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Abstract: 8 
 Most of the components in the yeast secretory pathway have been studied, yet a 9 
high resolution temporal timeline of their participation is lacking. Here we define the 10 
order of acquisition, lifetime, and release of critical components involved in late 11 
secretion from the Golgi to the plasma membrane. Of particular interest is the timing of 12 
the many reported effectors of the secretory vesicle Rab protein Sec4, including the 13 
myosin-V Myo2, the exocyst complex, the lgl homolog Sro7, and the small yeast-specific 14 
protein Mso1. At the trans-Golgi network (TGN) Sec4’s GEF, Sec2, is recruited to Ypt31-15 
positive compartments, quickly followed by Sec4 and Myo2 and vesicle formation.  16 
While transported to the bud tip, the entire exocyst complex, including Sec3, is 17 
assembled on to the vesicle. Before fusion, vesicles tether for 5s, during which the 18 
vesicle retains the exocyst complex and stimulates lateral recruitment of Rho3 on the 19 
plasma membrane. Sec2 and Myo2 are rapidly lost, followed by recruitment of cytosolic 20 
Sro7, and finally the SM protein Sec1, which appears for just 2 seconds prior to fusion. 21 
Perturbation experiments reveal an ordered and robust series of events during tethering 22 
that provide insights into the function of Sec4 and effector exchange.  23 
 24 
 25 
Introduction 26 

Proteins destined for the secretory pathway are made on the endoplasmic 27 
reticulum, transferred to the Golgi complex, from where they are sorted into secretory 28 
vesicles that are transported and ultimately fuse with the plasma membrane to deliver 29 
their cargo. This pathway has been highly conserved in eukaryotes, from budding yeast 30 
to animal and plant cells. Indeed, many of the proteins involved in the secretory 31 
pathway were first identified and characterized in yeast (Novick et al., 1980; Novick, 32 
2014), which remains the organism in which the secretory pathway is best understood.  33 
Despite several decades of research, during which the general function of the major 34 
proteins involved has been elucidated, many of the components have not yet been 35 
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visualized in vivo at a spatiotemporal resolution sufficient to assess their order of action. 36 
A similar timeline has been previously defined for the events and components of yeast 37 
endocytosis, a process which involves hundreds of copies of some proteins and takes on 38 
the order of 10-12 seconds (Picco et al., 2015), but this work represents the first such 39 
timeline for exocytosis, the totality of which occurs over approximately 5 seconds.  40 

This laboratory has previously analyzed and imaged the transport of budding 41 
yeast secretory vesicles, marked by the Rab Sec4, from the Golgi to the plama 42 
membrane. Initial studies showed that secretory vesicles are transported by the myosin-43 
V motor protein, Myo2 along actin cables at about 3µm/s (Donovan and Bretscher, 44 
2012, 2015a; Santiago-Tirado et al., 2011; Schott et al., 1999, 2002). In the current study 45 
we sought to build on these results by imaging components involved in secretory 46 
vesicle biogenesis and exocytosis individually and in combination at rates significantly 47 
faster than previously achieved. Our goal was to generate a timeline along which the 48 
participation of each component could be recorded. Of particular interest is the timing 49 
of effectors of Sec4, the Rab protein which associates with secretory vesicles and has a 50 
number of known effectors, including the exocyst, the myosin-V motor Myo2, and Sro7 51 
(Guo et al., 1999; Jin et al., 2011; Rossi et al., 2018; Schott et al., 1999). This goal presented 52 
a number of technical challenges.  First, all components had to be tagged in such a way 53 
as to minimally impair their function when expressed from their cognate promoters. 54 
Second, the number of molecules involved for many of the components is very small, 55 
making single, and especially double-label, imaging challenging. Third, since events 56 
occur in the timeframe of seconds, rapid frame capture was imperative to allow 57 
imaging at a significantly higher rate and resolution than has so far been achieved. 58 

In this study we were able to image secretory vesicle biogenesis, with the arrival 59 
at the trans Golgi network of the Rab GEF Sec2, the Rab Sec4, and its effector the 60 
myosin-V motor Myo2.  During transport, the secretory vesicle recruits the exocyst, the 61 
Sec4-effector complex necessary for vesicle tethering. During tethering, Rho3 is 62 
recruited, followed by Sro7, and then very briefly by the SM protein complex, 63 
Sec1/Mso1. Perturbation experiments show that this time-line is remarkably robust to 64 
levels of these and other components. Finally, we show that the associated Sec1 and 65 
Mso1 have redundant membrane-recruitment domains that aid its surprisingly fleeting 66 
participation during exocytosis. This time-line, together with an estimation of the 67 
number of molecules of each component involved and their known functions, provides 68 
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a framework to better understand biogenesis of secretory vesicles and their 69 
consumption at the plasma membrane. 70 
 71 
 72 
Results 73 
Secretory vesicle formation and transport from the trans-Golgi network (TGN) 74 
To capture secretory vesicle formation at the Golgi, we needed a marker for the trans-75 
Golgi network (TGN).  At the TGN, a GTPase cascade results in the generation of 76 
secretory vesicles (Novick, 2016). The Arf-GEF Sec7 activates Arf1, which in turn 77 
recruits Pik1-Frq1 (the phosphatidylinositol 4-kinase complex) and the TRAPII Rab-GEF 78 
complex. TRAPII then recruits Ypt31/32 (Rab11 homologs), which recruits another Rab-79 
GEF Sec2, which finally activates and recruits the secretory vesicle Rab, Sec4 (Thomas et 80 
al., 2019; Thomas and Fromme, 2016; Walch-Solimena et al., 1997). Ypt31/32 and Sec7 81 
have frequently been used as interchangeable TGN markers; however, Ypt31/32 level 82 
has recently been shown to peak on compartments a full eight seconds after Sec7 83 
(Highland and Fromme, 2021). While endogenously tagged Sec7-mNeonGreen 84 
occasionally appears to fragment into small compartments or vesicles, most Sec7 85 
appears to dissipate around the time of fragmentation, leaving resulting vesicles 86 
difficult to identify (Figure 1 Supplement 1). By contrast, mNeonGreen(mNG)-tagged 87 
Ypt31 can be followed through vesiculation and appears to remain on vesicles through 88 
fusion with the plasma membrane, with a sizeable population of Ypt31 remaining on 89 
the membrane within the bud (Figure 1A). For this reason, we assessed the timing of 90 
recruitment of Sec2, Sec4, and a Myo2-marker (see Figure 1 Supplement 2 for 91 
construction) to mScarlet-Ypt31 marked compartments. 92 

All three components appeared to briefly colocalize with Ypt31 before breaking-93 
off as a nascent secretory vesicle from the remaining portion of Ypt31, then moving 94 
diffusively, and finally being transported linearly towards the bud (Figure 1A). Sec2 95 
first appeared on the Ypt31-containing TGN approximately two seconds prior to 96 
separation, whereas Sec4 and the Myo2-marker appeared approximately one second 97 
before separation, and, presumably, about one second after Sec2 (Figure 1B-E). The 98 
close temporal proximity of Sec4 and Myo2 arrival suggests that Myo2 is likely the first 99 
effector of Sec4 recruited to secretory vesicles. While all three were found to be rapidly 100 
transported towards the bud following separation from the TGN—generally in under 101 
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Figure 1: Recruitment of Sec2, Sec4, and Myo2 precede secretory vesicle budding from the TGN and 
all exocyst components are on secretory vesicles before arrival at the plasma membrane. A) An 
example of mNG-Ypt31 TGN vesiculation in a diploid cell. Colored arrowheads follow successive 
fragmentation of an initial compartment. Black arrows highlight mNG-Ypt31 on the plasma membrane. B) 
Timeseries example of Sec2-mNG recruitment to and budding from an mScarlet-Ypt31-marked compartment 
in a diploid cell. Single plane video. C) Timeseries example of GFP-Sec4 recruitment to and budding from an 
mScarlet-Ypt31-marked compartment in a diploid cell. Single plane video. D) Timeseries example of an mNG-
Myo2-marker being recruited to and budding from an mScarlet-Ypt31-marked compartment in a diploid cell. 
Single plane video. E) Order of recruitment to Ypt31 TGN compartments aligned by apparent separation of 
signal from the compartment. Budded vesicles were generally transported linearly towards the bud in under a 
second. Median ± 95%CI. n ≥10. *, p ≤ 0.05; ***, p ≤ 0.001. F) Localization of mNG-tagged exocyst 
components in haploid cells. Sum projection of a 1.5μm vertical volume surrounding the bud neck. 
Arrowheads indicate a single vesicle approaching the bud neck in each. All scaled equally; Bar on Exo84, 2μm. 
G) Additional example of mNG-Sec3 localizing to puncta approaching the bud neck in homozygously-tagged 
diploid cells. H) Fluorescence Loss in Photobleaching (FLIP) experiment comparing the recycling of Sec3 or 
Sec5 from the bud. Mean curve ±SD, n ≥18. I) Exocyst-3x-mNG faintly localizes to vesicles earlier in the 
mother. Compare the moving signals identified by green arrows to any punctum within in the bud. All bars, 
2μm.  
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Figure 1 Supplement 1: An example of apparent Sec7-mNG TGN fragmentation. 

 
 
 

 
 Figure 1 Supplement 2: Rationale for and construction of the Myo2 marker. A) One copy of 
endogenous Myo2 tagged with mNG in a diploid cell (left) shows no clear punctate localization due to the 
relatively high cytosolic background, however, one copy of Smy1-mNG (right) permits identification of clear 
vesicles. B) mNeonGreen or one copy of Tomato were tagged to a portion of the coiled coil domain of mouse 
myosin 5b of similar length to the Myo2 coiled coil, to facilitate dimerization of the marker without hetero-
dimerizing with endogenous Myo2. This was fused to the C-terminal cargo-binding domain of Myo2 to 
maintain normal Myo2 cargo recognition. C) an example of mNG-mCC-Myo2(CBD) localization in a diploid 
cell.  
 
