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Site‑specific phosphorylations 
of the Arf activator GBF1 
differentially regulate GBF1 
function in Golgi homeostasis 
and secretion versus cytokinesis
Kendall Walton 1*, Tomasz J. Nawara 1, Allyson R. Angermeier 1, Hadley Rosengrant 1, 
Eunjoo Lee 1, Bridge Wynn 1, Ekaterina Victorova 2, George Belov 2 & Elizabeth Sztul 1

Diverse cellular processes, including membrane traffic, lipid homeostasis, cytokinesis, mitochondrial 
positioning, and cell motility are critically dependent on the Sec7 domain guanine nucleotide 
exchange factor GBF1. Yet, how the participation of GBF1 in a particular cellular function is regulated 
is unknown. Here, we show that the phosphorylation of specific highly conserved serine and tyrosine 
residues within the N‑terminal domain of GBF1 differentially regulates its function in maintaining 
Golgi homeostasis and facilitating secretion versus its role in cytokinesis. Specifically, GBF1 mutants 
containing single amino acid substitutions that mimic a stably phosphorylated S233, S371, Y377, and 
Y515 or the S233A mutant that can’t be phosphorylated are fully able to maintain Golgi architecture 
and support cargo traffic through the secretory pathway when assessed in multiple functional 
assays. However, the same mutants cause multi‑nucleation when expressed in cells, and appear 
to inhibit the progression through mitosis and the resolution of cytokinetic bridges. Thus, GBF1 
participates in distinct interactive networks when mediating Golgi homeostasis and secretion versus 
facilitating cytokinesis, and GBF1 integration into such networks is differentially regulated by the 
phosphorylation of specific GBF1 residues.

Cellular homeostasis depends on tightly controlled circuits that engage and coordinate different processes in 
response to internal and external cues. The integration of cellular metabolic, genetic, and physiological/bio-
chemical state is continuously monitored and relayed to each other for system-wide synchronization. Distinct 
checkpoints and control mechanisms have evolved to ensure that processes are coordinated in time and space. 
The secretory pathway, composed of a number of distinct compartments, is tightly regulated to ensure a com-
pensatory anterograde and recycling traffic of membrane and select proteins to ensure continuous transport.

One of the key regulators of the secretory pathway are the small GTPases of the Arf superfamily that facili-
tate traffic at the ER-Golgi  interface1–5. Arfs are essential to recruit the heptameric coatomer coat complexes to 
Golgi membranes to form COPI vesicles that recycle proteins and membrane from the Golgi to the  ER6–9. All 
Arfs cycle between GDP- and GTP-bound states and are functional and membrane-associated only when in 
their GTP-bound (active)  state10. The GDP/GTP exchange is kinetically unfavorable (to prevent spurious Arf 
activation) and requires an enzyme, a guanine nucleotide exchange factor (GEF) to catalyze the displacement 
of the GDP, thus allowing the binding of the activating GTP to the Arf. The GEF responsible for COPI vesicle 
formation is the Golgi-Specific Brefeldin A Resistance Factor 1 (GBF1), which localizes to the compartments at 
the ER-Golgi interface, including ER exit sites, ER-Golgi Intermediate Compartment (ERGIC) and the  Golgi11,12. 
GBF1 is absolutely essential to activate Arfs required to maintain the architecture and function of the secretory 
pathway, and the disruption of GBF1 activity with the Brefeldin A (BFA) fungal metabolite or the depletion of 
cellular GBF1 by RNAi causes Golgi collapse into the ER and inhibits  secretion11,13–16.
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In addition to its well-characterized role in Golgi homeostasis and secretory traffic, GBF1 appears to par-
ticipate in a multitude of other cellular events spatially removed from the Golgi. GBF1 targets to the leading 
edge of the plasma membrane in actively moving glioblastoma cells and chemotaxing neutrophils, where its 
catalytic activity is essential to sustain directional motility in a process involving Rac1-facilitated cortical actin 
 remodeling17,18. GBF1 negatively regulates lipid droplet (LD) formation and cellular triacylglycerol  content19, 
presumably by facilitating the delivery of ATGL (adipose triglyceride lipase) to LDs through a direct interaction 
between GBF1 and  ATGL20. The GBF1-mediated regulation of LD homeostasis appears important to support 
the successful replication of viruses such as the Dengue  Virus21. GBF1 also interacts with the mitochondrial 
membrane protein MIRO to modulate its interactions with the cytoplasmic dynein motors and thereby regu-
late mitochondrial positioning, as well as impact intra-mitochondrial cristae architecture through an as yet 
uncharacterized  mechanism22. The function in mitochondrial positioning is conserved in evolution, as shown by 
analogous phenotypes caused by GBF1 removal in the worm C. elegans and mammalian  cells23. In addition, GBF1 
has been implicated in as yet not understood functions during  mitosis24–27 in mammalian cells, in support of the 
septation defects previously described in S. pombe deleted of one copy of Gea1, the yeast ortholog of  GBF128. In 
mammalian cells undergoing mitosis, GBF1 is phosphorylated on S292 and S297 by CK2 in late anaphase and 
early telophase, and so phosphorylated GBF1 appears to localize to the Fleming body of the cytokinetic bridge. 
The S292/297 phosphorylated GBF1 is degraded during late telophase, but the overall cellular levels of GBF1 do 
not change, suggesting that only a small fraction of GBF1 is phosphorylated on S292 and S297 and subsequently 
degraded. Preventing the phosphorylation and the degradation by expressing S292A and S297A causes mitotic 
defects in cells, with Golgi elements not coalescing correctly in late mitosis. In cells expressing S292A/S297A, 
the cytokinetic bridge is destabilized, resulting in its collapse and the formation of binucleated  cells26.

While regulation of Golgi homeostasis and secretory traffic are the main functions of GBF1, the studies 
describing the importance of GBF1 in other processes, including mitosis suggest that GBF1 performs many 
distinct functions in a cell. This implies the existence of molecular mechanisms that regulate GBF1 participa-
tion in distinct processes. Yet, the determinants that govern GBF1 deployment to a specific process have not 
been explored.

Herein, we report that phosphorylation of select serine and tyrosine residues within the N-terminal region 
of GBF1 upstream of the centrally located catalytic Sec7 domain (Sec7d) differentially affects GBF1 ability 
to support distinct cellular functions. We mined phospho-omics data to identify consistently detected phos-
phorylation sites within GBF1 and selected only those conserved across GBF1 orthologs for  analysis29. Using 
single amino acid substitutions of specific residues, we report that phospho-mimetic substitutions of Serine 233 
(S233D), Serine 371 (S371D), Tyrosine 377 (Y377E), and Tyrosine 515 (Y515E) do not affect GBF1 function in 
maintaining Golgi homeostasis and facilitating secretion, but cause severe defects in cell division. Cell division 
is also inhibited by the S233A and Y515C substitutions that prevent phosphorylation. The defects occur late 
during mitosis and affect cytokinesis, with lack of abscission of intercellular bridges leading to the formation of 
bi- and multi-nucleated cells.

