the protein–lipid interactions 

(Figure 6E). The energy of the interactions between the protein and PI(4,5)P2 molecules was 

close to zero at the initial time point, but it decreased along the trajectory (Figure 6E) as the 

salt bridges between the protein and PI(4,5)P2 molecules formed (Figure 6F). In contrast, the 

energy of the interactions between the protein and POPS lipids remained at a steady level 

(Figure 6E). Although at the beginning of the trajectory, the interactions of the protein with 

POPS and PI(4,5)P2 made roughly equal contributions to the overall energy of the protein–

lipid interactions, at the end of the trajectory, interactions with PI(4,5)P2 strongly prevailed 

(Figure 6E). The residues of the polybasic region K317, K319, and K321 made the major 

contribution to these interactions, and they were also fortified by the salt bridge between 

PI(4,5)P2 and K327 (Figure 6C,F).

To validate the simulation, and assess the contribution of the basic regions to translocation 

and PI(4,5)P2 binding, we performed translocation assays to compare the translocation of 

C2BWT, C2BK319E and C2BK327E. While C2BWT translocated to the PM following KCl 
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stimulation, translocation of C2BK319E was completely abolished. The translocation of 

C2BK327E was also significantly impaired, albeit to a lesser extent. This might be due to the 

fact that the lysine-to-glutamate exchange at position 319 interferes with the charge of 

neighboring basic residues in the polybasic region, magnifying its effect (Figure 7A,B).

We further tested the effect of the mutations in lysines 237, 319, 327 on the translocation of 

full-length DOC2B to learn more about the contribution of each C2 domain to PI(4,5)P2 

binding and PM association. We found that impairing the C2B–PI(4,5)P2 interaction 

significantly impairs translocation of the full-length protein. Impairing PI(4,5)P2 binding in 

C2A by the K237E mutation 1 also reduced the full-length protein's translocation, although 

this reduction did not reach statistical significance (Figure 7C,D). R-GECO was co-

expressed in the cells to verify that the Ca2+ dynamics was similar under all tested 

conditions (Figure 7B,D, bottom graphs).

DOC2B translocation to the PM is not affected by other phosphoinositides (PIs)

We next examined whether manipulations of other PIs would have an effect similar to that of 

PI(4,5)P2 on DOC2B translocation. We manipulated phosphatidylinositol (3,4)-bisphosphate 

[PI(3,4)P2] and phosphatidylinositol (3,4,5)-trisphosphate [PI(3,4,5)P3] at the PM and 

examined DOC2B-GFP translocation under these conditions. To substantially reduce 

PI(3,4)P2 and PI(3,4,5)P3 at the PM, we used the PI3 kinase (PI3K) inhibitor wortmannin 38, 

and monitored their localization using the PI(3,4)P2 and PI(3,4,5)P3 biosensor PH-Akt-GFP 
39-42. Indeed, wortmannin induced loss of PI(3,4)P2 and PI(3,4,5)P3, as indicated by the 

relocalization of PH-Akt-GFP from the PM to the cytosol (Figure 8A). However, DOC2B 

translocation persisted. We further quantified DOC2B translocation to find any 

abnormalities following incubation with wortmannin. In some of our experimental repeats, 

PI(3,4,5)P3 manipulations affected the Ca2+ influx, and we therefore simultaneously 

measured translocation and Ca2+ using the Ca2+ indicator Fura4F-AM in epifluorescence. 

However, no abnormalities in translocation were detected in cells with sufficient Ca2+ 

elevation (above the EC50 required for DOC2B translocation; Figure 8B,C).

To increase PI(3,4,5)P3 levels at the PM, we used the rapamycin system. Here, rapamycin 

induced the dimerization of a fluorescently tagged FKBP-iSH and the PM anchor Lyn11-

FRB. The iSH unit is an inter-Src homology 2 (iSH2) domain from p85, which complexes in 

cells with the endogenous PI3K p110 to promote PI(3,4,5)P3 synthesis without affecting 

PI(4,5)P2 levels 20. PH-Btk-GFP, a specific biosensor for PI(3,4,5)P3, was used to verify the 

latter's synthesis at the PM 41. Rapamycin induced robust translocation of PH-Btk-GFP to 

the PM, indicating PI(3,4,5)P3 synthesis (Figure 8D). Nevertheless, DOC2B remained 

cytosolic under basal [Ca2+]i and its translocation to the PM was similar to that of the 

control upon KCl-induced depolarization (Figure 8E). Figure 8F shows that the average 

[Ca2+]i peaks, as measured by Fura4F-AM, were similar under enhanced PI(3,4,5)P3 and 

control conditions. These results suggest that neither PI(3,4)P2 nor PI(3,4,5)P3 play a 

significant role in the targeting of DOC2B to the PM, and that the observed requirement for 

PI(4,5)P2 in DOC2B translocation is specific to this PI.
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Ca2+-dependent translocation of DOC2B to the PM is ATP-independent, driven by diffusion

After we established the target of DOC2B at the PM, we examined its mode of translocation. 

This translocation can be active—ATP-dependent, or passive—driven by diffusion. We thus 

examined DOC2B translocation under conditions aimed at influencing ATP dependent/

enzymatically mediated processes: low temperature and ATP reduction.

Most active biological systems have a Q10 of 2–3, meaning that lowering the temperature by 

10°C slows the kinetics of the process by a factor of 2–3 43-45. Thus, in these experiments, 

we induced a temperature change of at least 10°C to cause significant inhibition of all 

enzymatic activity. In the second set of experiments, ATP levels were reduced by a short (10 

min) incubation with 2-deoxyglucose and sodium azide 44,46-48. As low temperature and low 

ATP reduce calcium-channel activation and calcium currents, we pre-incubated PC12 cells 

overexpressing DOC2B-GFP with NP-EGTA-AM. A flash of UV light was applied to 

uncage Ca2+ from NP-EGTA and elevate [Ca2+]i, bypassing any effect on calcium currents. 