 
 

 
 Figure 1 Supplement 3: A) GFP-Sec4 localizes to larger fusion-competent compartments in a vps1-
null. B) A large GFP-Sec4 compartment in a vps1∆ haploid cell aberrantly fusing with the plasma membrane 
in the mother. Sum Porjections. See videos 3 and 4. 
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half a second—only compartments marked with Sec2 or Sec4 appeared capable of 102 
moving diffusely for up to several seconds, suggesting that at least some vesicles can 103 
separate from the TGN without first acquiring Myo2.  104 

It's remarkable that the machinery driving secretory vesicle formation has not yet 105 
been identified. The field has long held that since secretion itself is an essential process, 106 
formation of the classical 80-100nm secretory vesicles must be carried out by similarly 107 
essential components. Progress in this regard has been at least partially hampered by 108 
the observation that there appears to be more than one redundant pathway ultimately 109 
leading to exocytosis (Harsay and Bretscher, 1995). Our preliminary experiments 110 
examining the non-essential Vps1, which has been implicated in a late step of the 111 
secretory pathway (Gurunathan et al., 2002; Harsay and Schekman, 2007), suggest that 112 
it is directly involved in the formation of at least one class of secretory vesicle. Loss of 113 
this small GTPase which is known to act at the endosome (Chi et al., 2014), results in 114 
cells containing larger compartments capable of maturing to the point that they recruit 115 
Sec4 and apparently fuse with the plasma membrane (Figure 1 Supplement 3). This 116 
directly challenges the notion that the 80-100nm vesicles themselves are essential for 117 
secretion, but will need to be examined more closely in future studies.  118 

Ypt31 and Ypt32 are often described interchangeably as they are considered 119 
functionally redundant (deletion of one or the other is consistent with viability, whereas 120 
loss of both is lethal). Interestingly, while the relative recruitment timing of Sec2 and 121 
Sec4 was similar when compared to Ypt32 compartments (Figure 1 Supplement 4A), 122 
relative Ypt32 to Ypt31 ratios appeared to mark subtly different compartments, with 123 
Ypt32 being more prominent on compartments within the bud (Figure 1 Supplement 4B 124 
and C). This trend of compartments within the bud carrying a higher concentration of 125 
Ypt32 also held when the markers on Ypt31 and Ypt32 were reversed and only 126 
expressed from endogenous promoters (Figure 1 Supplement 4D). An intriguing 127 
possibility is that Ypt32-enriched TGN within the bud could represent the more early-128 
endosome-like TGN compartments with which endocytic cargo colocalize (Day et al., 129 
2018). 130 

We next examined the recruitment of the exocyst to secretory vesicles. The 131 
exocyst complex, comprised of single copies of Sec3, 5, 6, 8, 10, 15, Exo70, and Exo84, 132 
tethers secretory vesicles to the plasma membrane before fusion and is primarily 133 
thought to localize to the vesicles themselves, ahead of membrane delivery (Boyd et al., 134 
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 Figure 1 Supplement 4: A) Replication of Sec2/Sec4 separation from Ypt32-positive TGN 
compartments. n ≥10. *, p ≤ 0.05. B) Example of Ypt31/32 localization, highlighting more Ypt31-dominant 
compartments in the mother and Ypt32-rich compartments in the bud. C and D) quantification of 
arbitraryYpt32/Ypt31 fluorescence intensity ratio for compartments in the mother and bud for mNG-Ypt31 
mScarlet-Ypt32 (C) or mScarlet-Ypt31 mNG-Ypt32 (D). Compared via paired students t-test. *, p ≤ 0.05; ***, 
p ≤ 0.001. 
 
 

 
 Figure 1 Supplement 5: A) Exocyst-3x-tag construction. B) Colocalization example of Exocyst-3x-
mScarlet with Myo2-Marker. Single Plane. 
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2004). Sec3, however, has long been suggested to be a ‘landmark’ of secretory vesicle 135 
tethering—residing on the plasma membrane, apart from other seven subunits of the 136 
complex on the vesicle itself. This long-standing model suggests that once a vesicle 137 
comes into proximity of the plasma membrane, Sec3 then joins the bulk of the complex 138 
to complete the exocyst and facilitate tethering (Finger et al., 1998; Wiederkehr et al., 139 
2003). More recent studies suggest that the yeast exocyst complex is an obligatory 140 
heterooctamer, with Sec3 always being bound to the other components with no 141 
discernible subcomplexes (Heider et al., 2016).  142 

In this study, each exocyst component, including Sec3, was individually tagged 143 
with mNeonGreen. When each component was imaged, they could be seen on vesicles 144 
in the mother cell, although clear vesicular localization was generally only noticeable in 145 
immediate proximity to the bud neck and within the bud itself (Figure 1F, G). 146 
Additionally, fluorescence loss of Sec3 and Sec5 from the bud during constant 147 
photobleaching (‘FLIP’) of the mother cell was identical, suggesting that Sec3 recycles to 148 
the mother cell at the same rate as other exocyst components (Figure 1H). Thus, Sec3 149 
appears to be a component of the octomeric exocyst complex in vivo that associates 150 
with secretory vesicles and is not a spatial 'landmark' component of the exocyst.  151 

Localization of the exocyst to moving vesicles in the mother only became slightly 152 
more apparent upon multiply-tagging the complex with one copy of mNeonGreen on 153 
each of three subunits (Exocyst-3x-mNG; Figure 1I, Figure 1 Supplement 5). This stands 154 
in contrast to Sec4 or Sec2 which could be readily observed on vesicles at all points 155 
within the mother, indicating that exocyst association with vesicles occurs well after 156 
vesicle biogenesis and during transport.  157 

 158 

Improved techniques for the imaging of yeast exocytosis 159 
Our previous study to examine secretory vesicle tethering utilized standard 160 

spinning disk confocal imaging of the cellular volume surrounding the bud neck of 161 
haploid GFP-Sec4 cells (Donovan and Bretscher, 2015b). As most of the Sec4 in the cell is 162 
vesicle bound and in the bud, all the GFP signal in the bud was initially bleached and 163 
then incoming GFP-positive secretory vesicles were followed. An average of 22 vesicles 164 
enter the bud per minute (Figure 2A). The previous technique of intentionally 165 
photobleaching the bud thus necessarily relied on fortuitously timed secretory vesicle 166 
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Figure 2: Secretory vesicles tether for about 5s before fusion. A) Approximately 22 vesicles enter the bud 
per minute. Mean ±SD. B) Schematic diagram of improved volumetric imaging technique used in this study. 
See Video 1 for ecample. C) Collected data of all timed GFP-Sec4 tethering events in wildtype GFP-Sec4/Sec4 
cells as well as homozygously-tagged diploids and GFP-Sec4 haploids Means ±95%CI. GFP-Sec4/Sec4 Mean: 
5.02s, n =196 events, others n ≥50. ***, p ≤ 0.001. D) Example of GFP-Sec4 vesicle tethering and fusion from 
a GFP-Sec4 heterozygously-tagged diploid. Sum projection. See Video 2. E) GFP-Sec4 fluorescence intensity 
is roughly constant through tethering. Local weighted regression (LOWESS; green) and linear regression 
curves (during tethering; black) added for visual interpretation. F) Apparent tethering time of vesicles marked 
carrying Sec3-mNG (Mean: 4.55s) or Sec15-mNG (Mean: 4.77s) is similar to tethering time of vesicles 
marked by GFP-Sec4. Mean ± 95%CI. 
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formation and transport from the mother and for that vesicle to then tether within the 167 
small vertical observation window centered around the bud neck. This technique 168 
confined critical information on vesicle tethering to the lowest resolution domain, the z-169 
axis.  170 

To overcome this limitation, we adjusted the imaged volume to the region of the 171 
cell proximal to the coverslip so that the majority of information regarding vesicle 172 
position was shifted into the higher resolution x- and y-axes (Figure 2B). Instead of 173 
photobleaching, we utilized the larger volume and plasma membrane surface area of 174 
mid-sized diploid buds to identify individual vesicles that tethered, fused, and could be 175 
confidently discerned from nearby vesicles. This three-dimensional capture was 176 
performed by streaming EM-CCD frames directly to disk using short exposures 177 
(between 10-50ms), constant laser excitation, and continuously moving the stage 178 
vertically. By removing the need for discrete stage stepping, camera-shuttering, and 179 
laser firing this drove down the capture time per frame, resulting in typical captures of 180 
175ms per stack of six planes for brighter signals from more abundant proteins, and less 181 
than a third of a second for very low abundance proteins. This is far faster than the 182 
capture of five planes in 1.5s used in our earlier studies.  183 

With these adjustments and careful analysis of these videos in 3D projections 184 
(Video 1), we were able to identify far more unambiguous tethering and fusion events 185 
than previously possible (Figure 2C, Video 2) and could even identify many events per 186 
cell in some captures (Figure 2 Supplement 1). Analyzing many such events resulted in 187 
diploids resulted in a tether-to-fusion time of approximately five seconds (Figure 5D). 188 
Interestingly, we found early on in this study that the presence of the GFP-tag on Sec4 189 
itself affects Sec4 function. A significant increase in tether-to-fusion time was seen when 190 
no untagged Sec4 was available (such as in a GFP-Sec4/GFP-Sec4 diploid or GFP-Sec4 191 
haploid; Figure 2D). This difference indicated that the heterozygous diploid GFP-192 
Sec4/Sec4 strain would be the most physiological framework in which to explore 193 
secretory vesicle tethering. By measuring the average intensity of GFP-Sec4 signal on 194 
tethered vesicles in the diploids, we found that GFP-Sec4 signal on the vesicle remains 195 
constant throughout the duration of tethering, only rapidly disappearing after several 196 
seconds, suggesting that Sec4 is not extracted from the vesicle during tethering ahead of 197 
fusion (Figure 2E).  198 
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Figure 2 Supplement 1: A) Example of multiple vesicle tethering events in a single cell. B) Collected timings of 

events shown in A. 
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Next, we determined the time that exocyst components Sec3-mNG and Sec15-199 
mNG associate with tethered vesicles. Both Sec3-mNG and Sec15-mNG remain on 200 
tethered vesicles for about the same time as the tether-to-fusion time of GFP-Sec4, 201 
although both consistently appeared slightly shorter (Figure 2F). Although this 202 
difference is not statistically significant, it is consistent with reports showing that the 203 
mammalian exocyst remains associated with exocytic vesicles roughly until fusion. Sec3 204 
and Sec15 represent consitituent components of the two putative exocyst sub-205 
assemblies (Sec3, 5, 6, 8 vs. 10, 15, Exo70, Exo84) and we do not see a significant 206 
difference in the residence timing of the two sub-complexes, as has been reported in 207 
mammalian cells (Ahmed et al., 2018).  208 