Our results for the first time demonstrate a differential requirement for a particular post-translational modi-
fication as a key determinant of GBF1 functionality in a specific cellular process. Our phosphorylation mutants 
represent unique precision tools that are in stark contrast to the previously used approaches of GBF1 inactivation 
or removal, which affect all cellular functions of GBF1. Our ability to generate GBF1 mutants compromised in 
some but not all GBF1 functions forms a critical foundation for future studies to dissect the molecular parameters 
of GBF1’s role within the secretory pathway away from its activity during cytokinesis.

Results
Conserved GBF1 phosphorylation sites. The stability, localization, and function of proteins is often 
regulated through reversible phosphorylations of Serine (S), Threonine (T), and Tyrosine (Y) residues that either 
inhibit protein–protein binding or generate transient binding sites for critical interactions. We have previously 
queried web-based phospho-omics databases such as PhosphoSitePlus and PhosphoNET and reported on the 
distribution of GBF1 phosphorylation sites within distinct domains of this multi-domain  protein29. Herein, we 
have focused on conserved phosphorylation sites within the N-terminal region of GBF1, upstream of the Sec7d 
(Fig. 1a, the selected sites are in blue within the boxed region). This subset of phosphorylation sites was selected 
based on the level of conservation among GBF1 orthologs (Fig.  1b, residues shaded in red; phosphorylated 
residues 599–662 are not shown because they are not conserved). Some of the selected phosphorylation sites 
are conserved only across vertebrate species (S233 and S371), while other sites are conserved across species as 
diverse as human, mice, zebrafish, flies, and worms (S174, S349, S352, Y377, and Y515) (Fig. 1b). The high level 
of conservation within the GBF1 orthologs suggest that the post-translational phosphorylation of those residues 
might be relevant to GBF1 function.

Based on the AlphaFold predicted structure of the GBF1 monomer, only two of the 7 phosphorylation sites 
are within highly structured domains (S174 in DCB and Y515 in HUS) (Fig. 1c, arrows). Both residues are 
predicted to be surface exposed (S174 is in a loop between α-helix 6 and 7 of DCB and Y515 is within a loop 
between α-helix 4 and 5 of HUS). The remaining 5 phosphorylation sites are clustered within the relatively poorly 
conserved linker region between the DCB and HUS domains, suggesting that even the less structured regions of 
GBF1 may contain regulatory post-translational modifications that could impact selective interactions of GBF1 
with its partner proteins.

Phosphorylation of specific residues modulates GBF1 targeting to the Golgi. To assess the role 
of phosphorylation in GBF1 function, we generated two mutants for each phosphorylation site—a change to 
Alanine (A), a residue that can’t be phosphorylated, and a change to a phospho-mimetic, Aspartic acid (D) for 
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phosphorylated Serine (S) and Glutamic acid (E) for phosphorylated Tyrosine (Y)30. We are aware that mutating 
a phosphorylated residue may affect more than just its function as a phospho-acceptor and that the replacement 
of such residues with negatively-charged amino acids may not mimic the phosphorylated residue in functional 
terms. Herein we use the terminology of phosphorylation while discussing mutational analysis of a phospho-
rylated site. For technical reasons, Y515 was mutated to Cysteine (C) instead of A, a residue that also can’t be 
phosphorylated.

The expression of each construct after transfection into HeLa cells was assessed by Western blotting with 
anti-GFP tag antibodies to detect the Venus-tagged construct and anti-GAPDH as a loading control. As shown 
in Fig. 2b and Supplemental Fig. S1, every construct produced the appropriate molecular weight protein. Because 
all the constructs are N-terminally tagged and the Western blot was performed with anti-tag antibodies, this 
indicates that only full-length proteins are present in cells, without fragmentation or partial digestion. The overall 
expression levels of the majority of the constructs were similar to that of the A795E construct considered wild-
type in this analysis, with 3 constructs (S233A, S352A, and Y377E) showing lower overall expression.

Figure 1.  GBF1 phosphorylation sites conserved between species and analyzed in this study. (a) Domain 
architecture of GBF1 with all the reported phosphorylation sites. Highly conserved N-terminal residues 
chosen for this study are in blue within the red boxed area. All constructs used in this study contain the A795E 
substitution (in red) to make them BFA resistant. Residues phosphorylated by CK2 or AMPK during mitosis are 
in purple. (b) Alignments of human GBF1 with mouse, zebrafish, worm, and fruit fly GBF1 orthologs showing 
conserved residues (shaded in blue). The S and Y residues mutated in this study are shaded in red. Residues 
within the DCB and HUS domains are boxed in green. (c) AlphaFold predicted structure of human GBF1 
monomer with the phosphorylation sites probed in this study indicated with black arrows. A red arrow points to 
the A795 residue within the catalytic Sec7 domain that when mutated to E confers BFA resistance.
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The effects of mutating specific phosphorylation sites on GBF1 ability to target to the Golgi was assessed 
by measuring the amount of exogenously expressed Venus-tagged GBF1 mutant at the Golgi as the % of the 

Figure 2.  Golgi targeting of GBF1 phosphorylation site mutants. (a) HeLa cells were transfected with Venus-
tagged GBF1 or a GBF1 phosphorylation site mutant, and after 24 h, the cells were fixed and stained with 
anti-GFP to detect transfected cells and anti-GM130 to visualize the Golgi (nuclei are stained with DAPI). 
Representative images of cells transfected with wild-type GBF1 or the indicated GBF1 phosphorylation site 
mutants show Golgi and cytosolic staining. (b) HeLa cells were transfected with Venus-tagged GBF1 or a 
GBF1 phosphorylation site mutant, and after 24 h, the cells were lysed and the lysates analyzed by SDS-PAGE 
and immunoblotting with anti-GFP and anti-GAPDH antibodies. A full-length protein of the appropriate 
molecular weight is expressed in cells transfected with each construct. Blots were cut prior to incubation with 
antibodies. (c) Images analogous to those in (a) were used to measure GFP pixel intensity that co-localized with 
GM130 relative to GFP pixel intensity of the whole cell to obtain the % of total cellular GFP signal that is at the 
Golgi. The results are from 3 independent transfections and each point represents results from an individual 
transfected cell. Targeting efficiency of GBF1 phosphorylation mutants relative to that of wild-type GBF1 was 
compared using the Student’s t-test. N ≥ 15. P < 0.1 (*), P < 0.01 (**), P < 0.001 (***), P < 0.0001 (****).
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expressed protein within the entire cell. Representative images of HeLa cells transfected with Venus-tagged GBF1 
or the indicated phosphorylation mutant and stained with anti-GFP to detect transfected cells and the GM130 
Golgi marker are shown in Fig. 2a. In this study, wild-type GBF1 (A795E) contains an alanine to glutamate 
substitution in the catalytic Sec7 domain that confers resistance to Brefeldin A (BFA), but has unmodified phos-
phorylation sites and is considered wild-type. All of our phosphorylation mutants contain the A795E mutation 
and all are resistant to BFA.