Translocation was examined by TIRFM and its kinetics and amplitude were measured. We 

verified that these two manipulations indeed affect the ATP-dependent process of vesicular 

transport in cells, as evidenced by inhibition of the directed movement of large dense-core 

vesicles stained with the vesicle marker NPY-mRFP (Figure 9A,E). Under conditions of 

reduced ATP or low temperature, the kinetics and amplitude of DOC2B translocation 

remained unaffected (Figure 9B–D, F–H).

We further examined whether impairing the cytoskeleton would affect DOC2B translocation, 

as most active transport of proteins and vesicles in the cytoplasm is based on elements of the 

cytoskeleton network. We incubated PC12 cells overexpressing DOC2B-GFP with 

latrunculin B or nocodazole to depolymerize actin or microtubules, respectively. As can be 

seen in the control images of actin and microtubule staining, these networks were 

completely disassembled under our experimental conditions (Figure 9I). Nevertheless, both 

the kinetics and amplitude of flash-induced DOC2B-GFP translocation remained unchanged 

(Figure 9J,K).

If translocation of DOC2B to the PM is ATP-independent, it might occur through simple 

diffusion. We thus measured DOC2B cytoplasmic diffusion rate by fluorescence recovery 

after photobleaching (FRAP). In this experiment, DOC2B-GFP-expressing PC12 cells were 

photobleached by a laser beam in a small round area of the cytoplasm (radius ≈ 2 μm), and 

recovery of fluorescence in this area was measured (Figure 9L). The recovery time constant 

(τ) value of DOC2B-GFP was 82 ± 4 ms (n = 10), yielding an estimated diffusion 

coefficient (D) of 8 μm2/s 49, which is in accordance with diffusion coefficients reported in 

the literature for small proteins in the cytoplasm 50,51, and allows a translocation time 

constant of 200–400 ms for DOC2B-GFP in a typical PC12 cell with a radius of ∼5 μm 

(Figure 9C,G,J). We thus concluded that DOC2B translocation is ATP-independent, and 

driven by diffusion.

Discussion

In this study, we elucidated the Ca2+-dependent translocation mechanism and targeting of 

DOC2B to the PM. We demonstrated that DOC2B is targeted to the PM by PI(4,5)P2 

Michaeli et al. Page 9

Traffic. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



following elevation of [Ca2+]i, and that its arrival to the membrane is ATP-independent with 

diffusion-like kinetics.

To elucidate the molecular component that directs DOC2B to the PM under elevated [Ca2+]i, 

we screened the expression patterns of the known DOC2B-interacting partners in the PC12 

platform: PS, PI(4,5)P2 and the t-SNARE proteins syx1A and SNAP25 1,3,4. We assumed 

that the targeting element of DOC2B to the PM should also be predominantly localized to 

the PM. As was demonstrated in this work and by others before e.g., 16,17,19, only PI(4,5)P2 

and to some extent SNAP25 are restricted to the PM in a manner similar to DOC2B•Ca2+. In 

contrast, syx1A and PS are distributed in the PM but also in intracellular membranes where 

DOC2B•Ca2+ is absent. However, there is some evidence suggesting that DOC2B interacts 

with binary SNAP•syx complexes, which can be found predominantly in the PM of PC12 

cells 4,17. This suggested that t-SNAREs, PI(4,5)P2 or both, target DOC2B to the PM. The 

fact that the full-length DOC2B mutant, DOC2BK237,319E, which is deficient in t-SNARE 

and PI(4,5)P2 binding, failed to translocate to the PM in the presence of elevated [Ca2+]i 

strengthened this notion. To understand which of the two—t-SNARE or PI(4,5)P2 binding—

is responsible for this effect, we manipulated each component separately at the PM and 

examined DOC2BWT translocation. This led to the conclusion that PI(4,5)P2 is crucial for 

DOC2B translocation, and thus targets DOC2B to the PM. The facts that the calcium 

dynamics remained similar among our experimental conditions and that DOC2BD218,220N, 

which is found constitutively at the membrane under basal [Ca2+]i 4,36, detached from the 

PM following PI(4,5)P2 hydrolysis, suggested that our observation regarding the 

requirement of PI(4,5)P2 for DOC2B translocation indeed stems from loss of PI(4,5)P2 and 

not from aberrations in Ca2+ dynamics. Furthermore, our ability to control and redirect 

DOC2B translocation to new destinations by synthesizing PI(4,5)P2 in intracellular 

membranes further strengthened our hypothesis that DOC2B is targeted to PI(4,5)P2-

containing membranes. The latter constitutes a novel approach to examining protein 

targeting in living cells by demonstrating the spatial control of PI(4,5)P2 on DOC2B 

localization.

Enhancing PI(4,5)P2 levels at the PM did not result in enhanced DOC2B translocation. This 

is consistent with previous studies which also found that the PI(4,5)P2 biosensor itself, 

PLCδ-PH-GFP, is not affected by this manipulation 20. The synthesis of PI(4,5)P2 in 

intracellular membranes demonstrated that the CF-PIPK construct induces PI(4,5)P2 

synthesis but there are additional possible explanations for this result: (1) basal PI(4,5)P2 

levels are sufficient to induce maximal DOC2B translocation; (2) this method may only 

expand existing PI(4,5)P2 clusters without generating new ones, making it challenging to 

monitor changes in the recruitment of proteins; (3) intracellular regulation of PI(4,5)P2 

levels prevents its excessive synthesis at the PM.