Earlier studies employing haploid GFP-Sec4 strains reported a longer tethering 209 
time of about 15-18s (Alfaro et al., 2011; Donovan and Bretscher, 2015b), which cannot 210 
be explained alone by the use of a haploid GFP-Sec4 strain alone. During the current 211 
study, it became evident that a lower temporal resolution could result in longer 212 
apparent vesicle tethering due to a newly observed phenomenon of tethering “hot-213 
spots”. At these transient locations, secretory vesicles can be seen to tether sequentially 214 
(Figure 3A) and/or simultaneously (Figure 3B, Video 3). It is not currently possible to 215 
quantify the frequency with which this occurs due to the complexity of tracking the 216 
many vesicles within the bud for their entire pre-fusion lifetime. One possibility is that 217 
tethering hot-spots are near the end of actin cables that are used to transport vesicles to 218 
the plasma membrane. Disruption of actin cables with Latrunculin B resulted in an 219 
accumulation of secretory vesicles in the mother (Figure 3C) thereby precluding 220 
obtaining a definitive answer to the involvment of actin cables ends as hot-spots.  221 
Moreover, this disruption caused a significant elongation of tethering-to-fusion time 222 
with individual tethering events being moderately easier to identify due to their more 223 
broad distribution within the bud (Figure 3D, E). Interestingly, though puncta and 224 
patches of Bni1 (the formin within midsized buds responsible for actin cable assembly) 225 
only persist for slightly longer than the lifetime of a single vesicle tethering event 226 
(mean, 6.4s), patches of another exocytic protein, Boi2, were capable of lasting 227 
significantly longer (median, 16.5s; Figure 3F). The redundant Boi1/2 proteins have 228 
been suggested to play a role in both actin and vesicle tethering regulation (Glomb et 229 
al., 2020; Masgrau et al., 2017) and, indeed many, but not all, vesicles appear to tether at 230 
Boi2-mNG puncta (Figure 3G).While this could potentially explain the underlying 231 
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Figure 3: Tethering Hotspots Exist A) Sequentially tethering vesicles may appear as long-lived events in 
captures with low spatiotemporal resolution, especially when considering the elongated tethering time in cells 
with no untagged Sec4 (as in Figure 2C). Images were captured at 176ms per frame. Inset time-lapse shown 
with 10x lower time resolution. B) Additional example of “hot-spot” tethering shows 3 vesicles arriving and 
tethering in rapid succession at one un-resolvable location (see Video 3). Though they tether at separate times, 
they appear to fuse at roughly the same time. Asterisk marks signal from a bright vesicle that passed the 
observed position. C) Secretory vesicle formation continues even in the absence of actin cables. D) Disruption 
of actin cables with LatrunculinB (LatB) immediately results in elongated GFP-Sec4 vesicle tether-to-fusion 
time. ***, p ≤ 0.001 by t-test. E) Several examples of clustered GFP-Sec4 secretory vesicle localization in 
diploid cells not treated with LatB and examples of more dispersed vesicle tethering locations in cells one 
minute after LatB treatment. Sum projection of cell bottom. F) Boi2 patches are longer lived than individual 
vesicles or even Bni1 patches, suggesting a potential explanation for the observation of tethering “hot-spots”. 
G) Exocyst-3x-mScarlet frequently colocalizes with Boi2-mNG puncta on the plasma membrane. Arrowheads 
indicate vesicles colocalized with Boi2, arrow indicates a tethered vesicle not colocalized with Boi2.  
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biology of tethering hot-spots, the actual mechanisms and dynamics of tethering hot-232 
spots will need to be explored in a future study. 233 
 234 
Modulation of tethering by Sec4-GTP state 235 

Sec4 GTP-hydrolysis, as promoted by the genetically redundant Rab-GAPs Msb3 236 
and Msb4, is believed to be important for maintaining proper tether-to-fusion time 237 
(Donovan and Bretscher, 2015b). Homozygous deletion of msb4 with heterozygous 238 
deletion of msb3 (msb3∆/MSB3 msb4∆/msb4∆) leads to a modest but significant increase 239 
in tether-to-fusion time, while the opposite (msb3∆/msb3∆ msb4∆/MSB4) results in much 240 
greater increase in tether-to-fusion time. A similar effect on tethering can be seen when 241 
one copy of Sec4 in a diploid is replaced with the constitutively active Sec4(Q79L) allele 242 
(Figure 4A). Excess active Sec4 is seen on the plasma membrane of msb3∆/msb3∆ cells 243 
(Figure 4B). Thus, the longer tethering times observed could be directly due to delayed 244 
hydrolysis of Sec4-GTP on the vesicle, or indirectly due to excess active Sec4 on the 245 
plasma membrane which may be sequestering secretory effectors, limiting their 246 
availability for tethered vesicles, and thereby elongating tethering time. To distinguish 247 
between these, we expressed a constitutively active mScarlet-Sec4(Q79L)-Ist2tail (aka. 248 
mScarlet-Sec4(Q79L)-PM) which embeds into the plasma membrane (Figure 4C, left). 249 
Amazingly, there was no difference in vesicle tether-to-fusion time with expression of 250 
the constitutively active, plasma membrane-bound Sec4 (Figure 4C, right). Thus, 251 
delayed hydrolysis of vesicle-bound Sec4-GTP elongates tethering time. These results 252 
also highlight the inherent context-dependent regulation of exocytic factors and 253 
supports the idea that local coincidence detection mechanisms are important for the 254 
function of Sec4 effectors. 255 

Limitation of GDI availability by heterozygous deletion of Gdi1 also had no 256 
significant effect on vesicle tether-to-fusion time despite also resulting in accumulated 257 
Sec4 on the plasma membrane (Figure 4D,E). In addition to further supporting the 258 
conclusion that accumulated Sec4 on the plasma membrane does not interfere or 259 
elongate tether-to-fusion time, the fact that Sec4 can be retained in this way strongly 260 
supports that the rapid loss of Sec4 signal from a tethered vesicle is representative of 261 
fusion. 262 
 263 
 264 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 17, 2022. ; https://doi.org/10.1101/2022.03.17.484778doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.17.484778


 
 
 
 
 
 
 

 
 
Figure 4: Duration of vesicle tethering is modulated by the level of Sec4:GTP on the vesicle. Msb3 
likely acts on Sec4 twice to aid in efficient tethering and Sec4 recycling. A) Homozygous deletion of 
msb3 or replacement of one copy of Sec4 with a constitutively active allele results in significantly longer 
tether-to-fusion time, whereas similar deletion of msb4 has a much milder effect. *, p ≤ 0.05; ***, p ≤ 0.001. B) 
Deletion of msb3 results in GFP-Sec4 accumulation on the plasma membrane (PM). Unbudded cells shown 
for simplicity, though the same occurs in budded cells. PM is marked with mCherry-Ist2tail(2X). Bar, 1μm. C) 
Expression of a constitutively active and plasma membrane-bound Sec4 has no effect on GFP-Sec4 vesicle 
tethering time. Ectopic Sec4:GTP on the plasma membrane is not the cause of elongated tethering times 
observed in msb3∆ and Sec4(Q79L). D) Heterozygous deletion of Gdi1 (an essential protein) also induces Sec4 
accumulation on the plasma membrane. E) Heterozygous deletion of Gdi1 has no significant effect on secretory 
vesicle tether-to-fusion time. 
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Defining the location and timing of components individually 265 
 We next sought to examine how long other components involved in exocytosis 266 
were associated with tethered vesicles. To prevent potential perturbation of tethering by 267 
over-expression, single components were homozygously tagged in the genome and 268 
expressed exclusively under their own promoters. Components that were observed to 269 
reside on vesicles during transport were timed, much like with Sec4 itself, from the 270 
moment of tethering until punctate signal was lost. Components that appeared to only 271 
form stable punctate structures at the plasma membrane (i.e. not on moving vesicles) 272 
were timed from the first frame the punctum appeared to the last frame it was visible.  273 
 Unlike Sec4 and the exocyst complex, Sec2 and Smy1 appear to dissociate from 274 
secretory vesicles shortly after tethering (Figure 5A). Sec2 is the first protein observed to 275 
depart the vesicle, with Sec2-mNG puncta lasting on average 2.8 seconds after 276 
becoming stationary at the plasma membrane. Smy1, which associates with vesicle-277 
bound Myo2 and resides on vesicles through transport (Lillie and Brown, 1994, 1992; 278 
Lwin et al., 2016), only remains associated with the vesicle for an average of 3s after 279 
tethering. Since tagged wildtype Myo2 cannot be observed due to a high cytoplasmic 280 
background of unactivated Myo2, Smy1 likely parallels Myo2 behaviour. Indeed, 281 
assessing the time of punctate signal loss of the Tomato-Myo2-marker supports that 282 
Smy1 and Myo2 dissociate around the same time in vesicle tethering (Figure 5 283 
Supplement 1).  284 