Golgi targeting analysis was performed for every phosphorylation mutant in this study and the images were 
used to quantitate the targeting efficiency. Because of the slightly different levels of expression of the different con-
structs in individual cells, we first assessed the relationship between the level of GBF1 expression and the percent 
of the cellular GBF1 that associates with the Golgi in cells expressing different levels of GBF1. Five cells (from 
3 different images) expressing A795E at low (yellow asterisks in Supplemental Fig. S2), medium (blue asterisks 
in Supplemental Fig. S2), and high (red asterisks in Supplemental Fig. S2) levels were assessed for the % of total 
cellular GBF1 present at the Golgi. We found that the % Golgi association appeared linear in cells expressing 
low to medium levels of GBF1 (Supplemental Fig. S2). In our Golgi targeting analyses, only images of cells with 
low to moderate levels of expression of each GBF1 construct were used (analogous to cells marked with yellow 
and blue asterisks in Supplemental Fig. S2). As shown in Fig. 2c, the majority of the phosphorylation mutants 
exhibit decreased targeting compared to the A795E wild-type GBF1. The most targeting compromised mutants 
are Y377A, Y377E, and Y515C. It is of particular interest that Y377 and Y515 are both highly conserved in GBF1 
orthologs. Conservation often reflects evolutionary pressure to maintain interactive interfaces, suggesting that 
Y377 and Y515 may form interfaces for GBF1 binding to membrane components.

Phosphorylation of specific residues decreases GBF1 ability to maintain Golgi architec-
ture. Golgi structural integrity requires GBF1-dependent Arf activation, as inhibition or depletion of GBF1 
leads to Golgi  fragmentation16,31,32. To assess the ability of each mutant to maintain Golgi morphology, we used 
a cellular GBF1 “replacement” assay based on the BFA resistance conferred by the A795E mutation within the 
catalytic Sec7  domain33. All the constructs employed in this study contain the A795E mutation and are therefore 
BFA-resistant. In this assay, untransfected cells show dispersed Golgi due to the inactivation of endogenous 
GBF1. In contrast, cells expressing wild-type GBF1 containing the A795E mutation maintain compact Golgi, 
reflecting the functionality of the exogenously expressed GBF1  construct33. HeLa cells were transfected with 
GBF1/A795E or each phosphorylation mutant containing the A795E substitution, and after 24 h treated with 
BFA for 1 h to inactivate the endogenous GBF1. Cells were then stained with anti-GFP to detect transfected 
cells and with anti-GM130 to visualize Golgi morphology. As shown in Fig. 3a, cells expressing GBF1 or the 
Y377E phosphorylation mutant (both containing the A795E substitution) show the characteristic intact Golgi 
ribbon morphology, indicating that both are functional in supporting Golgi architecture. In contrast, as shown 
in Fig. 3b, cells expressing the S174A, S174D, or Y515C phosphorylation mutants (all containing the A795E 
substitution) show a slightly more dispersed pattern of Golgi elements, suggesting that these constructs are 
functionally compromised.

Analogous images were used to assess the size distribution of Golgi elements in cells expressing each of the 
phosphorylation mutants and the results are plotted as frequency distributions (Fig. 3c). The majority of the phos-
phorylation site mutants were able to maintain normal Golgi architecture when present as the only functional 
GBF1 in the cell, but a higher frequency of smaller Golgi structures was observed in cells expressing the S174A, 
S174D, and Y515C mutants. This result suggests that these mutants might be partially compromised in their 
function. The defect could be caused by the decreased Golgi targeting of these mutants (Fig. 2b). In contrast, cells 
expressing the Y515E mutant showed a shift in frequency distribution towards larger Golgi structures, despite 
the fact that this construct also exhibited decreased Golgi targeting.

We have shown previously that the expression of the catalytically inactive GBF1/E794K7 or GBF1/7A34 
mutants that compete with the endogenous GBF1 for Golgi binding sites disrupts Golgi architecture. To deter-
mine whether phosphorylation mutants may impose a dominant negative effect in cells, we assessed whether 
the mutants might disrupt Golgi architecture in cells containing functional endogenous GBF1. HeLa cells were 
transfected with Venus-tagged GBF1 or each phosphorylation site mutant and after 24 h stained with anti-GFP 
to detect transfected cells and with anti-GM130 to visualize Golgi architecture. Golgi intactness was assessed by 
measuring the number of Golgi elements of a particular size (the size frequency distribution) in cells expressing 
a particular phosphorylation mutant relative to that in cells expressing the wild-type GBF1 (Fig. 4). Overall, the 
frequency of Golgi elements of a particular size was similar in cells expressing wild-type GBF1 or the phospho-
rylation mutants, with the major peaks showing either complete overlap or close proximity. A slight shift towards 
a higher frequency of smaller Golgi elements was seen in cells expressing the S233A, S233D, S352A, and Y515E 
mutants. However, even in these cells, the peri-nuclear position of the Golgi was not altered (data not shown), 
suggesting that the smaller Golgi fragments do engage dynein motors and move in the (-) direction towards 
the peri-nuclear microtubule-organizing center. Overall, the phosphorylation mutants do not appear to cause 
significant dominant negative effects on Golgi architecture.

Expression of specific GBF1 phosphorylation site mutants affects Golgi dynamics but doesn’t 
affect secretion. The inability of some GBF1 mutants to efficiently target to the Golgi or to maintain com-
pact Golgi architecture raised the question of whether such mutants may alter Golgi dynamics and/or decrease 
fusion events needed to coalesce Golgi fragments into a ribbon. To measure the behavior of Golgi structures 
in cells expressing distinct phosphorylation mutants, HeLa cells stably expressing GFP-tagged Golgi enzyme 
galactosyl-transferase (GalT) were transfected with each Tomato-tagged phosphorylation construct (all contain 
the A795E substitution) for 24 h, treated with BFA for 30 min to inhibit endogenous GBF1 and then live imaged 
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for 1 h in the presence of BFA. The spatio-temporal data were combined into a single time course stack, split 
to extract the GFP (GalT) and the DsRed (phosphorylation mutant) emissions, and the dynamics of individual 
Golgi structures were color coded. The color reflects each structure’s dynamics with white puncta showing mini-
mal movement, while multi color puncta indicate structures with different motilities during imaging. As shown 
in Fig.  5a, cells expressing wild-type GBF1 contain a stationary Golgi core (in white) with numerous more 
distant Golgi puncta (in multiple colors), indicating frequent to and from motility of the elements. In contrast, 
cells expressing the S233A (Fig. 5b), S371D (Fig. 5c), Y377E (Fig. 5d), Y515C (Fig. 5e), and Y515E (Fig. 5f) phos-
phorylation mutants predominantly contain white Golgi cores, with less multi-color Golgi puncta, suggesting 
decreased Golgi fragment dynamics. The lookup table that displays the colors at each individual frame is shown 
in Fig. 5g. Some of the panels contain cells that appear to be untransfected, but have intact Golgi. However, all 
cells containing intact Golgi are in fact expressing exogenous GBF1 when the red signal intensity is boosted (data 
not shown).