The necessity of PI(4,5)P2 for Ca2+-dependent translocation of DOC2B to the PM in living 

cells was unique to PI(4,5)P2, as depletion or synthesis of PI(3,4)P2 and PI(3,4,5)P3 did not 

affect DOC2B translocation. In vitro experiments with syt1 also showed a preference for 

PI(4,5)P2-containing liposomes over PI(3,4,5)P3 [but not PI(3,4)P2] under elevated [Ca2+]i 
52. In addition, specific interactions between PI(4,5)P2 and DOC2B C2 domains, as well as 

other homologous C2 domains, have been described 1,26.
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The existence of specific interactions between DOC2B and PI(4,5)P2 gained further support 

from the MD simulations of the Ca2+-bound and unbound forms of DOC2B C2B in the 

presence of a PI(4,5)P2-containing membrane. The simulations revealed salt bridges 

between PI(4,5)P2 molecules and several DOC2B residues, including K319 in the polybasic 

region of C2B. The MD simulation also demonstrated that the interactions between the 

polybasic residues in C2B and PI(4,5)P2 promote deep penetration of the polybasic residues 

themselves, as well as of the domain's Ca2+-binding loops, including residue K327, and that 

this anchors the protein to the membrane. Given this information, it is not surprising that 

mutating K327 or K319 to glutamate in isolated C2B impaired its translocation. The 

impairment of translocation was more severe for C2BK319E than C2BK327E. This may be 

explained by the fact that unlike lysine 327, lysine 319 is surrounded by other basic residues 

and its replacement by glutamate may interfere with their PI(4,5)P2 interaction as well, thus 

reducing the overall interaction with the PM. Mutating these residues in the full-length 

DOC2B also dramatically decreased translocation. The contribution of C2A to PI(4,5)P2 

binding was also examined by mutating K237 to glutamate in the full-length DOC2B. 

DOC2BK237E translocation was also reduced compared to DOC2BWT, however not 

significantly so, and the reduction was far less prominent than the effect of the mutations in 

C2B.

Although in vitro studies, as well as our MD simulations, demonstrated that DOC2B interact 

with PS in the presence of Ca2+ 1,5,6, it seems that in living cells, PS is not sufficient to 

induce DOC2B translocation. This is supported by previous experiments 5,8,36, that did not 

detect DOC2B•Ca2+ translocating to intracellular organelles enriched with PS under normal 

conditions. For instance, PS constitutes 12% of the synaptic vesicle (SV) membrane 15, a 

concentration that should allow DOC2B translocation to these vesicles as it does in vitro, 

with liposomes containing similar concentrations of PS 3. In addition, if PS was sufficient to 

induce DOC2B translocation, our PI(4,5)P2 hydrolysis experiment would not have had such 

drastic results. Along the same lines, the C2A of DOC2B cannot translocate to the PM 

following KCl-induced depolarization in PC12 cells. However, it is found bound to PS-

containing liposomes in the presence of submicromolar [Ca2+] in vitro 4-6. These differences 

might stem from cellular factors that regulate C2 domain–PM binding and lead to the 

difference between in vitro and in vivo results. Hence, a direct interpretation of in vitro 
binding data to in vivo conditions should be made cautiously. The MD simulation performed 

here provides some possible explanations and suggests that interactions with PI(4,5)P2 

prevail over those with PS, and anchor the protein to the membrane within less than a 

millisecond. It is possible that intracellular conditions such as ionic strength or intracellular 

factors regulate the interaction and allow translocation only when strong interactions with 

PI(4,5)P2 occur. One of these factors may be Munc13-1 53-55 that has been shown to interact 

with DOC2 proteins via their Munc13 interacting domains (MID) and can affect their 

translocation and interaction with the PM. Further studies are required to elucidate the 

significance of PS and other factors to DOC2B localization and function in a physiological 

environment.

Finally, we tested the ATP dependence of DOC2B's arrival to the PM. We performed several 

manipulations that severely affected ATP-dependent, enzyme-mediated processes in the 

context of intracellular active transport events, including low temperature, ATP reduction 
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and disruption of cytoskeleton integrity. DOC2B translocation to the PM was unaffected by 

these manipulations, suggesting that the translocation is ATP-independent. Furthermore, we 

propose that DOC2B's arrival to the PM is driven by diffusion. This is supported by a 

similarity in the timescale of DOC2B translocation and the diffusion coefficient extracted 

from the FRAP measurements. Accordingly, we suggest the following scenario for the 

translocation: upon calcium influx, DOC2B•Ca2+ molecules that are close to the PM bind to 

it immediately. The accumulation of DOC2B at the PM causes the area near the PM to be 

devoid of DOC2B, which further drives diffusion of DOC2B•Ca2+ from inner parts of the 

cell toward the PM. The final stage of the translocation mechanism likely includes an 

electrostatic attraction between DOC2B•Ca2+ and the PLs near the PM 56,57. This promotes 

specific PI(4,5)P2 interactions and penetration of adjacent hydrophobic residues, some of 

which are exposed as a result of Ca2+ activation, into the lipid bilayer 1,58. The MD 

simulation suggests that charge neutralization in the Ca2+-binding site of the C2B domain by 

Ca2+ reduces the electrostatic repulsion of the domain from the PM and promotes 

association with PI(4,5)P2, as recently described for syt1 27 and the constitutive PM 

localization of DOC2BD218,220N. We thus conclude that both Ca2+ and PI(4,5)P2 are 

required for DOC2B translocation in living cells.