Three additional exocytic components, Sro7, Mso1, and Sec1, were found to 285 
exclusively localize to puncta at the plasma membrane. Sro7 is a nonessential protein 286 
involved in polarity maintenance and secretion that directly binds and regulates the 287 
soluble SNAP-25 homolog, Sec9 (Hattendorf et al., 2007; Lehman et al., 1999). Earlier 288 
studies have suggested that Sro7 localizes broadly to the plasma membrane, however, 289 
this was shown via immunofluorescence following 2µ overexpression (Lehman et al., 290 
1999). Imaging of Sro7-mNG expressed from its own promoter, shows that Sro7 does, 291 
indeed, localize to the plasma membrane, however, it does so in a polarized and 292 
punctate pattern similar to tethered vesicle localization (Figure 5B). The median 293 
longevity of Sro7 puncta was approximately 3.4s (mean, 3.8s; Figure 5A).  294 

None of the Sro7 signal appeared to localize to diffusive or actively transported 295 
secretory vesicles, whether in the mother or bud. This non-vesicular localization was 296 
somewhat surprising as the redunant Sro7 and Sro77 are thought to be direct effectors 297 
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Figure 5: Defining the location and timing of exocytic components individually A) Independent timing 
from tether to disappearance for components residing on vesicles (Smy1-mNG, Sec2-mNG) and timing of 
punctum appearance to disappearance for components apparently residing on the plasma membrane (Sro7-
mNG, Sec1-mNG, Mso1-mNG). All imaged in homozygously-tagged diploids in a manner as in Figure 2B. **, 
p ≤ 0.005; ***, p ≤ 0.001. See Figure 5 Supplement 2 for combined statistics. B) Sro7, a Sec4 effector, does not 
localize directly to vesicles and instead appears in short-lived puncta at the plasma membrane. Sum projection. 
Bar, 2µm. C) Disruption of secretory vesicle tethering via sec6-4 does not result in Sro7 accumulation on 
cytosolic vesicles, but instead accumulation at the plasma membrane. Mitochondrial autofluorescence is 
apparent due to the low signal intensity of Sro7-mNG. Bar, 2µm. D) Averaging multiple events shows that 
the timing of arrival and departure for Sro7 is roughly symmetrical. E) Timelapse of several Sec1-mNG 
puncta within the bud. Sum Projection. Captured as in Figure 2B. ~300ms per frame. Bar, 2µm. F) Averaging 
several Sec1-mNG localization events shows faster signal dissipation than accumulation. This is different from 
what is observed for another PM-localized protein Sro7 in (C). G) Collected data of number of molecules per 
vesicle of various components measured both in this study and other studies from our lab. *, p ≤ 0.05.  
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 Figure 5 Supplement 1: A) A Myo2-marker co-imaged with GFP-Sec4 indicates loss of Myo2 occurs 
midway through tethering. B) Myo2 departs secretory vesicles just over 2 seconds before vesicle fusion on 
average, but this time varies widely.  
 
 

 
 Figure 5 Supplement 2: Combined data from Figure 2F and 5A. All n ≥50 events, analyzed blind. To 
minimize the number of comparisons performed, these data were tested for differences among the group via 
Kruskal-Wallis and only the indicated post-hoc tests were performed, with corrections. See methods for 
additional details. **, p ≤ 0.005; ***, p ≤ 0.001. 
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of Sec4:GTP (Rossi et al., 2018; Watson et al., 2015). Additionally, disruption of vesicle 298 
tethering by a sec6-4 mutation induced broad Sro7-mNG localization across the plasma 299 
membrane (Figure 5C), perhaps due to its known association with the exocytic SNARE 300 
Sec9. This result is also surprising as Sro7 has been reported to induce secretory vesicle 301 
clustering, at least when overexpressed (Rossi et al., 2020, 2014). The arrival and 302 
departure kinetics of Sro7, as measured by average punctum intensity over time, were 303 
roughly symmetrical, with the longevity before peak intensity being about equal to the 304 
longevity after the peak (Figure 5D).  305 

Sec1, the SM (Sec1-Munc18) family protein responsible for directing secretory 306 
vesicle SNARE assembly, has primarily been visualized at low spatiotemporal 307 
resolution or via BiFC (Carr et al., 1999; Kustermann et al., 2017; Weber et al., 2010). 308 
Here, we visualized Sec1-mNG (Figure 5E, Video 4) and found the shortest localization 309 
timing of any exocytic component examined, with Sec1 puncta longevity having a 310 
median time of 2.1s (mean, 2.3s; Figure 5A). Interestingly, unlike Sro7, Sec1 arrival and 311 
departure times were different, with the accumulation of signal taking slightly longer 312 
than its dissipation following peak intensity (Figure 5F). This is potentially consistent 313 
with Sec1 functioning at the end of vesicle tethering, rapidly disappearing around the 314 
moment of membrane fusion. Mso1, a small nonessential protein tightly associated with 315 
Sec1 and suggested to be an effector of Sec4, was found to have a similarly short 316 
lifetime, not significantly different from Sec1 (median 2.5s, mean 2.6s; Figure 5A)(Weber 317 
et al., 2010; Weber-Boyvat et al., 2012).  318 

To estimate the relative number of molecules associated with secretory vesicles, 319 
we determined the maximum fluorescence intensity, compared with the known 320 
standard Cse4-mNG (Lawrimore et al., 2011), of several components which had not 321 
been previously quantified, and added it to data from previous publications (Figure 322 
5G). The exocyst complex has previously been reported to localize with approximately 323 
15 complexes per vesicle (Picco et al., 2017) and this analysis, measuring mNeonGreen-324 
tagged Sec3 and Sec5 on tethered vesicles, showed similar results (26±9 and 33±11 325 
respectively). About 23±9 molecules of Sec2 could be seen on vesicles during transport. 326 
Finally, very few copies of Sro7 (20±8) and Sec1 (14±5) were found to localize to their 327 
respective membrane puncta in the bud.  328 

 329 
 330 
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Constructing a Timeline  331 
Having measured the timing of various components individually, we next 332 

sought to correlate these timings into a cohesive timeline of events from initial tethering 333 
to fusion. This endeavor was a complex one. Most of the proteins examined have a low 334 
number of molecules associated with each tethering event, so ensuring sufficient 335 
fluorescent intensity for meaningful detection of multiple markers, each expressed at 336 
endogenous levels, while maintaining a reasonable imaging frequency, was 337 
challenging. This was further complicated by an apparent purturbation encounterted 338 
between some fluorescently-tagged protein pairs. Additionally, even the most abundant 339 
vesicular protein, Sec4, was not bright enough for our experiments when tagged 340 
heterozygously with mScarlet, the brightest currently available red fluorescent protein.  341 

Unfortunately, GFP-Sec4 paired poorly with our best red vesicle marker Exocyst-342 
3x-mScarlet, with tethering time as measured by GFP-Sec4 alone in this strain being 343 
somewhat elongated (Figure 6 Supplement 1). However, even in this strain we can see 344 
clearly that Sec4 and the exocyst depart from exocytic sites around the same time 345 
(Figure 6A). Fortunately, Exocyst-3x-mScarlet was able to be successfully utilized in 346 
combination with several other tagged components with minimal detriment. 347 
Additionally, since several components (Sec2, Myo2, Smy1, and the exocyst itself) are 348 
transported to the tethering site on the vesicle, alignment of loss of these components to 349 
the moment of tethering is easy, for example tracking the loss of a Tomato-Myo2-350 
marker compared to GFP-Sec4, confirms that Myo2 begins dissociating shortly after the 351 
start of tethering (Figure 6B; Figure 5 Supplement 1).  352 

One of the first non-vesicular components to colocalize with tethered vesicles 353 
after their arrival to the plasma membrane is Rho3. Though Rho3 plays an integral role 354 
in vesicle tethering, it has not been shown to be present on constitutive secretory 355 
vesicles themselves (Forsmark et al., 2011; Robinson et al., 1999). Rather, in wildtype 356 
cells, Rho3 is broadly resident on the plasma membrane with transient bud-localized 357 
patches of increased concentration (Figure 6 Supplement 2). Rho3 was visualized with a 358 
recently developed internal-mNG (imNG) tag and compared to the arrival of vesicles 359 
marked by Exocyst-3x-mScarlet (Figure 6C)(Gingras et al., 2020). Alignment of multiple 360 
such events illustrates that Rho3 peaks at sites of tethered vesicles about 1.5s after 361 
tethering (Figure 6D).  362 
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Figure 6: Relative ordering of exocytic events and the tether-to-fusion timeline A) Single example of 
vesicle fusion showing near simultaneous loss of Sec4 signal and the exocyst in GFP-Sec4/Sec4 Exocyst-3x-
mScarlet. B) Averaging of several Sec4 vesicle tethering events shows that on average Myo2 begins 
dissociating from the vesicle around the start of tethering. C) Internally tagged Rho3-imNG on the plasma 
membrane concentrates briefly after Exocyst-3x-mScarlet vesicle tethering. D) Averaging several vesicle 
tethering events as in C illustrates that Rho3-imNG membrane intensity rises with Exocyst-3x-mScarlet 
arrival and peaks ~1s after vesicle tethering. Aligned by visual start of tethering. E) Averaging several 
Exocyst-3x-mScarlet vesicle tethering events shows that Sro7-mNG localization to vesicles peaks 3-4s after 
tethering. Aligned by visual start of tethering. F) Not all Sro7-mNG puncta clearly colocalize with exocyst-
marked secretory vesicles. The fraction of Sro7-mNG puncta visually colocalized with the exocyst in still 
images was manually counted for > 10 cells across three biological replicates. Mean ±SD. G) Averaging of 
several vesicle tethering events shows colocalization of Sec1-mNG and Exoycst-3x-mScarlet with Sec1 signal 
peaking around the moment of exocyst loss. Aligned by moment of peak Sec1 intensity. H) The start of Smy1-
mScarlet loss from vesicles occurs approximately 5s before Sec1-mNG peak. Aligned by moment of peak Sec1 
intensity. I) Timeline of events from secretory vesicle formation to plasma membrane fusion. Timing of 
appearance and disappearance of proteins in this timeline is based on the individual component data (where 
available) and aligned with the dual component imaging data. 
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Figure 6 Supplement 1: Tether-to-fusion timing of GFP-Sec4 in Exocyst-3x-mScarlet diploid cells. 