The reduced capacity of some GBF1 phosphorylation mutants to support Golgi architecture and normal Golgi 
dynamics prompted us to analyze whether secretion might be compromised in cells expressing these constructs. 
Secretion of a cargo (a fragment of Gaussia luciferase fused to a leader peptide) was monitored in HeLa cells in 
a cellular “replacement” assay. In this assay, HeLa cells were co-transfected with the Gaussia plasmid and either 

Figure 3.  Specific GBF1 phosphorylation site mutants show reduced capacity to support Golgi 
architecture. HeLa cells were transfected with Venus-tagged wild-type GBF1 or the indicated phosphorylation 
site mutant. After 24 h, cells were treated with BFA for 1 h to inactivate the endogenous GBF1. Cells were fixed 
and stained with anti-GFP to detect transfected cells and anti-GM130 to assess Golgi morphology (nuclei are 
stained with DAPI). (a) Representative images of cells expressing Venus-tagged wild-type GBF1 or the Y377E 
mutant showing the characteristic compact Golgi in the transfected cells. Note the BFA-induced fragmentation 
of the Golgi in non-transfected cells. (b) Representative images of cells expressing Venus-tagged S174A, S174D, 
or the Y515C mutant showing partially dispersed Golgi elements in the transfected cells. (c) Images analogous 
to those in (a) and (b) were analyzed and the size distribution of Golgi puncta in cells expressing wild-type 
GBF1 versus each GBF1 phosphorylation site mutant from 3 separate experiments is represented as frequency 
distribution.
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A795E (control GBF1), a phosphorylation mutant containing the A795E substitution, or an empty vector (control 
vector). After 24 h, the cells were put into fresh media containing different concentrations of BFA to inactivate the 
endogenous GBF1, and secretion of luciferase was monitored over the next 4 h in the presence of BFA to make 
the exogenously expressed GBF1 mutant the sole functional GBF1 species. As shown in Fig. 6, cells expressing 
A795E (control GBF1) secrete luciferase even in the presence of the highest BFA concentration, while cells trans-
fected with an empty vector (control vector) are inhibited in secretion even at the lowest concentration of BFA.

Cells expressing each phosphorylation construct (all contain the A795E substitution) exhibited levels of 
secretion analogous to that of A795E even at the highest concentration of BFA. Normal levels of secretion were 
observed even for cells expressing phosphorylation mutants that were partially compromised in supporting 
Golgi homeostasis, in agreement with previous data showing that efficient secretion is compatible with frag-
mented Golgi architecture, from the highly compacted ribbon structure observed in mammalian cells to the 
dispersed Golgi mini-stacks present in flies, plants, and  yeast35–37. Moreover, secretion was fully supported by 
phosphorylation mutants with reduced Golgi targeting, suggesting that expressing the mutants from a plasmid 
under the CMV promoter produces sufficient exogenous protein to compensate for their reduced association 
with Golgi membranes.

Expression of specific GBF1 phosphorylation mutants causes multinucleation and inhibits 
cytokinesis. While examining HeLa cells transfected with a subset of GBF1 phosphorylation mutants, we 
observed a striking increase in bi- and multi-nucleation relative to cells expressing wild-type GBF1 (Fig. 7a). 
We quantified the percent of cells containing two or more nuclei to show that while ~ 11.2% of cells transfected 
with wild-type GBF1 exhibit multi-nucleation, multi-nucleation is dramatically increased (> threefold) in cells 
expressing specific phosphorylation site mutants (Fig. 7b). In total, 6 phosphorylation site mutants out of the 14 
tested in this study increased multi-nucleation. Interestingly, non-transfected cells have a lower rate of multi-
nucleation (~ 2.9%), suggesting that even overexpression of wild-type GBF1 increased multi-nucleation.

As shown in Fig. 7b, phosphorylation site mutants with substitutions at S233 or Y515 caused multinu-
cleation irrespective of whether the substituting amino acid couldn’t be phosphorylated (change to A or C) or 
was a phospho-mimetic (change to D or E). This suggests that GBF1 may participate in critical, but distinct 
mitotic events when it is dephosphorylated and when it is phosphorylated on S233 and Y515. In contrast, GBF1 
with substitutions at S371 or Y377 caused multinucleation only when those amino acids were mutated to a 

Figure 4.  GBF1 phosphorylation site mutants do not act in a dominant negative manner. HeLa cells were 
transfected with Venus-tagged wild-type GBF1 or the indicated phosphorylation site mutant. After 24 h, cells 
were fixed and stained with anti-GFP to visualize transfected cells and anti-GM130 to assess Golgi morphology. 
The size distribution of Golgi puncta in cells expressing wild-type GBF1 versus each phosphorylation mutant 
from 3 separate experiments is represented as frequency distribution.
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phospho-mimetic, but not when phosphorylation was prevented by an A substitution. This suggests that the 
continuous phosphorylation of those GBF1 residues interferes with an important mitotic process.

To gain insight into the process responsible for the multi-nucleation, we monitored the progression of mito-
sis in cells transfected with each of the 6 multi-nucleation causing constructs. HeLa cells stably expressing 
GFP-tagged GalT were transfected with Tomato-tagged wild-type GBF1 or phosphorylation mutant for 24 h. 
The cells were then synchronized by treatment with RO-3306, a CDK1 inhibitor for 30 h to arrest the cell cycle 
at G2/M. Subsequently, cells were placed in fresh media to release the mitotic block and allowed to progress 
through mitosis for 90 or 120 min. Cells were fixed and stained with anti-RFP to identify transfected cells and 
anti-acetylated tubulin to assess cytokinetic bridge formation. Representative images of cells expressing wild-type 
GBF1 or the S371D phosphorylation mutant after a 90 and 120 min release from the mitotic block are shown 
in Fig. 8a,b, respectively.