The present findings suggest that the molecular basis for the DOC2B–PM interaction is very 

similar to that for syt1. These similarities raise questions as to why syt1 affects synchronous 

release whereas DOC2B affects spontaneous and asynchronous release. This can be 

explained by differences in the proteins' primary localization and Ca2+ sensitivity. Syt1 is 

localized to SVs at high concentrations, about 15 copies per SV 15, near Ca2+ channels 59-61, 

whereas DOC2B is located further from the Ca2+ source and has to translocate from the 

cytosol to the PM. The Ca2+ sensitivities of syt1 and DOC2B are perfectly adapted to their 

basal localization: syt1 binds calcium at high, micromolar concentrations 62, suitable for a 

reaction to intense Ca2+ entry from the Ca2+ channels following depolarization, whereas 

DOC2B possesses a higher Ca2+ affinity, within the submicromolar range 6,8, optimized to 

sense even the slightest increase in [Ca2+]i diffusing from the PM to the cytosol following 

the depolarization. DOC2B then translocates to the PM within a few hundred milliseconds to 

promote additional release, observed as delayed, asynchronous release. These properties 

make DOC2B an ideal protein to support asynchronous release: its accumulation at the PM 

near fusion sites occurs after the synchronous release is over, but its high calcium sensitivity 

allows it to drive asynchronous release for an additional 20–100 ms. It is reasonable to 

assume that the interplay between synchronous and asynchronous release is set by local 

levels of syt1 and DOC2B, by calcium levels, PI(4,5)P2 and additional proteins, lipids and 

other factors. It is even possible that attachment of DOC2B C2 domains to resting SVs will 

cause their spontaneous release due to some small local Ca2+ fluctuation. These hypotheses 

await future experiments. In summary, our findings suggest that following submicromolar 

[Ca2+] elevation in the cytosol, DOC2B binds Ca2+ and PI(4,5)P2-containing membranes. 

This drives its translocation, which is characterized by diffusion-like kinetics.
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Materials and Methods

Cell cultures and transfections

PC12 cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco) 

supplemented with 10% horse serum, 5% fetal bovine serum (FBS), and 1% penicillin/

streptomycin. COS7 and BHK-21 cells were cultured in high-glucose DMEM-based 

medium containing 10% FBS, 1% penicillin/streptomycin, and 1% glutamine. All cells were 

incubated at 37°C and 5% CO2. For experiments, cells were plated on 18- or 25-mm glass 

coverslips, and for PC12 cells, coverslips were coated with 0.1 mg/ml PDL. All cells were 

transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's 

instructions, and used 24–48 h later.

DNA constructs

Mutations were introduced into DOC2B-GFP N2 7, C2AB-GFP N2 or C2B-GFP N2 6, 

using site-directed mutagenesis PCR. Botulinum toxins BoNT/C and BoNT/E were a 

generous gift from the laboratory of Prof. Ilana Lotan (Tel-Aviv University). mRFP-syx1A 

and SNAP25-YFP were a kind gift from Prof. Edward Stuenkel (University of Michigan). 

R-GECO was a generous gift from the laboratory of Prof. Robert Campbell 31. Lact-C2-GFP 

was a gift from Prof. Sergio Grinstein (addgene #22852). For PI manipulations using the 

rapamycin dimerization system, the PH domain of PLCδ1, PLCδ-PH-GFP (addgene 

#21179), CF-Inp (addgene #20155), CF-InpD281A (addgene #20156) and Lyn11-FRB 

(addgene #20147) were a gift from Prof. Tobias Meyer. CF-PIPK, CF-PIPKi, mcherry-iSH 

were a generous gift from the laboratory of Prof. Takanari Inoue (Johns Hopkins 

University). PLCδ-PH-mKate was a kind gift from Prof. Thomas Martin (University of 

Wisconsin-Madison). Rab7-FRB (addgene #51613), PH-Akt-GFP (addgene #51465), and 

PH-Btk-GFP (addgene #51463) were a gift from Prof. Tamas Balla. NPY-mRFP was a kind 

gift from Prof. Matthijs Verhage (Vrije University).

Translocation experiments

For PC12 cells, unless otherwise stated, recordings were conducted at room temperature in a 

bath solution (130 mM NaCl, 3 mM KCl, 2 mM MgCl2, 5 mM CaCl2, 10 mM HEPES and 2 

g/L glucose), and depolarization was achieved using a high K+ solution (40 mM NaCl, 100 

mM KCl, 2 mM MgCl2, 10 mM CaCl2, 10 mM HEPES and 2 g/L glucose), followed by 

washing in a fresh bath solution. Epifluorescence or TIRF images were acquired as noted. 

Translocation was quantified in TIRFM as the increase in percent fluorescence relative to the 

baseline fluorescence prior to depolarization. To verify [Ca2+]i increase in cases of failure to 

translocate to the PM, we repeated the experiment in the presence of R-GECO which was 

monitored at λ = 561 nm, 0.2 Hz. For COS7 cells, imaging medium consisted of phenol red-

free DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, 1% glutamine and 

10 mM HEPES. To induce translocation, 10 μM ionomycin and 2 mM Ca2+ were added to 

the imaging solution.
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SNARE cleavage

PC12 cells were transfected with botulinum toxins BoNT/C and BoNT/E together with 

DOC2B-GFP (4:4:1, respectively) or with DOC2B-GFP only as a control. Translocation 

experiments were performed 48 h post-transfection.

PI(4,5)P2 manipulations

These were conducted using the rapamycin system as described previously 20 and in the 

Results section. In these experiments, 5 μM rapamycin was added for 2 min to the bath 

solution to induce the dimerization of CF-Inp, CF-PIPK or their respective inactive controls 

CF-InpD281A and CF-PIPKi with the FRB anchor, Lyn11-FRB. Rapamycin was then washed 

in a fresh bath solution [dimerization of FKBP and FRB is irreversible 20]. PLCδ-PH-GFP to 

monitor PI(4,5)P2 localization or DOC2B-GFP were co-expressed with the rapamycin 

system constructs.

For the endosomal synthesis of PI(4,5)P2 in COS7 cells, transfection was optimized to 

include the following constructs: CF-PIPK (or CF-PIPKi as a control), Rab7-FRB, PLCδ-

PH-GFP and DOC2B-mRFP at a ratio of 2:1:1:2, respectively, with a total 0.6 μg DNA. 