 
 

 
Figure 6 Supplement 2: Example of Rho3-imNG on its own in a haploid cell. Arrowheads indicate transient 

patches/puncta of increased Rho3 intensity. 
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When Sro7-mNG was imaged alongside Exocyst-3x-mScarlet, Sro7 signal peaked 363 
between three and four seconds after tethering (Figure 6E). While Sro7 signal appears to 364 
plateau and remain longer than expected in this context when compared to imaging of 365 
Sro7 alone (see Figure 5D), this is likely an artifact of variable Sro7 arrival time. 366 
Regardless, it is evident that Sro7 localizes to sites of exocytic vesicles about 2s after 367 
tethering and leaves around the moment of fusion. Interestingly, while Sro7 almost 368 
always co-localized with clear exocyst puncta in still images (as expected by the timing 369 
of its arrival relative to tethering), approximately 20% of Sro7-mNG puncta did not 370 
colocalize (Figure 6F). Although its not clear what these Sro7-only puncta represent, it’s 371 
possible that there is simply an undetectable quantity of exocyst complexes residing on 372 
the associated vesicle. Alternatively, these may represent the remnants of aborted 373 
tethering events, or more intriguingly, events with a class of vesicle more highly 374 
dependent on Sro7 for fusion, such as the ones suggested might contain proteins 375 
required for salt-stress tolerance (Forsmark et al., 2011).  376 
 Alignment of several Sec1 puncta co-imaged with Exocyst-3x-mScarlet showed 377 
that peak Sec1 intensity corresponded with the moment of exocyst loss, the expected 378 
moment of vesicle fusion (Figure 6G). When the timing of this Sec1-mNG peak was 379 
compared to Smy1-mScarlet, we found that Smy1 arrived and began decreasing in 380 
intensity (like Myo2 in Figure 6B) approximately 5s before Sec1 peak, indirectly 381 
illustrating the time between vesicle arrival and fusion (Figure 6H).  382 
 Together, we can generate a timeline of events from initial secretory vesicle 383 
arrival and tethering to terminal fusion with the plasma-membrane (Figure 6I). The data 384 
paint a picture where secretory vesicles are delivered to the bud tip along actin cables 385 
and tethering is aided by the directive force of Myo2 as loss of actin cables extends 386 
tethering time.  Shortly after arrival, the Sec4 GEF, Sec2, dissociates from the vesicle, 387 
followed closely by release of Myo2 and its cofactor Smy1. During this period, Rho3 on 388 
the plasma-membrane begins to associate with the tethered vesicle, likely enforcing 389 
tethering through its interactions with exocyst (Adamo et al., 1999; Robinson et al., 390 
1999). Once the exocyst is activated and adopts an “open” conformation thanks to 391 
interactions with Rho proteins and the membrane itself (Rossi et al., 2020), Sro7 is 392 
recruited to the putative site of exocytosis by interactions with newly unoccupied 393 
Sec4:GTP molecules on the vesicle and the exocyst itself. Finally, with the chaperoned 394 
recruitment of Sec9 by Sro7, Sec1/Mso1 begins to concentrate around the vesicle, aided 395 
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by direct interactions with Sec6 of the exocyst (Morgera et al., 2012). Sec1 then templates 396 
and stabilizes trans-SNARE complex assembly before rapid fusion, dissociation of the 397 
exocyst, and eventual extraction of Sec4 from the plasma membrane. 398 
 399 
Tether to fusion time is remarkably robust 400 

With a newly defined timing from secretory vesicle tethering to fusion, we 401 
wished to identify which components regulated this timing by examining how the 402 
reduction or over-expression of various components affected tethering time. To 403 
accomplish this, individual components were either overexpressed via multicopy 2µ 404 
plasmids or deleted from the genome (heterozygously for essential proteins, 405 
homozygously for nonessential). Surprisingly, limitation or overexpression of few 406 
proteins appeared to significantly alter vesicle tether-to-fusion time.  407 

The mechanics of vesicle fusion is driven by the SNARE proteins, schematically 408 
shown in Figure 7A, so we first examined the effect of varying their levels on tethering 409 
time. Loss of the plasma membrane SNAREs Sso2 or heterozygous reduction in the 410 
functionally redundant Sso1, resulted in a longer tethering time, as did the 411 
heterozygous reduction of Sec9.  Heterozygous reduction in the vesicle SNARE Snc2, 412 
which is functionally redundant with Snc1, had little effect (homozygous loss of Snc2 413 
results in vesicle accumulation which precluded measurment of tethering time). While 414 
SNARE limitation had a clear detrimental effect on tether-to-fusion time, over-415 
expression of either Snc2, Sec9 or Sso2 had a consistently minor, but not significant, 416 
effect of lowering tether-to-fusion time (Figure 7B). Thus, the role of SNAREs appears to 417 
be largely regulated by mass action, with their wildtype levels in modest excess. 418 

Next, we examined proteins that regulate the level of active Sec4, the vesicle-419 
bound Rab GEF Sec2, and the plasma membrane bound Rab GAP Msb3. While Msb3 420 
deletion was shown to elongate vesicle tethering time (see Figure 4A), its overexpression 421 
had no such clear effect. Neither did overexpression nor heterozygous reduction of Sec2 422 
(Figure 7C). It is surprising that over-expression of Sec2, which should elevate Sec4:GTP 423 
on vesicles, has no effect on tethering, whereas loss of Msb3 (msb3∆/msb3∆), that should 424 
also elevate Sec4:GTP, elongates tethering. To see where in the time-line this extension 425 
of tethering occured, we examined the duration of individual components in 426 
msb3∆/msb3∆ cells compared with wildtype. This reveals that the rapid release of Sec2 427 
from secretory vesicles after tethering is unchanged, whereas loss of Myo2 and the 428 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 17, 2022. ; https://doi.org/10.1101/2022.03.17.484778doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.17.484778


 
 
 
 
 
 
 
 
 

 
Figure 7: Secretion is remarkably robust A) Expanded summary diagram of exocytic SNARE localization. 
The cytosolic SNARE Sec9 is shown bound to Sro7. B) SNARE limitation significantly elongates vesicle 
tether-to-fusion time, while overexpression has the minimal, but statistically insignificant effect of decreasing 
tether-to-fusion time. Median ±95%CI. C) Overexpression of Sec2, Msb3 (or heterozygous deletion of Sec2) 
has no significant effect on secretory vesicle tether-to-fusion time. Mean ±95%CI. D) In msb3∆∆ msb4∆ 
diploid cells, all components measured, except Sec2, remain significantly longer on tethered vesicles/plasma-
membrane. All but Sec4 were homozygously tagged with mNG. Median ±95%CI. E) Overexpression or 
heterozygous deletion of Rho3 has no significant effect on secretory vesicle tether-to-fusion time in the bud, 
however, aberrant, longer lived vesicle tethering events could be found in the mother cell when Rho3 was 
overexpressed. Mean ±95%CI. F) Overexpression of Sro7 significantly elongates vesicle tether-to-fusion time. 
Mean ±95%CI. All panels: Wildype(+EV) shown for visual clarity. All overexpressions were compared to a 
relevant empty vector control, while deletions were compared the prior wildtype vesicle tethering data. See 
Figure 7 Supplement 1 for complete data and methods for more details. *, p ≤ 0.05; **, p ≤ 0.005; ***, p ≤ 
0.001. 
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 Figure 7 Supplement 1: All GFP-Sec4/Sec4 vesicle tether-to-fusion times; deletions and over 
expression comparisons and controls. All n ≥50 events, analyzed blind. To minimize the number of 
comparisons performed, these data were tested for differences among the shown groups via Kruskal-Wallis 
tests and then corrected post-hoc tests were performed comparing each experimental condition to the indicated 
control. Only significant results are indicated. All Median ±95%CI. Dotted vertical line from each 
Wildtype/control shown. See methods for additional details. *, p ≤ 0.05; **, p ≤ 0.005; ***, p ≤ 0.001. 
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exocyst is delayed and the duration of Sro7 and Sec1 is extended (Figure 7D). Thus 429 
reducing the hydrolysis rate of Sec4:GTP is uncoupled from the release of Sec2, but 430 
affects all downstream events.  431 

Rho3, which likely plays an important role in the initial establishment of 432 
tethering, also had no significant effect on tether-to-fusion time when either 433 
overexpressed or heterozygously deleted (Figure 7E). Despite this, when Rho3 was 434 
overexpressed ectopic vesicle tethering could occasionally be observed within the 435 
mother (Figure 7E, inset), though these tethering events were largely non-productive. 436 
Consistent with its non-essentiality, deletion of both copies of Sro7 showed no 437 
significant effect on vesicle tethering time (Figure 7F), whereas overexpression of Sro7 438 
via a 2µ plasmid, resulted in a significant elongation of vesicle tethering time. This is 439 
best explained as an effect caused by diluting Sec9 at the tethered vesicle, as 440 
heterozygous deletion of Sec9 also resulted in a significant increase in tethering time 441 
(Figure 7B). Since there are relatively few Sec9 molecules in the cell, a gross 442 
overabundance of Sro7 (from overexpression) results in Sro7 being recruited to vesicles 443 
without bringing along the SNARE it’s responsible for chaperoning (Hattendorf et al., 444 
2007; Lehman et al., 1999; Watson et al., 2015).  445 

Overexpression of another key Rho protein, Cdc42, as well as other regulatory 446 
components also had no significant effect on tethering time (Figure 7 Supplement 1B, 447 
C). Notably, under the stringent statistical tests required for the many comparisons 448 
made in this study, the only protein for which overexpression resulted in a statistically 449 
significant lower vesicle tether-to-fusion time was Myo2. Together with the observation 450 
that loss of actin cables lengthens tethering times (Figure 3C), this result suggests that F-451 
actin and Myo2 participate in the establishment of productive tethering (Figure 7 452 
Supplement 1B).  453 
 454 
Mso1 works with Sec1 to aid Sec1 localization and facilitate efficient exocytosis 455 
 Overexpression of Sec1 resulted in a slightly elongated tether-to-fusion time 456 
(Figure 8A). The underlying mechanism of this increase may be similar to that of the 457 
response to Sro7 overexpression: Sec1 has little to no affinity for single SNAREs and 458 
binary SNARE complexes under normal conditions, but excess Sec1 may stabilize non-459 
productive Sec1-SNARE complexes (Carr et al., 1999; Hashizume et al., 2009; Togneri et 460 
al., 2006). Heterozygous deletion of Sec1 had no clear effect on tether-to-fusion time. 461 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 17, 2022. ; https://doi.org/10.1101/2022.03.17.484778doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.17.484778