Analysis of analogous images of cells expressing wild-type GBF1 or phosphorylation site mutants that cause 
multi-nucleation indicates that ~ 28% of cells expressing wild-type GBF1 contain cytokinetic bridges 90 min 
after the release of the mitotic block, and this number decreases to ~ 18% at 120 min after release, reflecting the 
completion of cytokinesis (Fig. 8c). In contrast, 90 min after the release of the mitotic block, cells expressing the 
multi-nucleation causing mutants contain significantly fewer cytokinetic bridges than cells expressing wild-type 
GBF1, indicating a mitotic delay. Moreover, at 120 min after the release of the mitotic block, cells expressing 
phosphorylation mutants have a significantly increased number of cytokinetic bridges, suggesting an additional 
delay in cytokinetic bridge abscission (Fig. 8c).

The static immunofluorescence analyses showing a mitotic defect in cells expressing specific GBF1 mutants 
suggested a defect in cytokinesis. To directly visualize cytokinesis, we analyzed cell division by time lapse micros-
copy in live cells. HeLa cells stably expressing GFP-tagged tubulin were transfected with infrared fluorescent 

Figure 5.  GBF1 phosphorylation site mutants cause changes in Golgi dynamics. HeLa cells stably expressing 
GFP-tagged GalT were transfected with each Tomato-tagged phosphorylation site mutant for 24 h, treated with 
BFA for 30 min to inhibit endogenous GBF1 and then live imaged for 1 h in the presence of BFA. The images 
from each run were combined into a single time course stack, and the dynamics of individual Golgi structures 
were color coded with white puncta showing minimal movement, while multi color puncta mark structures 
with different motilities during imaging. (a–g) Left panels: the localization of each construct at the beginning 
of live imaging. Right panels: processed image showing movement of Golgi puncta based on the Jet lookup 
table (g) displaying colors associated with movement during subsequent frames. White arrows point to cells 
expressing wild-type GBF1 or a GBF1 phosphorylation site mutant.
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protein (iRFP)-tagged wild-type GBF1 or the S233A phosphorylation mutant for 24 h. The cells were then syn-
chronized by treatment with RO-3306 for 30 h to arrest at G2/M. Subsequently, cells were placed in fresh media 
to release the mitotic block and allowed to progress through mitosis for 60 min. Cells were supplemented with 
5 μM biliverdin chromophore which acts as a cofactor for iRFP for 30 min, and then imaged for 8 h. We observed 
successful cytokinetic bridge abscission and cell division in non-transfected cells and in cells transfected with 
the wild-type GBF1 (Fig. 9). In contrast, cells expressing the S233A mutant failed to break the cytokinetic bridge 
and collapsed together, resulting in a multi-nucleated cell.

Discussion
Membrane traffic between distinct subcellular compartments of the secretory and endocytic pathways is a critical 
function of all eukaryotic cells. Within the secretory pathway, membrane is moved at the ER-Golgi interface by 
COPII vesicles that traffic in the anterograde direction and by COPI vesicles that recycle key components in the 
Golgi to ER retrograde direction. The formation of COPI vesicles requires the activation of Arf GTPases through 
a GDP/GTP exchange process catalyzed by the GBF1 nucleotide exchange factor. The catalytic activity of GBF1 
is absolutely essential to maintain COPI vesicle formation, Golgi homeostasis, and secretion.

The activity of many cellular enzymes is regulated through reversible phosphorylations, and herein we 
assessed whether phosphorylation impacts GBF1 functionality. We have previously described known GBF1 phos-
phorylation  sites29, and in this study focused only on sites within the N-terminus of GBF1 and conserved across 
GBF1 orthologs. Seven sites were mutated either to a non-phosphorylatable residue or to a phospho-mimetic, 
and the functions of the resulting mutants were compared to that of wild-type GBF1 in a number of cellular 
assays. We uncovered that most (10 out of 14) of the phosphorylation mutants (both the non- phosphorylatable 

Figure 6.  GBF1 phosphorylation site mutants support normal protein secretion. HeLa cells were co-transfected 
with a Gaussia luciferase reporter and either wild-type GBF1 (control GBF1), the indicated phosphorylation site 
mutant, or an empty vector (control vector). After 24 h, media was changed to media containing the indicated 
concentration of BFA (to inactivate endogenous GBF1), and the amount of luciferase released into the media 
was measured after 4 h. Data for the non-phosphorylatable and a phosphomimetic GBF1 mutant at each 
phosphorylation site are boxed together.
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and the phospho-mimetic) exhibited reduced efficiency of targeting to the Golgi. As the majority of the analyzed 
phosphorylation sites are within largely unstructured loops within the N-terminus of GBF1, it can be postulated 
that those regions play a role in the interactions (either intramolecular or with other proteins/lipids) that facilitate 
Golgi membrane binding.

We assessed the functionality of the GBF1 phosphorylation mutants by a number of criteria. First, we assessed 
whether the mutants could support Golgi homeostasis when the endogenous GBF1 was inactivated with BFA (all 
our mutants are engineered to be BFA resistant through the A795E substitution). We uncovered that mutating 
S174 to either A or D inhibited its ability to support Golgi architecture, leading to fragmented Golgi elements 
still clustered in the peri-nuclear region (Fig. 3c and Table 1). S174 is within the DCB domain that facilitates 
GBF1 dimerization, but since dimerization doesn’t appear to be required for GBF1  function38, it is possible 
that mutating S174 impacts GBF1 functionality by a distinct mechanism, perhaps by reducing the ability of 
the mutant to engage in productive interactions on the membrane. This idea is consistent with the fact that the 
S174A/D mutants do not act in a dominant negative manner, indicating that they do not efficiently compete with 
the endogenous GBF1 in cells. A small increase in Golgi fragmentation was also observed in cells expressing 
the Y515C mutant, and is most likely due to the reduced ability of this mutant to target to the Golgi. All other 
phosphorylation mutants were able to support Golgi homeostasis when the endogenous GBF1 was inactivated 
with BFA, suggesting that all these mutants are functional.

Second, we asked whether the mutants could act in a dominant negative manner in the presence of endog-
enous GBF1, since functionally compromised GBF1 mutants with mutations in the catalytic Sec7 domain (the 
E794K and the 7A mutants) disrupt Golgi homeostasis and secretion when expressed in  cells7,34. Minimal dis-
ruption in Golgi architecture was seen in cells expressing S233A, S233D, S352A, and Y515E but overall, none 
of the phosphorylation mutants significantly impacted Golgi homeostasis, suggesting that all the mutants are 
sufficiently functional to support this activity.