When examining translocation of isolated C2B-GFP and C2BK319E-GFP, PLCδ-PH-mKate 

was co-expressed together with CF-PIPK and Rab7-FRB in similar amounts. Cells were 

transferred to the microscope in the imaging solution and 2.5 μM rapamycin was added for 

up to 20 min as previously suggested 37. This induced the dimerization of CF-PIPK with the 

Rab7-FRB endosome anchor, used here to initiate PI(4,5)P2 synthesis in intracellular 

membranes.

Molecular Dynamics

The structure 4ldc obtained by crystallography 6 was used as an initial state for the C2B 

domain of DOC2B. A Ca2+-free form of DOC2B C2B was obtained by removing Ca2+ ions 

from the 4ldc structure. The model of the POPC/POPS/PI(4,5)P2 (75:20:5) lipid bilayer was 

kindly provided by Dr. J. Wereszczynski 63. The molecular system containing the bilayer 

and the protein in a water box (65 × 65 × 110 Å) was constructed employing VMD software 

(Visual Molecular Dynamics, Theoretical and Computational Biophysics Group, NIH Center 

for Macromolecular Modeling and Bioinformatics, University of Illinois at Urbana-

Champaign). Potassium and chloride ions were added to neutralize each system and to yield 

150 mM KCl. MD simulations were performed with NAMD Scalable Molecular Dynamics 

software 64 (Theoretical and Computational Biophysics Group, NIH Center for 

Macromolecular Modeling and Bioinformatics) at the XSEDE (Extreme Science and 

Engineering Discovery Environment) Stampede cluster (TACC). We used the CHARMM36 
65 force field which included parameters for PI(4,5)P2 63,66. All of the simulations were 

performed with periodic boundary conditions and Ewald electrostatics. The system was 

minimized for 200 steps, and the heating phase was performed for 1 ps with a 1-fs step. 

Subsequently, an equilibration phase in the NPT ensemble with a flexible cell and Berendsen 

barostat was performed for 20 ps. Production runs were performed as described by 

Bykhovskaia 67, with a 1.5-fs step and employing a Langevin thermostat at 300K. The 

trajectory analysis was performed with VMD and Vega ZZ (Drug Design Laboratory) 

software; PyMOL software was used for visualization, molecular graphics, and illustrations.
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PI(3,4)P2 and PI(3,4,5)P3 manipulations

PI(3,4)P2 and PI(3,4,5)P3 depletion was achieved using the PIP3K inhibitor wortmannin 38. 

PH-Akt-GFP, a biosensor for PI(3,4)P2 and PI(3,4,5)P3, was used as an indicator for the 

reduction of these PIs at the PM 41. Cells were incubated for 1 h prior to recordings with 

imaging medium containing 400 nM wortmannin and 5 μM Fura4F-AM (Invitrogen), or 

vehicle dimethyl sulfoxide (DMSO) as a control. PH-Akt-GFP and DOC2B-mRFP images 

were acquired as detailed in the imaging setup section. PI(3,4,5)P3 synthesis was achieved 

using the rapamycin system: 5 μM rapamycin induced the dimerization of mcherry-iSH and 

Lyn11-FRB as described in detail in Results and by Suh et al. 20. PI(3,4,5)P3 synthesis was 

verified using the PI(3,4,5)P3-specific biosensor PH-Btk-GFP. Cells were incubated in 

OptiMEM 90 min before the experiments, and 1 h prior to the experiments, 5 μM Fura4F-

AM and pluronic acid (1:1, v/v) were added to the OptiMEM. Rapamycin (5 μM) or DMSO 

vehicle was also added for 2 min prior to the experiment, and then washed away with fresh 

bath solution. Cells were then taken to a microscope and translocation was induced locally 

by the high-K+ solution. A combined epifluorescence measurement of translocation and 

[Ca2+]i was conducted using acquisition of three images at three wavelengths (200 ms 

exposure each) at 1 Hz: 488 nm was used to view DOC2B-GFP, and 350 nm and 380 nm 

were used to excite Fura4F-AM. [Ca2+]i was deduced from the Fura4F-AM measurements 

according to the dual excitation ratio imaging technique and the Grynkiewicz equation 68, 

and was based on pre-calibration with solutions of known [Ca+2] 8. Translocation was 

determined as the fluorescence in the membrane divided by the fluorescence at the center of 

the cell. This ratio was normalized to the baseline ratio for every cell and presented as 

percentage.

Temperature and ATP-reduction experiments

Prior to these experiments, cells were incubated for 45 min with OptiMEM. Then, 10 μM 

NP-EGTA-AM (Invitrogen) and pluronic acid (1:1, v/v) were added to the OptiMEM for 

another 45 min. Following incubation, the cells were transferred to the imaging setting in the 

bath solution. For the temperature experiments, the temperature of the imaging setup and 

perfusion solutions was set to either 32°C or 16°C. For ATP-reduction experiments, 

following the NP-EGTA-AM incubation and immediately prior to imaging, cells were 

maintained for 15 min in a modified bath solution containing 10 mM 2-deoxyglucose, 10 

mM sodium azide, 5% horse serum (HS) and 2.5% fetal calf serum (FCS) with no added 

glucose (osmolarity of the solution was maintained in the physiological range by NaCl 

adjustments). The control group for this experiment was examined in a bath solution 

containing glucose and the serum mix. A flash of UV light (Rapp OptoElectronic; Hamburg, 

Germany) was applied to release caged Ca2+ and induce translocation. Translocation was 

measured by TIRFM at 14.3 Hz as described in the imaging setup section. To demonstrate 

the impact of these manipulations on enzymatic/ATP-dependent cellular processes such as 

vesicle trafficking, we imaged BHK-21 cells overexpressing the vesicle marker NPY-mRFP 
69 at 0.3 Hz as described in the microscopy setup section. A rough estimation of the 

dynamics of the movie, i.e., the appearance, disappearance, movement and flickering of 

NPY-mRFP-tagged vesicles, was calculated through a series of simple arithmetic 

manipulations on the images defining changes in pixel intensity as vesicle dynamics. This 

was done using an algorithm that was previously developed in our laboratory 70.
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Cytoskeleton depolymerization and staining procedures