 
 
 
 
 

 
Figure 8: Sec1 and Mso1 both contribute to Sec1 membrane recruitment and function A) Sec1 
overexpression and deletion of mso1 significantly elongate vesicle tether-to-fusion time, while heterozygous 
deletion of Sec1 has little effect. *, p ≤ 0.05; ***, p ≤ 0.001. B) Two potential models for elongation of vesicle 
tethering induced by loss of mso1. Mean ±95%CI. C) Sec1-mNG puncta have similar longevity to wildtype in 
mso1∆ cells. Mean ±SD. D) The number of Sec1 molecules per membrane punctum is unchanged in mso1∆ 
cells. E) Broad plasma-membrane association of Sec1 is diminished in mid-sized mso1∆ cells. F) Schematic 
diagram of Mso1 N-terminal amphipathic helix and Sec1-Binding Motif (SBM) and the sequence of a portion 
of the Sec1 C-terminal tail. G) The amphipathic alpha-helical N-terminus of Mso1 (aa1-37) and the C-
terminus of Sec1 (aa670-724) both aid in plasma membrane localization. H) Tetrad dissections show that loss 
of both the Mso1 N-terminus (aa1-37) and the last 20 residues of the Sec1 C-terminus is synthetically lethal. 
Five representative dissections are shown. See Figure 8 Supplement 1 for controls. I) With initial localization 
aid via Mso1, Sec1 templates the assembly of trans-SNARE complexes. A theoretical, but likely, intermediate 
state with Sec1 simultaneously bound to Sso1/2 and Snc1/2 is shown (Baker et al., 2015). Mso1’s N-
terminus binds to the plasma membrane and interacts with Sec1 through its Sec1-binding motif (*) while Sec1 
also interacts directly with the plasma membrane through its poly-basic tail. Loss of both of these PM-binding 
motifs is lethal. Mso1 may also contribute through reported interactions with the SNAREs and its C-terminus 
(C’) may interact with Sec4 to aid in recruitment of the complex to tethered vesicles (Weber et al., 2010; 
Weber-Boyvat et al., 2011). 
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Unsurprisingly, overexpression of the nonessential Mso1 protein also had no 462 
measurable effect, however, a strain lacking this same protein exhibited one of the 463 
largest observed increases in tether-to-fusion time (Figure 8A).  464 
 As Mso1 forms a tight complex with Sec1 to aid Sec1 in SNARE assembly, we 465 
considered two models for how the loss of Mso1 could affect Sec1 and, in turn, vesicle 466 
fusion (Figure 8B). In one scenario, loss of Mso1 may delay the arrival of Sec1 to the 467 
tethered vesicle but, once recruited, Sec1 may take the same amount of time to perform 468 
its essential functions. In the second scenario, if Mso1 participates in Sec1's essential 469 
function, its absence could cause Sec1 to be prolonged at the tethered vesicle, thereby 470 
delaying fusion. A defining feature of these two models is the longevity of Sec1 puncta 471 
on the plasma membrane. When we examined the longevity of Sec1-mNG in an mso1 472 
null, we saw no such change in the time from Sec1 punctum appearance to 473 
disappearance (Figure 8C). Nor were there any apparent changes in the number of Sec1 474 
molecules per punctum in the mso1 null strain (Figure 8D). We did, however, find that 475 
broad plasma membrane localization of Sec1 (outside of discrete puncta) was 476 
diminished in the mso1∆ strain, especially for cells with midsized buds, in which vesicle 477 
tethering times were normally measured (Figure 8E). 478 

These data suggest that Mso1s primary function may be to increase the local 479 
concentration of Sec1 on the plasma membrane near sites of polarized growth, 480 
hastening its ultimate recruitment to a tethered vesicle thereby promoting efficient 481 
secretory vesicle fusion. This is supported by new observations concerning Sec1 482 
membrane recruitment. Sec1 has a positively charged C-terminus, and Mso1 has an 483 
amphipathic N-terminus (Figure 8F), either of which when visualized independently 484 
localize broadly to the plasma membrane (Figure 8G).  Individual loss of either of these 485 
regions from Sec1 or Mso1, can be tolerated, but simultaneous loss of these two 486 
membrane associating regions is lethal (Figure 8H and Figure 8 Supplement 1). It is 487 
interesting to note that both the extended Sec1 tail and the Mso1 protein are features 488 
unique to yeasts, and all fungal Sec1 C-termini appear to contain this highly positively 489 
charged sequence, though the length of the preceding linker region varies (Figure 8 490 
Supplement 2).  491 
 492 
 493 
 494 
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Figure 8 Supplement 1: Controls and complete results for Sec1 truncation and replacement of mso1 for tetrad 

dissection experiments. 
 

 
Figure 8 Supplement 2: Alignment of many fungal Sec1 tails. A) Positively charged residues (blue) in the 

region of the Sec1-tail and B) in the context of the entire alignment. 
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Discussion 495 
Since many of the components of the yeast secretory pathway were first 496 

described in the 1980’s, attempts to further characterize the proteins have relied 497 
primarily on genetic and biochemical dissection of interactions to order the events 498 
leading to vesicle fusion at the plasma membrane. The dense and fast-growing nature of 499 
the yeast bud, however, has largely prevented direct visualization of secretory 500 
components of single exocytic events. Given the large number of secretory vesicles that 501 
are necessarily transported into the bud per minute to maintain growth and counteract 502 
the internalization of membrane from endocytosis (which primarily occurs within the 503 
bud), resolving individual vesicles is challenging.  504 

At any point, there may be near two dozen secretory vesicles in a growing bud 505 
and when this is considered alongside the speed at which vesicles are capable of 506 
moving via Myo2 (Schott et al., 2002)—an average of 3µ/s—and the diffraction-limited 507 
resolution of conventional microscopy, sufficiently fast capture time can be the 508 
difference between observing stationary tethered vesicles and a blurred mass of signal. 509 
For the best spatiotemporal resolution, we opted to use high-speed spinning disk-510 
confocal microscopy with short exposures and high excitation energies to image 511 
exocytic events over short time windows (30s-1m). Imaging only the half of the bud 512 
closest to the coverslip also simplified the task of visualization. Analysis of all single-513 
fluorophore microscopy was performed by viewing videos in 3D, as opposed to simple 514 
max or sum projections and this technique was invaluable for the ability to track 515 
individual vesicles through space, define tethering events with high confidence, and 516 
rule out abortive tethering events. Super-resolution microscopy techniques, while 517 
desirable for the increased spatial resolution, are yet unable to capture these such events 518 
with sufficient temporal resolution.  519 

When possible and when they did not appear to compromise function or 520 
localization, we used the brightest yeast codon-optimized and monomeric fluorescent 521 
proteins currently available: mNeonGreen and mScarlet (Bindels et al., 2017; Lambert, 522 
2019; Shaner et al., 2013). Furthermore, all proteins were tagged directly in the genome 523 
under the expression of their own promoters, despite this severely restricting the 524 
number of molecules available to image. In part due to this imposed limitation, 525 
correlative imaging of any combination of two proteins with separate fluorescent tags 526 
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became an even more complicated task. Under ideal conditions (excitation laser l, 527 

emission filter l, equal camera sensitivity) mScarlet is still roughly 75% as bright as 528 

mNeonGreen and, in our hands, mScarlet fusion proteins were generally less well-529 
behaved. Tagged mScarlet-Sec4 did not even appear as bright as GFP-Sec4, perhaps 530 
owing to mScarlet’s much longer fluorescence maturation time (Lambert, 2019). For 531 
these reasons, very few protein pairs were possible to image while maintaining 532 
reasonable temporal resolution. 533 

During the formation of secretory vesicles at Ypt31-marked TGN compartments, 534 
Sec2 precedes Sec4 arrival by about a second, while Myo2 is recruited to the 535 
compartment shortly after Sec4. Additionally, while Myo2 appears capable of localizing 536 
to these compartments ahead of vesicle separation from the TGN, the force generated 537 
by Myo2 transport does not appear to be necessary for vesicle formation, as this process 538 
continues in the absence of actin cables. We have also found that the entire exocyst 539 
complex (including Sec3) localizes to secretory vesicles during transport to the bud and 540 
remains associated with the vesicle throughout tethering, only disassociating near the 541 
moment of fusion. While this does not necessarily rule out the presence of a population 542 
of Sec3 that localizes to the plasma membrane independently, the vesicular localization 543 
and the FLIP data appear to support a model where the yeast exocyst is an obligate 544 
hetero-octamer (Heider et al., 2016). 545 