Third, we tested the ability of the GBF1 phosphorylation mutants to maintain an operational secretory path-
way. All mutants were fully capable of facilitating the secretion of a soluble fragment of Gaussia luciferase con-
taining a signal peptide that makes it able to enter the secretory  pathway39 (Table 1). It remains possible that the 
kinetics of trafficking of specific soluble cargoes or the transport of trans-membrane proteins could be altered in 
cells expressing the GBF1 phosphorylation mutants and in which endogenous GBF1 is inactivated with BFA. The 
ability of the mutants to support secretion despite some of them (S174A/D and Y515C) being unable to maintain 
intact Golgi architecture is consistent with the ability of fragmented Golgi elements to still support  secretion35–37.

During our analyses, we observed that cells expressing some of the GBF1 phosphorylation mutants were often 
bi- or multi-nucleated. To probe this phenomenon, we analyzed nucleation in cells expressing the mutants for 

Figure 7.  Expression of specific GBF1 phosphorylation site mutants cause multi-nucleation. HeLa cells were 
transfected with Venus-tagged wild-type GBF1 or the indicated phosphorylation site mutant. After 48 h, 
cells were stained with anti-GFP to detect transfected cells, anti-GM130 to visualize the Golgi, and DAPI to 
assess nuclear morphology. (a) Representative images of cells expressing phosphorylation site mutants that 
cause multi-nucleation. Note the single Golgi abutting the two or more nuclei in the transfected cells. (b) 
Quantification of multinucleated cells based on > 50 transfected cells counted in 3 separate experiments. The 
percentage of transfected cells with two or more nuclei is shown. NT control: % of multi-nucleated non-
transfected cells within the same slide.
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Figure 8.  Expression of specific GBF1 phosphorylation site mutants cause a delay in resolution of cytokinetic 
bridges. HeLa cells stably expressing GFP-tagged GalT were transfected with Tomato-tagged wild-type GBF1 
or each multinucleation causing phosphorylation site mutant. After 24 h, cells were treated with RO-3306 for 
30 h to arrest at G2/M. The mitotic block was released by a change to fresh media and the cells were fixed 90 or 
120 min later. Cells were stained with anti-RFP to detect transfected cells (red), anti-acetylated tubulin to detect 
cytokinetic bridges (silver), and DAPI to detect the nuclei (blue). (a) Representative images of cells expressing 
wild-type GBF1 after a 90 min and a 120 min release from the G2/M block showing fewer cytokinetic bridges 
at the later time point. (b) Representative images of cells expressing the S371D mutant after a 90 min and a 
120 min release from the G2/M block showing the persistence of cytokinetic bridges at the later time point. (c) 
Images analogous to those in (a) and (b) from 5 random fields (from 3 experiments) for all the phosphorylation 
site mutants were used to count the number of transfected cells containing cytokinetic bridges. The % of 
transfected cells that contained a cytokinetic bridge is shown. For statistical analysis, the % of cells expressing a 
phosphorylation mutant with a cytokinetic bridge at 90 min was compared to the same value for cells expressing 
wild-type GBF1 at 90 min. Similarly, the % of cells expressing a phosphorylation mutant with a cytokinetic 
bridge at 120 min was compared to the same value for cells expressing wild-type GBF1 at 120 min. Comparisons 
were done using a Student’s t-test. P < 0.1 (*), P < 0.01 (**), P < 0.001 (***), P < 0.0001 (****).
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48 h, approximately 2 doubling times for HeLa  cells40–42. The highest induction of multi-nucleation (more than 
tenfold over that seen in non-transfected control cells) was seen in cells expressing the S233A, S233D, S371D, 
Y377E, Y515C, and Y515E mutants (Table 1). The multi-nucleated cells contained a single morphologically 
recognizable Golgi structure abutting the nuclei, consistent with our analyses of normal Golgi morphology and 
secretion phenotypes in cells expressing these mutants.

A multi-nucleation phenotype often reflects defects during mitosis, and more specifically, complications dur-
ing cytokinesis. Multi-nucleated cells often can progress through mitosis up to telophase, but are unable to either 
form or sever the cytokinetic bridge, resulting in the collapse of the daughter cells into a single entity with two 
duplicated nuclei. We analyzed the formation and resolution of the cytokinetic bridges in cells expressing the 6 
multi-nucleation causing GBF1 phosphorylation mutants. The cells were synchronized and blocked at the G2/M 
stage of mitosis and then released for 90 or 120 min to allow them to recover and progress through the final steps 
of mitosis. Cells expressing the GBF1 phosphorylation mutants appeared to form cytokinetic bridges later than 

Figure 9.  Expression of a GBF1 phosphorylation site mutant causes a disruption in cytokinesis. HeLa cells 
stably expressing GFP-tagged tubulin were transfected with iRFP-tagged wild-type GBF1 or the S233A 
phosphorylation site mutant. After 24 h, cells were treated with RO-3306 for 30 h to arrest at G2/M. The mitotic 
block was released for 60 min, 5 μM biliverdin was added for 30 min and the cells were then imaged for 8 h. 
Representative frames taken from the time lapse videos show successful cell division of non-transfected control 
cells and of cells expressing wild-type GBF1. Cells expressing the S233A mutant failed to resolve the cytokinetic 
bridge and merged together, forming a bi-nucleated cell.

Table 1.  GBF1 functions are differentially regulated by phosphorylation site mutations. The inability of the 
14 analyzed GBF1 phosphorylation site mutants to support Golgi homeostasis and secretion, cause multi-
nucleation, or affect the dynamics of Golgi fragments are indicated by check signs. Only the 5 mutants causing 
the highest levels of multi-nucleation were assessed for their effects on the dynamics of Golgi elements 
(asterisks indicate mutants not analyzed for their effect on Golgi dynamics).

GBF1 phosphorylation mutant

Mutant is unable to maintain 
Golgi homeostasis in BFA treated 
cells

Mutant is unable to support 
secretion

Expression of mutant causes 
multi-nucleation

Expression of mutant causes 
reduced dynamics of Golgi 
fragments

A795E – – – –

S174A ✓ – – *

S174D ✓ – – *

S233A – – ✓ ✓

S233D – – ✓ *

S349A – – – *

S349D – – – *

S352A – – – *

S352D – – – *

S371A – – – *

S371D – – ✓ ✓

Y377A – – – *

Y377E – – ✓ ✓

Y515C ✓ – ✓ ✓

Y515E ✓ – ✓ ✓
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cells expressing the wild-type GBF1, suggesting that they may proceed through mitosis slower. Moreover, we 
observed a significant inhibition in the progression of cytokinesis in those cells, with a higher percentage of cells 
still containing cytokinetic bridges at a time when they were largely resolved in cells expressing wild-type GBF1.