Depolymerization of actin and microtubules was achieved by incubating PC12 cells with 10 

mM latrunculin B for 20 min or 10 mM nocodazole for 90 min, respectively. Translocation 

experiments were conducted identically to the ATP-reduction and temperature experiments 

except that the bath solutions also included 5% HS, 2.5% FCS and 10 mM of the 

depolymerization agent (i.e., latrunculin B or nocodazole). Depolymerization of the 

cytoskeleton was verified by staining. After incubation in OptiMEM and 10 mM latrunculin 

B, PC12 cells were fixed in 4% paraformaldehyde and stained with 0.2 μg/mL TRITC-

labeled phalloidin (20 min incubation). PC12 cells that were incubated in OptiMEM and 10 

mM nocodazole for 90 min were fixed with cold (-20°C) methanol for 5 min. Mouse anti-

microtubule antibody (1:200; Sigma) was used and detected by goat anti-mouse Alexa568 

(1:1000; Invitrogen).

FRAP

PC12 cells overexpressing DOC2B-GFP or GFP alone were used in these experiments at 

room temperature. Twelve baseline images were taken prior to the bleaching. The bleach 

pulse was for 10 ms at maximum laser intensity, aimed toward cytoplasmic areas to induce a 

round bleaching region with a radius of ≈2 μm; 50 post-bleach images were taken at 17.2 Hz 

to follow the recovery of fluorescence. Fluorescence before and after bleaching from the 

bleached area was measured and plotted against time. Time constants, Tau values were then 

calculated from the plots. The diffusion coefficient (D) was estimated using the equation: D 

= w2/2nτ, where w is the radius of the bleached area, n is the spatial dimension 49 (n=3 in 

this experiment due to the use of high magnitude 60× lens, standard microscopy and a large 

bleaching area) and τ is the time constant of the fluorescent recovery measured in the 

experiment.

Imaging setups

For the experiments described in this paper, three different microscopes were used, each 

with its setting optimized for the particular experiment.

Most experiments (DOC2 mutants, SNARE cleavage, FRAP and most PI manipulations, 

except a few listed in the section below) were conducted on an imaging setup consisting of 

an iMIC inverted microscope with an oil-immersion Plan-Apochromatic 100× objective (NA 

= 1.45, Olympus), a polytrope condenser (iMIC Beam-switch for wide field, TIRF, FRAP 

illumination), and an Andor iXon DU 888D EMCCD camera (Belfast, Northern Ireland). 

The equipment was controlled by Live Acquisition Software (TILL Photonics, Gräfelfing, 

Germany). For epifluorescence imaging, a polychrome V system (TILL Photonics) was used 

for illumination; for TIRF and FRAP imaging, the solid-state laser “Calypso” 491 nm, 100 

mW was used; typical exposure time was 200 ms for GFP and mRFP and 500 ms for CFP.

Experiments involving Fura4F-AM measurements and UV flash [PI(3,4)P2 and PI(3,4,5)P3 

manipulations; temperature, ATP and cytoskeleton dependency] were conducted on an 

inverted Olympus IX-70 microscope with an Andor Ixon 887 EMCCD camera controlled by 

METAFLUOR software (Universal Imaging) for multiple-wavelength measurements and by 

MetaMorph software (Molecular Devices, Downingtown, PA) for single-wavelength 
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measurements. Epi fluorescence images were taken using polychrome IV illumination 

(TILL Photonics) and a 40× objective. TIRF images were acquired using a 60× (TIRF) 

objective (Olympus), a TIRF condenser (TILL Photonics) and a 473-nm solid-state laser 

(Laser Quantum, Stockport, UK).

Images of cytoskeleton depolymerization staining were taken at an exposure time of 1 s by 

an inverted Olympus IX-70 equipped with a 100× objective, XM10 camera (Olympus) and 

X-Cite 120 PC lamp for illumination.

Image processing

Images were processed using ImageJ software 1.37c 71, subtracted for background using 

simple subtraction and/or brightness/contrast adjustments and then smoothed once (R-

GECO images were not smoothed).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BoNT botulinum toxin

[Ca2+]i intracellular calcium concentration

DOC2B double C2 domain protein B

PI phosphoinositide

PI(4,5)P2 phosphatidylinositol (4,5)-bisphosphate

PM plasma membrane

PS phosphatidylserine

SV synaptic vesicle

syt synaptotagmin

syx syntaxin

TIRFM total internal reflection fluorescence microscopy

t-SNAREs target SNAREs
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Synopsis

DOC2B, a Ca2+ sensor, translocates from the cytosol to the plasma membrane (PM) upon 

calcium elevation and affects vesicle fusion. We show that DOC2B translocation is 

diffusion-driven and targeted to the PM by specific interactions with PI(4,5)P2, which 

anchors the protein to the membrane. Molecular dynamics simulations and mutagenesis 

revealed multiple PI(4,5)P2–DOC2B interactions and suggest that both calcium and 

PI(4,5)P2 binding are needed for DOC2B translocation. This demonstrates how 

membrane composition controls vesicle fusion and neuronal communication.
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Figure 1. 
The basic patch in DOC2B is crucial for its PM translocation. (A) DOC2BK237,319E-GFP, 

deficient in PI(4,5)P2 and t-SNARE binding, fails to translocate to the PM following KCl 

depolarization, despite Ca2+ elevation as evidenced by R-GECO (n = 11 for both mutant and 

WT DOC2B; t-test P > 0.05) (C). (B) TIRFM quantification of KCl-induced translocation of 

DOC2BK237,319E-GFP and DOC2BWT-GFP (n = 12 for mutant and 9 for WT DOC2B; 

Mann–Whitney P < 0.005). Data presented as mean ± SEM. Scale bar = 10 μm.
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Figure 2. 
SNARE cleavage using BoNT/C and BoNT/E does not affect DOC2B translocation. (A) 

Cells co-expressing BoNT/C and BoNT/E (BoNT/C+E) together with SNAP25-YFP or 

mRFP-syx1A. Fluorophores were placed at the site of the t-SNARE protein that is detached 

from the membrane and enters the cytosol following cleavage. Images indicate full cleavage 

by the toxins. (B) Representative epifluorescence images and (C) TIRFM quantification of 

KCl-induced DOC2B-GFP translocation in the presence or absence of BoNT/C+E (n = 28 in 

the no toxin group and 34 in the toxin group; t-test P > 0.1). (D) R-GECO change in 

fluorescence indicates that Ca2+ dynamics induced by KCl remains similar following 

SNARE cleavage (n = 20 in each group; t-test P > 0.1). Data presented as mean ± SEM. 