In this study, secretory vesicles were found to tether for about five seconds 546 
before fusion with the plasma membrane; a far shorter time than previously believed. 547 
Prior work had indicated a “long” tether-to-fusion time for vesicles on the order of 15-548 
18 seconds (Alfaro et al., 2011; Donovan and Bretscher, 2015b). However, it now seems 549 
far more likely that such results are artefacts of slow imaging speed and the presence of 550 
vesicle tethering hot-spots. These hot-spots are likely biologically favorable for the 551 
maintenance of efficient and productive vesicle fusion. Sequential and/or simultaneous 552 
tethering events would logically permit utilization of the same pool of cofactors 553 
responsible for the initiation of tethering and downstream events preceding fusion. 554 
 Sec2, Smy1, and Myo2 all dissociate from secretory vesicles shortly after 555 
tethering, though release occurs at different rates and is not a concerted event. In future 556 
studies, it will be interesting to see how displacement of Sec2 affects release of other 557 
components and timing of overall vesicle tethering as a whole. Since deletion of the 558 
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Sec4 GAP Msb3 elongates the vesicle residence time of every component measured 559 
except Sec2, it appears that Sec2 release is controlled by a Sec4-independent process, 560 
perhaps dephosphorylation by an as yet unknown bud-resident phosphatase, a 561 
regulatory mode previously suggested (Stalder et al., 2013; Stalder and Novick, 2016). 562 
Further, since GAP function necessarily requires binding to the same face of the Rab 563 
recognized by most effectors (Pan et al., 2006), a direct competition is implied since 564 
Msb3 cannot simply “kick off” Myo2 and others bound to Sec4 at the plasma membrane 565 
by stimulating Sec4-GTP hydrolysis allosterically. Thus, exactly how Msb3 function and 566 
Sec4:GTP state are coupled to tethering time needs to be explored further. 567 

Loss of Msb3 elongates the tethering time by acting on tethered vesicles prior to 568 
fusion. Although loss of Msb3 also results in accumulation of Sec4 in the plasma 569 
membrane, we have shown that this is not the cause of elongated tethering. If we take 570 
as axiom that Sec4:GDP readily binds new GTP without the aid of its GEF Sec2 571 
(Kabcenell et al., 1990; Rinaldi et al., 2015; Walch-Solimena et al., 1997), then some 572 
portion of Sec4 delivered to the plasma membrane through fusion is likely to be 573 
Sec4:GTP, preventing extraction by GDI (Guanine-nucleotide Dissociation Inhibitor). 574 
Therefore, Msb3 acts on Sec4 “twice”, once on the vesicle pre-fusion and once on the 575 
plasma membrane post-fusion. We believe this to be the simplest explanation of the 576 
observed data. Since hydrolysis of Sec4:GTP is not strictly essential for exocytosis 577 
(Sec4Q79L haploids are viable), one interpretation is that the action of Msb3 on vesicle-578 
bound Sec4 aids in the facilitated release or swapping of Sec4 effectors.  579 

The unexpected difference between the effects of two conditions which, in 580 
principle, both increase relative Sec4:GTP abundance (Sec2 overexpression and loss of 581 
Msb3) highlights the spatiotemporal regulation and robustness of secretion. Whereas 582 
deletion of plasma membrane localized Msb3 shifts the Sec4 equilibrium towards the 583 
GTP-bound state in the context of tethered vesicles, overexpression of Sec2 shifts the 584 
GTP equilibrium in the context of vesicle formation and transport. The early presence of 585 
Sec2 and the maintenance of Sec4:GTP during transportation to the bud tip directly aids 586 
in the recruitment of crucial effectors like Myo2 and the exocyst. Such Sec4:GTP 587 
maintenance is unfavorable in the context of a tethered vesicle, perhaps due to the 588 
exchange of Sec4 effectors near the plasma membrane. Correspondingly, when we look 589 
at the timing of individual components in the context of an msb3∆∆, we can see that the 590 
rapid release of Sec2 from secretory vesicles after reaching the bud tip is uncoupled 591 
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from the downstream events preceding vesicle fusion, as it is the only component for 592 
which there is no significant change. 593 

By combining the rapid three-dimensional capture and analysis of individual 594 
components with fast 2D dual-color microscopy we were next able to align several 595 
events which occur before fusion vesicle fusion to generate a timeline from tethering to 596 
fusion. Strains with multiple subunits of the exocyst tagged with mScarlet proved to be 597 
the most useful tool for alignment of these exocytic events. This set of three tags 598 
(comprised of fusions with Sec10, Sec15, and Exo84) localizes well and appeared to 599 
behave fine when combined with most other fusions, only moderately affecting timing 600 
of various events.  601 

While Rho1 and Cdc42 are capable of interacting with the exocyst through the N-602 
terminal PH-like domain of Sec3, Rho3 is of particular interest due to its ability to bind 603 
the exocyst through Exo70, a subunit which appears to be involved in the activation of 604 
the exocyst (Robinson et al., 1999; Rossi et al., 2020; Wu et al., 2009). Previous studies 605 
have shown that gain of function mutants in Exo70 are capable of suppressing loss of 606 
Rho3 and that the same gain of function mutations cause the exocyst to shift into a 607 
partially open ‘active’ conformation which exposes new binding sites. We previously 608 
showed that Rho3 primarily localizes to the plasma membrane, and not on internal 609 
vesicles, with concentration on the membrane increasing toward the bud tip and 610 
transient discrete puncta of yet higher concentration (Gingras et al., 2020). Imaging of 611 
Exocyst-3x-mScarlet with endogenous expression of this previously developed Rho3-612 
imNG showed that Rho3 initially concentrates in puncta at vesicles shortly following 613 
their arrival to the plasma membrane. Together, a plausible model suggests that 614 
diffusing Rho3 on the plasma membrane is slowed down through interaction with 615 
Exo70, resulting in an apparent local accumulation, after which the interaction induces a 616 
conformational change in the exocyst, potentially to facilitate the binding of SNAREs 617 
and other exocytic proteins. 618 

Subsequent to this, Sro7, a homolog of the lethal giant larvae and tomosyn polarity 619 
protein, is recruited to the exocytic site. As Sro7 primarily interacts with the exocyst 620 
through the exposed and labile N-terminus of Exo84 (Mei et al., 2018; Rossi et al., 2014; 621 
Zhang et al., 2005), it seems unlikely that the aforementioned conformational change is 622 
responsible for triggering binding of Sro7. Rather, it seems possible that loss of Sec2 and 623 
Myo2 from the vesicle frees a population of active vesicular Sec4 which then binds Sro7 624 
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as a new effector, consistent with timing of Sro7 accumulation (Rossi et al., 2018; 625 
Watson et al., 2015). How Msb3 plays a role in this transition is unclear, however, a 626 
direct role seems likely based on the increase in Sro7 punctum longevity observed in 627 
msb3 null cells. Interestingly, despite Sro7 localizing to sites of exocytic vesicles mid-628 
tether, some 20% of Sro7-mNG puncta appeared to lack clear exocyst colocalization. 629 
Sro7 has been claimed to function in parallel to the exocyst, and overexpression can 630 
bypass loss of certain exocyst components, so it’s possible that these puncta represent a 631 
separate class of vesicle of uncertain identity which remains more dependent on Sro7 632 
function (Grosshans et al., 2006; Lehman et al., 1999).  633 
 While tethering, as facilitated by the exocyst complex, is the first and more 634 
reversible step towards vesicle fusion, docking, which is thought to be facilitated by 635 
SNARE-assembly, is likely more stable. SNARE proteins are not capable of stimulating 636 
membrane fusion on their own in vivo, instead requiring the aid of additional factors 637 
called Sec1-Munc18 (SM) proteins (Baker and Hughson, 2016; Hong and Lev, 2014). 638 
Though it was not directly imaged, the SNARE Sec9, Sro7, and Sec4:GTP have been 639 
shown to form a ternary complex, so the arrival of Sro7 at the tethered vesicle likely 640 
indicates the arrival of Sec9 (Grosshans et al., 2006). The local recruitment of Sec9 641 
thereby increases the likelihood of forming binary and ternary SNARE-pin 642 
intermediates capable of binding Sec1, as Sec1 has been shown to have essentially no 643 
interaction with SNARE monomers but is essential for exocytosis and viability (Carr et 644 
al., 1999; Togneri et al., 2006). Crystallographic studies of the vacuolar SM protein 645 
Vps33 suggest that SM proteins function as templates of SNARE assembly (Baker et al., 646 
2015, 2013). Earlier studies, however, have shown that Sec1 has distinct functions both 647 
before and after ‘docking’, where docking is defined as SNARE-pin assembly 648 
(Hashizume et al., 2009). Additionally, early studies of the neuronal Sec1 in rats 649 
(Munc18) and Drosophila (Rop) suggested that SM proteins may have a negative-650 
regulatory role in exocytic regulation (Halachmi and Lev, 1996; Schulze et al., 1994; 651 
Zhang et al., 2000). 652 

This study contains the first direct in vivo visualization of SM proteins with 653 
sufficient spatiotemporal resolution to identify localization to single exocytic vesicles. 654 
The data presented here on the timing and dynamics of Sec1 function in yeast, support 655 
a model where SM proteins accumulate at pre-fusion membranes helping to facilitate 656 
SNARE assembly, holding in place briefly before concerted release, and thereby, 657 
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membrane fusion. It is easy to imagine why it would be beneficial for SM proteins to 658 
remain associated with assembled SNARE-pins, as its presence should prevent the 659 

unwanted disassembly of otherwise productive trans-SNARE complexes by NSF and a-660 

SNAP, Sec18 and Sec17, respectively, in yeast (Jun and Wickner, 2019; Song et al., 2017). 661 
Sec1 is aided in initial plasma membrane localization by the small fungal-specific 662 
peripheral plasma membrane protein, Mso1, and that this initial membrane recruitment 663 
represents a shared essential function of Mso1 and the (also fungal-only) Sec1 C-664 
terminus. In higher eukaryotes, this initial localization is instead accomplished through 665 
a direct interaction between the exocytic SM protein and an N-terminal peptide on the 666 
Syntaxin-homologs (which is not found in the yeast Sso1/2 syntaxins)(Hu et al., 2007; 667 
Rathore et al., 2010). 668 