Imaging of cell division by time lapse microscopy confirmed a cytokinetic defect in cells transfected with the 
S233A multi-nucleation causing mutant. While non-transfected cells and cells expressing wild-type GBF1 formed 
cytokinetic bridges between the daughter cells and those bridges were subsequently broken allowing the separa-
tion of the cells, cells expressing the S233A mutant generated a cytokinetic bridge, but the bridge subsequently 
collapsed causing the daughter cells to merge into a single, multi-nucleated cell. The small GTPase Rab1 has been 
previously described as having a role in cytokinesis in  Drosophila43 by controlling contractile ring constriction. 
Rab1 has been shown to interact with GBF1 in several  studies44–46 and perhaps this interaction is disrupted with 
our GBF1 phosphorylation mutants. Future studies will be needed to address this possibility.

An inhibition in cytokinesis has been previously reported in cells expressing a non-phosphorylatable mutant 
of GBF1 (S292A/S297A) that stabilizes GBF1 and prevents its  degradation26. Our comprehensive studies iden-
tified additional sites of phosphorylation within GBF1 that when mutated to a phospho-mimetic (the S233D, 
S371D, Y377E, and Y515E mutants) cause defects in cytokinesis. However, we also document that GBF1 mutants 
that can’t be phosphorylated (the S233A and Y515C mutants) can cause problems in cytokinesis. We stress that all 
these mutants inhibit cytokinesis in a dominant negative manner in the presence of functional endogenous GBF1.

A previous study showed that the expression of the non-phosphorylatable S292A/S297A mutant decreased 
Golgi fragment coalescence during mitosis and arrested  cytokinesis26. It appears that our mutants that cause 
multi-nucleation may also affect the dynamics of Golgi elements, and that this may be the cause of the dis-
ruption in abscission of the cytokinetic bridge. We tracked the motility of GalT-containing Golgi elements in 
cells expressing the multi-nucleation causing GBF1 phosphorylation mutants over time and showed an overall 
reduction in Golgi dynamics in cells expressing the S233A, S371D, Y377E, and either Y515C or Y515E mutants 
(Table 1). While the molecular basis of the decreased motility remains to be defined, it is possible that the phos-
phorylation mutants alter the ability of Golgi fragments to couple to microtubule motors, thereby affecting their 
transport towards the microtubule-organizing center. In mitotic cells, such a motility defect would inhibit the 
coalescence of Golgi fragments into a single Golgi structure at the centrosome.

The cytokinetic defect observed in our studies is distinct from the well described Golgi disassembly check-
point, when mitosis is aborted if the Golgi ribbon is not  fragmented47,48. Normally, the Golgi ribbon disassembles 
during mitosis in a multi-step process that includes the initial unlinking of the tubular inter-stack continuities 
during G2, followed by the unstacking of cisterna and the vesiculation of the unlinked cisterna in metaphase. In 
anaphase, the Golgi reforms, initially re-appearing at two sites as a small Golgi close to the cytokinetic bridge and 
a larger one at the opposite pole close to the centrosome. In late anaphase, the smaller Golgi migrates towards 
the centrosome and fuses with the larger Golgi to form a single  organelle49.

The initial Golgi disassembly is driven by a variety of kinases including MEK1, CDK1, and Plk1 that target 
Golgi and GRASP proteins to drive Golgi  breakdown50. Treatments that prevent Golgi fragmentation such as 
injecting anti-GRASP65 antibodies or expressing non-phosphorylatable mutants of GRASP65 that enhance Golgi 
stacking in interphase cells prevent the cells from entering mitosis after completing the S  phase51,52. Similarly, 
the expression of the constitutively active Arf1 (Q71L) mutant prevents mitotic Golgi disassembly and blocks 
cytokinesis furrow  ingression53. Moreover, engineering a physical barrier to Golgi fragmentation by loading 
the Golgi lumen with 3,3’-diaminobenzidine (DAB) polymers also results in cells arresting at metaphase with 
circular DNA profiles and monopolar spindles. In these cells, the centrosomes fail to separate, thus preventing 
normal spindle  formation54.

The requirement for Golgi disassembly in mitotic progression is also underscored by studies with GBF1 
mutants. GBF1 is phosphorylated on Threonine 1337 (T1337) during mitosis by AMPK and this modification is 
required for GBF1 dissociation from Golgi membranes and the subsequent fragmentation of the Golgi and entry 
of cells into  mitosis25. Expression of the non-phosphorylatable T1337A mutant prevents Golgi fragmentation 
and also prevents entry into mitosis at the G2/M checkpoint, and correlates with the inhibition of chromatin 
condensation, lack of histone-3 phosphorylation, and a decrease in the number of rounded  cells25.

Herein, we document a novel function for GBF1 in controlling late stages of mitosis, specifically the events 
required for cytokinesis, and show that this function is regulated through site-specific phosphorylation. In con-
trast to the early (pre- or at metaphase) mitotic arrest described previously, our GBF1 phosphorylation mutants 
do not inhibit Golgi disassembly, but instead inhibit the later cytokinesis step. Our results suggest the existence of 
a mitotic Golgi reassembly checkpoint that prevents the abscission of the cytokinetic bridge when the cell encoun-
ters problems with Golgi reassembly. It also might be relevant that the completion of cytokinesis requires the 
remodeling of the plasma membrane within the cytokinetic bridge with phosphatidylinositol 4,5-bisphosphate 
(PIP2) playing an important  role55. Interestingly GBF1 has been shown to preferentially bind to  PIP256, possibly 
hinting at a transient localization and/or function at the cytokinetic bridge. Future studies will need to explore 
the molecular mechanisms through which specific GBF1 phosphorylation mutants cause cytokinetic inhibition.

Materials and methods
Plasmids. GBF1/A795E was described  previously57. The pVenus-GBF1 A795E plasmid was a gift from Dr. 
George Belov (University of Maryland, College Park, MD). The ptdTomato-N1 plasmid was purchased from 
Takara Bio (Mountain View, CA). The iRFP-713 plasmid was a gift from Dr. Alexa Mattheyses (University of 
Alabama at Birmingham, Birmingham, AL). GBF1/A795E was ligated into the Tomato plasmid using XhoI and 
EcoRI restriction enzymes. GBF1/A795E was ligated into the iRFP plasmid using XhoI and SacII restriction 
enzymes. Point mutations were introduced into the GBF1/A795E Venus, Tomato, and iRFP constructs using 
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the QuikChange XL Site-Directed Mutagenesis Kit purchased from Agilent Technology (Santa Clara, CA). All 
substitutions were confirmed by sequencing.