Scale bar = 10 μm.
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Figure 3. 
PI(4,5)P2 is crucial for DOC2B translocation to the PM. (A) Top: schematic representation 

of rapam ycin (Rapa)-induced PI(4,5)P2 hydrolysis at the PM. Bottom: rapamycin-induced 

translocation of CF-Inp to its Lyn11-FRB PM anchor, thus initiating PI(4,5)P2 hydrolysis 

reported as PLCδ-PH-GFP dissociation from the PM. (B) This did not occur with the 

inactive CF-InpD281A variant, which served as a control. (C) When rapamycin induced 

translocation of CF-Inp to the PM to induce PI(4,5)P2 hydrolysis, DOC2B-GFP 

translocation was abolished. However, when rapamycin induced the translocation of inactive 

CF-InpD281A, DOC2B translocation persisted. (D) TIRFM quantification of DOC2B-mRFP 

translocation under PI(4,5)P2 depletion (CF-Inp) and control (CF-InpD281A) conditions (n = 

10 for CF-Inp and 11 for CF-InpD281A; t-test P < 0.005). (F) TIRFM quantification of 

DOC2B-mRFP translocation in cells co-expressing Lyn11 and CF-PIPK [to induce 

PI(4,5)P2 synthesis at the PM] or an inactive CF-PIPKi variant following incubation with 
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rapamycin (n = 10 in each group; t-test P > 0.05). (E,G) Change in R-GECO fluorescence 

indicating that Ca2+ dynamics induced by KCl remains similar under the conditions tested (n 

= 10 for CF-Inp, 12 for CF-InpD281A and 9 each for PIPK and PIPKi; t-test P > 0.05 in both 

E and G). Data presented as mean ± SEM. Scale bar = 10 μm.
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Figure 4. 
PI(4,5)P2 is crucial for DOC2BD218,220N-GFP PM localization. (A) DOC2BD218,220N-GFP 

relocalizes from the PM to the cytosol following PI(4,5)P2 hydrolysis induced by rapamycin 

(Rapa) treatment in the presence of the active CF-Inp unit. (B) DOC2BD218,220N-GFP 

remains on the PM following rapamycin treatment in the presence of the inactive CF-

InpD281A variant which leaves PI(4,5)P2 levels unchanged (n >10 for each condition). Scale 

bar = 10 μm.
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Figure 5. 
Synthesis of PI(4,5)P2 in intracellular membranes targets DOC2B to those membranes. (A) 

The scheme (top-right) describes the rapamycin (Rapa)-induced PI(4,5)P2 synthesis in 

intracellular membranes. Rapamycin induce dimerization of CF-PIPK and the endosomal 

anchor, FRB-Rab7, and this initiates phosphorylation of PI4P to PI(4,5)P2 in the 

intracellular membranes. Images show COS7 cells co-expressing CF-PIPK together with 

FRB-Rab7, PLCδ-PH-GFP and DOC2B-mRFP. PLCδ-PH-GFP translocated to the 

intracellular membranes following addition of rapamycin (Rapa), indicating synthesis of 

PI(4,5)P2 from PI4P in those membranes. Following the addition of ionomycin, DOC2B-

mRFP co-localized to PLCδ-PH-GFP in the PM and in the new intracellular organelles 

(arrowheads). (B) This did not occur when the inactive CF-PIPKi variant was used; n > 5 for 

both conditions. Scale bar = 10 μm.
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Figure 6. 
Molecular dynamics simulations show lipid penetration by Ca2+-binding loops of the Ca2+ -

bound C2B domain of DOC2B, which is promoted by the interaction of the polybasic region 

(K317, K319, and K321) with PI(4,5)P2. (A) Van der Waals (VdW) energy profile along the 

MD trajectories of Ca2+-free and Ca2+-bound forms of DOC2B C2B domain indicate lipid 

penetration for the Ca2+-bound but not Ca2+-free form. The graph depicts VdW energy of 

protein–lipid interactions. Note steadily decreasing negative energy for the Ca2+-bound 

form, indicating penetration (blue line), as well as a constant energy fluctuating around zero 

for the Ca2+-free form, corresponding to relatively weak interactions (black line). (B) Ca2+-

free and Ca2+-bound forms of the DOC2B C2B domain (magenta) at the end of the 
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trajectory. In its Ca2+-free form, the protein remains on the surface of the lipid bilayer. In 

contrast, the Ca2+-bound form of DOC2B penetrates the lipids. Ca2+ ions are shown as blue 

spheres. Two different views are shown: line/cartoon representation (left) and surface 

representation (right). Note deep penetration of the DOC2B C2B domain in the Ca2+-bound 

form. (C) PI(4,5)P2 interactions of the DOC2B C2B domain in the Ca2+-bound form. Three 

residues of the polybasic region, K317, K319 and K321, form salt bridges with a PI(4,5)P2 

molecule, anchoring the protein to the lipid bilayer. In addition, interaction of another 