Our timeline and relative abundnce of participating components involved in the 669 
biogenesis of secretory vesicles at the Golgi and their exocytosis at the plama membrane 670 
raise many questions. Notably, the exact mechanism of secretory vesicle biogenesis is 671 
still shrouded in mystery. Previous searches for proteins responsible for secretory 672 
vesicle biogenesis have relied on the assumption that if secretion itself is essential, the 673 
formation of secretory vesicles must also be essential. Additionally, previous studies 674 
have suggested the existence of multiple secretory pathways, a model which is 675 
supported by some observations in this study. Though we did not uncover any clear 676 
evidence of differentially regulated tethering and fusion events, future studies (perhaps 677 
utilizing cargo-specific markers) may still find subtle but physiologically significant 678 
differences in the regulation of vesicle subpopulations. The solutions of these mysteries, 679 
as well as mechanistic and structural studies on how the conformational transition of 680 
the exocyst facilitates the shift from tethering to docking in fusion are all questions that 681 
can build on the framework presented here.  682 
  683 
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Materials and Methods 684 
 685 
Yeast strains, growth, and transformation 686 
Yeast strains used in this study are listed in Table 1. Standard media and techniques for 687 
yeast growing and transformation were used. Gene deletion and C-terminal 688 
chromosomal tagging was performed using common PCR-mediated techniques 689 
(Longtine et al., 1998). Tetrad dissections were performed using an MSM-400 dissection 690 
scope (Singer Instruments, Somerset, United Kingdom) with 25µm needle following a 691 
one-week incubation at 26ºC in standard sporulation media (1% yeast extract, 1% 692 
potassium acetate, and 0.05% glucose). 693 
 694 
DNA constructs 695 
Plasmids used in this study are listed in Table 2. The integrating plasmid pRS306-GFP-696 
Sec4 used to tag Sec4 has been previously described (Donovan and Bretscher, 2012). The 697 
Rho3-imNG constructs as well as the yeast codon optimized mScarlet were described 698 
previously (Gingras et al., 2020). N-terminal tags of Ypt31 and Ypt32 were amplified 699 
from plasmids containing a selectable marker, relevant promoter, and associated tag via 700 
oligos containing additional homology and then integrated via transformation. For 701 
construction of pRS415-pCYC100-Tomato-mouseCC-Myo2(Cargo Binding Domain)-702 
tCYC, first a stretch of 156 residues of the coiled-coil region of Mouse Myosin 5b was 703 
synthesized by IDT (Coralville, Iowa). For ease of cloning, the full length Myo2 704 
sequence was restriction cloned into pRS415-pCYC100-(MCS)-tCYC. After amplification 705 
of the first Tomato from tdTomato, the Tomato, mouseCC, and amplified backbone plus 706 
Myo2-CBD were assembled via Gibson assembly. This was later cloned into pRS303 707 
with mNG for genomic insertion into the His3 locus. All plasmid and oligonucleotide 708 
sequences used are available upon request.  709 
 710 
Construction of Exocyst-3x-mNG/mScarlet Strains 711 
Haploid cells containing C-terminal endogenously tagged Exo84-mNG::Ura3 and Sec15-712 
mNG::Ura3 were mated and sporulated to obtain a strain with both tags. The Exo84-713 
mNG::Ura3 Sec15-mNG::Ura3 haploid was then mated with Sec10-mNG::Ura3 and 714 
sporulated to obtain a strain with all three tags. A guide RNA was created to target the 715 
mNG sequence 20 bps from the linker region with BplI cut sites at both 5’ and 3’ ends. 716 
After ligating the gDNA oligos, the guide was digested with BplI and cloned into the 717 
CRISPR-Cas9 vector bRA90 which expressed this gRNA and the CRISPR machinery 718 
(Anand et al., 2017). A separate repair mScarlet::NatMX was made with 40bps 719 
homologous sequences to the linker region and the beginning of mNG and the last 720 
40bps of homology to Ura3. The bRA90 vector (200ng) and the repair (1ug) was 721 
transformed into the Exo84-mNG::Ura3 Sec15-mNG::Ura3 Sec10-mNG::Ura3 haploid cells. 722 
Cells were plated on NatMX -LEU MSG plates and grown at 26°C for 1 week. 723 
Transformants were screened for red fluorescence and absence of green and positive 724 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 17, 2022. ; https://doi.org/10.1101/2022.03.17.484778doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.17.484778


clones were selected for further experiments. The bRA90 plasmid was eliminated from 725 
the cells by repeatedly plating them on NatMX plates until the LEU plasmid was lost.  726 
 727 
Microscopy techniques 728 
Most micrographs in this study were acquired on a CSU-X spinning-disk confocal 729 
microscopy system (Yokogawa, Tokyo, Japan; 3i Intelligent Imaging Innovations, 730 
Denver, Colorado) with a DMI6000B microscope (Leica Microsystems, Wetzlar, 731 
Germany), 100 × 1.45 NA objective (Leica), and an Evolve 512Delta EMCCD (Teledyne 732 
Photometrics, Tucson, Arizona) with a 2× magnifying lens (Yokogawa) for a final 733 
resolution of 0.084µm/pixel. A few images (Supplement 2.1 and Figure 3B) were 734 
captured instead on a Flash 4.0v2 CMOS (Hamamatsu, Hamamatsu City, Japan) with a 735 
final resolution of 0.065µm/pixel. For live-cell imaging, cells in mid–log phase were 736 
adhered to a glass-bottomed dish (CellVis, Mountain View, California) coated with 737 
concanavalin A (EY laboratories, San Mateo, California) and washed with the respective 738 
dropout or complete cell medium. Unless otherwise stated, imaging of single-channel 739 
fluorescence was performed via SlideBook 6.0 ‘Rapid 4D’ capture, with sustained laser 740 
intensity, constant piezo movement, and video frames streamed to disk, with 25-50ms 741 
exposure per plane. As these videos were captured with the bottom plane of the volume 742 
coincident with the bottom of the cell, the result was a 6-plane, 1.5µm volume of the 743 
bud, captured with 175-333ms per time-point. For two-channel microscopy, single 744 
planes focused on the bottom or center of the cell were captured in rapid alternation 745 
with 75-100ms exposure per channel. These alternating images were later aligned for 746 
display in figures.  747 
 748 
Video and image analysis 749 
Molecule counting was performed by comparison to Cse4-mNG puncta intensity at 750 
anaphase, as described previously (Donovan and Bretscher, 2012). All timings were 751 
performed on blinded image data with file names randomized with a freely available 752 
Perl script (Salter, 2016). All blinded tethering and longevity captures were analyzed 753 
using 3D projection in SlideBook 6.0 when possible. At least 50 events (from videos 754 
captured on at least three separate days) were quantified per component or genotype. 755 
Generally, videos were played in reverse to identify events that concluded within the 756 
capture time then, once single events were confidently identified (based on lack of 757 
nearby fluorescence or component movement), the tethering start point was 758 
determined. Tethering start was defined as the first frame in which a GFP-Sec4 vesicle 759 
(or another component residing on a vesicle) came to a full stop at a location not more 760 
than one apparent vesicle diameter from where it eventually fused (or signal 761 
disappeared). Fusion (or disappearance) was defined as the last frame in which signal 762 
could be positively identified at the tethering location. 763 
 764 
Plots of signal over time for Sro7 and Sec1 (Figure 5D and F) were generated by 765 
extracting punctum intensity of events from sum projections of the bottom half of buds 766 
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in FIJI (captured as in Figure 2B). After measuring the intensity over time for many 767 
puncta, several events were grouped with apparent lengths of one standard deviation 768 
of the mean longevity (of the events measured this way). These intensity profiles were 769 
then aligned manually by apparent moment of peak intensity, normalized to peak, and 770 
averaged in Prism 9 (GraphPad Software, San Diego, California). The dual channel 771 
intensity plots in Figure 6 were similarly generated, except the source videos were 772 
single plane captures (described above) and alignment of similar events was performed 773 
based on either the apparent start of tethering (for combinations with Sec4 or Exocyst) 774 
or peak Sec1 intensity.  775 
 776 
Latrunculin B (LatB) experiment  777 
Experiments assessing the effects of actin cable loss on tethering were performed with 778 
addition of latrunculin directly to a dish containing a small volume of cells on the 779 
microscope stage to permit rapid imaging of subsequent timepoints. Briefly, 50µL of 780 
LatB in ethanol (Cayman Chemical, Ann Arbor, Michigan) was evaporated under 781 
nitrogen and resuspended in an equivalent volume of synthetic complete media. To 782 
facilitate rapid diffusion, 8µL of this resuspension was added directly to 92µL of cells 783 
attached to a dish as above, for a final concentration of 100µM LatB. Under these 784 
conditions most actin cables are lost within the first minute.  785 
 786 
Fluorescence Loss in Photobleaching (FLIP) experiment 787 
For the FLIP experiment with Sec3 and Sec5, since individual vesicles did not need to be 788 
distinguishable GFP-fusions were chosen. FLIPs were performed essentially as done in 789 
prior studies (Donovan and Bretscher, 2015a). Breifly, using a 3i Vector photobleaching 790 
system, the back half of the mother cell was photobleached once every 2 seconds with 791 
simultaneous monitoring of bud intensity. Pre-photobleach intensity of signal within 792 
the bud was set to 1.0, with background fluorescence subtraction, and further 793 
photobleaching normalization to a nearby non-targeted cell. These measurements were 794 
later averaged and depicted ± SD. 795 
 796 
Statistics and Presentation 797 
Graphs and statistical analyses were generated in Prism 9. For all single component 798 
timings (compiled in Supplement 5.2), differences were first assessed via Kruskal-799 
Wallace non-parametric ANOVA, followed by the select Dunn’s corrected post-hoc 800 
tests shown. Similarly, vesicle tether-to-fusion timings in deletions and overexpressions 801 
were grouped (as shown in Supplement 7.1), with deletions being compared to the 802 
wildtype vesicle tether-to-fusion times first shown in Figure 2C, and each 803 
overexpression being compared to the relevant 2µm empty vector control. In this case, 804 
corrected post-hoc tests were performed between the relevant control and each 805 
experimental condition only (not between any independent overexpression or deletion 806 
conditions). Fungal Sec1 sequences were gathered from UniProt (Consortium et al., 807 
2020), aligned via Clustal Omega (Sievers et al., 2011), and colorized with JalviewJS 808 
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hosted on MyHits (Pagni et al., 2007; Waterhouse et al., 2009). Figures were assembled 809 
in Illustrator (Adobe).  810 
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