PI(4,5)P2 molecule with the residue K327 positioned at one of the Ca2+-binding loops 

enhances the penetration. (D) Energy components of protein–lipid interactions show 

domination of electrostatics. (E) The interactions of the protein with PI(4,5)P2 prevail at the 

end of the trajectory, although PI(4,5)P2 and POPS lipids make comparable contributions to 

the overall energy of the protein–lipid interactions at the beginning of the trajectory. (F) The 

energy of the interactions of PI(4,5)P2 with the polybasic residues K317, K319, and K321, 

as well as with residue K327 of a Ca2+-binding loop. The energy decrease along the 

trajectory reflects the formation of multiple salt bridges.
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Figure 7. 
Single mutations in basic residues that bind PI(4,5)P2 impair translocation. (A) 

Representative epifluorescence images of isolated DOC2B C2B-GFP domain and the 

mutants C2BK319E-GFP and C2BK327E-GFP, suggested by the MD simulation. (B) Top: 

TIRFM quantification of the KCl-induced translocation of isolated C2BWT-GFP and 

mutants. C2BWT-GFP translocation is severally impaired by the K319E and K327 mutations 

(n = 12 in all groups; one-way ANOVA P < 0.05; Tukey P < 0.05 for all pairs). Bottom: 

Change in R-GECO fluorescence (n = 13 for WT and 10, 11 for C2BK319E, C2BK327E 

respectively; one-way ANOVA P > 0.05). (C) Representative epifluorescence images of the 
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KCl-induced translocation of DOC2BWT-GFP and single DOC2B mutants-GFP as 

indicated. (D) Top: TIRFM quantification of DOC2BWT-GFP and DOC2B mutants-GFP 

translocation (n = 35 for DOC2BWT and DOC2BK237E, 37 for DOC2BK319E and 36 for 

DOC2BK327E; Kruskal-Wallis P < 0.05; Dunns P < 0.05 for all pairs except DOC2BK237E-

GFP and DOC2BWT-GFP, and DOC2BK237E-GFP and DOC2BK327E-GFP). Bottom: 

Change in R-GECO fluorescence indicating that Ca2+ dynamics was similar between groups 

under the conditions tested (n = 13 for DOC2BWT, 10 for DOC2BK237E, 12 for 

DOC2BK319E and 15 for DOC2BK327E; one-way ANOVA P > 0.05). Data presented as 

mean ± SEM. Scale bar = 10 μm.
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Figure 8. 
PI(3,4)P2 and PI(3,4,5)P3 are not crucial for DOC2B translocation. (A) DOC2B 

translocation was not affected by loss of PI(3,4)P2 or PI(3,4,5)P3, induced by wortmannin 

and reported as detachment of the PI(3,4)P2 and PI(3,4,5)P3 biosensor PH-Akt-GFP from 

the PM (n > 10). (B) Quantification of DOC2B KCl induced translocation under the 

wortmannin and control conditions (n = 9 for control and 8 for wortmannin-treated cells; t-

test P > 0.05). (D) PI(3,4,5)P3 enhancement using the rapamycin system. (top) schematic 

representation of the rapamycin (Rapa)-induced PI(3,4,5)P3 synthesis at the PM. Rapamycin 

induced dimerization of mCherry-iSH and Lyn-FRB resulting in (bottom) robust 

translocation of the PI(3,4,5)P3-specific biosensor PH-Btk-GFP to the PM, indicating 

PI(3,4,5)P3 synthesis at the PM (n > 5). (E) DOC2B-GFP remains cytosolic under 

conditions of increased PI(3,4,5)P3 and translocates normally following KCl stimulation 

(inset: representative DOC2B-GFP images; n = 9 under both conditions; t-test P > 0.05). 

(C,F) Quantification of calcium using Fura4F- AM in the cells presented in B and E, 

respectively (t-test P > 0.05 under both conditions). Data presented as mean ± SEM. Scale 

bar = 10 μm.
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Figure 9. 
DOC2B translocation is ATP-independent with diffusion-like kinetics. (A,E) Vesicle 

trafficking in BHK-21 cells as a control for an ATP-dependent process that is severely 

affected by temperature change and ATP reduction. NPY-mRFP tagged vesicles (top panels) 

and their mobility maps (bottom panels) within a BHK-21 cell under elevated and decreased 

temperature conditions (A) or under reduced ATP and control conditions (E). High mobility 

and low mobility are represented by bright and dark colors, respectively (mobility scores 

were: 30.4 ± 3.8 and 7.7 ± 2.7 for the high- and low-temperature conditions, respectively, 

and 16.3 ± 2.4 and 1.77 ± 0.9 for the control and ATP-reduced conditions, respectively; n = 
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5 in each group, Mann–Whitney P<0.005). (B,F) Averaged TIRFM traces of DOC2B-GFP 

translocation under the temperature-change and ATP-reduction conditions, respectively. 

(C,D,G,H) Quantification of the TIRFM DOC2B-GFP translocation parameters: amplitude 

and kinetics in the temperature (n = 10 and 11 for 16°C and 32°C, respectively; t-test P > 

0.05 for both tau and amplitude) and ATP-reduction experiments (n = 10 and 11 for control 

and ATP-depletion conditions, respectively; t-test P > 0.05 for both tau and amplitude). (I) 

Control PC12 staining for microtubules (top panels) and actin filaments (bottom panels) 

before and after incubation with nocodazole (Noc) or latrunculin B (LatB), respectively (n > 

5 in each group). (J,K) TIRFM quantification of DOC2B-GFP translocation in the presence 

of nocodazole or latrunculin B in terms of amplitude and kinetics (n = 10,11 and 10 for 

control, nocodazole and latrunculin B respectively; for both tau and amplitude, when each 

condition was compared separately to the control: t-test P > 0.05). Cells were pre-incubated 

with NP-EGTA-AM and translocation was induced by a flash of UV light. (L) 

Representative FRAP trace of DOC2B-GFP. Data presented in bar graphs as mean ± SEM. 

Scale bar = 1 μm.
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