Cell culture and transfection. HeLa cells (ATCC, Manassas, VA), HeLa cells stably transfected with GFP-
tagged beta 1,4-galactosyltransferase (GalT) (gift from Dr. Jack Rohrer, Zurich University of Applied Sciences, 
Wädenswil, Switzerland), and HeLa cells stably transfected with GFP-tagged tubulin (gift from Dr. Ryoma Ohi, 
University of Michigan, Ann Arbor, MI) were cultured in MEM media (Thermo Scientific, Waltham, MA) sup-
plemented with 10% fetal bovine serum, 1% sodium pyruvate, 1% sodium bicarbonate, 1% PenStrep, and 0.2% 
NEAA. Cells were grown at 37 °C and 5%  CO2. Cell transfection was performed with TransIT-LT1 transfection 
reagent (Mirus Bio, Madison, WI) according to the manufacturer’s instructions.

Immunofluorescence. In some experiments, cells were incubated with 0.5% BFA (purchased from Cell 
Signaling Technology, Beverly, MA) for 1 h before processing. Cells were processed for immunofluorescence 
as follows: cells were washed 3 times in phosphate-buffered saline (PBS), fixed in 3% paraformaldehyde in PBS 
for 10 min, and quenched with 10 mM ammonium chloride in PBS for 10 min. Cells were permeabilized in 
0.1% Triton X-100 in PBS for 7 min. Cells were washed again with PBS. Cells were blocked for 5 min each with 
0.4% fish skin gelatin in PBS and 2.5% goat serum in PBS. Cells were incubated with primary antibodies diluted 
in 0.4% fish skin gelatin for 1 h at room temperature. Cells were washed with PBS containing 0.2% tween-20 
(PBST) and blocked as described above. Cells were incubated with secondary antibodies diluted in 2.5% goat 
serum for 45 min at room temperature. Nuclei were stained with DAPI for 3 min and cells were washed with 
PBST. Cells were mounted on slides with ProLong Glass antifade mountant (Thermo Scientific, Waltham, MA).

SDS PAGE and Western blotting. Transfected HeLa cells were lysed in RIPA buffer (150 mM sodium 
chloride, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 8, and 1 mM EDTA) supplemented 
with a protease inhibitor cocktail. The homogenate was centrifuged at 12,000 rpm for 10 min at 4 °C in a micro-
centrifuge to remove cell debris. Cell lysates were separated in 8% acrylamide gels and transferred to nitrocellu-
lose membranes. Membranes were blocked with 5% dry milk diluted in 0.1% PBST. Membranes were incubated 
with primary antibodies diluted in milk/PBST overnight at 4 °C. Membranes were incubated with secondary 
antibodies diluted in milk/PBST for 45 min at room temperature. Membranes were washed 3 times with PBST 
and 3 times with PBS. Membranes were incubated with an enhanced chemiluminescent kit for visualization. 
Rabbit anti-GFP and mouse anti-GAPDH primary antibodies were used at a 1:1000 concentration. Anti-rabbit 
and mouse HRP-conjugated secondary antibodies were used at a 1:5000 concentration.

Antibodies. Mouse monoclonal anti-GAPDH (ab8245) and rabbit polyclonal anti-GFP (ab290) were pur-
chased from Abcam (Cambridge, MA). Mouse monoclonal anti-GM130 (610823) was purchased from BD Bio-
science (San Jose, CA). Rabbit polyclonal anti-RFP (600-401-379) and rabbit polyclonal anti-GFP (600-401-
215) were purchased from Rockland (Philadelphia, PA). Mouse monoclonal anti-acetylated tubulin (T6793) 
was purchased from Sigma Aldrich (St. Louis, MO). Secondary goat anti-mouse conjugated with Alexa 594 
(A32742), Alexa 647 (A21235) and goat anti-rabbit antibodies conjugated with Alexa 488 (A32731) and Alexa 
594 (A32740) were purchased from Thermo Scientific (Waltham, MA). Secondary goat anti-mouse and goat 
anti-rabbit antibodies conjugated to HRP were purchased from SouthernBiotech (Birmingham, AL).

Protein secretion assay. HeLa cells were cotransfected in 96-well plates with plasmids encoding Gaussia 
luciferase (GLuc) and the GBF1 mutants. An empty vector was used as a negative control. The next day, the 
medium was removed, and the cells were washed to remove secreted luciferase and incubated in 25 μl of fresh 
medium supplemented with the indicated amount of BFA. After 4 h of incubation, the medium was transferred 
into another 96-well plate, and the amount of secreted luciferase was measured with a BioLux Gaussia Luciferase 
Assay Kit (New England BioLabs, Ipswich, MA) according to the manufacturer’s recommendations.

Cell synchronization. HeLa cells were treated with 10 μM of the CDK1 inhibitor RO-3306 (Sigma Aldrich, 
St. Louis, MO) to sync cells in G2. Cells were placed in an incubator for 30 h at 37 °C and 5%  CO2. Cells were 
washed 3 times with prewarmed PBS to release the cells from the G2 block. Cells were incubated with fresh 
culture media for different time points to allow the cell cycle to proceed.

Microscopy and live imaging. Cell images were taken with a Leitz-Wetzlar Type 307 microscope 
equipped with a 12-bit CCD camera and a Nikon Eclipse Ti2 microscope. Fluorescence channels were merged 
using ImageJ software. Timelapse imaging was conducted with HeLa cells stably expressing GFP-tagged GalT 
and HeLa cells stably expressing GFP-tubulin on an Olympus FluoView1000 using a 20x/0.95 NA water objec-
tive. Z-stack slices were optimized for the objective at 1.18 mm thickness. For the duration of the imaging, cells 
were on a 37 °C heat plate and maintained in L-15 media (Thermo Scientific, Waltham, MA) supplemented with 
10% fetal bovine serum. Cells transfected with iRFP-tagged plasmids were incubated with 5 μM biliverdin (Cay-
man Chemical, Ann Arbor, MI) for 30 min prior to imaging.

Assessing the relationship between expression levels and Golgi targeting. Immunofluorescence 
images taken as described above were opened using ImageJ. Channels were split using the Split Channels func-
tion. Golgi was located in the red GM130 channel and the GFP pixel intensity was measured in this location in 
the green GFP channel using the freehand selection and measure functions. The GFP pixel intensity of the entire 
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cell was measured using the same freehand selection and measure functions. The ratio of GFP pixel intensity at 
the Golgi was then calculated.

Size frequency distribution. Immunofluorescence images were opened using MATLAB. Background 
fluorescence was eliminated by running the images with an Otsu algorithm for thresholding. Green fluorescence 
signal that indicates transfected cells was extracted using a combination of masking filters for the green channel. 
Red fluorescence signal that indicates Golgi particles was extracted using a combination of masking filters for 
the red channel. The channels were combined and red pixels contained inside the green channel were measured 
and plotted on a distribution graph by size and frequency.

Golgi dynamics analysis. Live cell imaging movie files of the HeLa GalT cells were open with Fiji software 
and combined to a single time course stack and split to extract the GFP emission. The background was measured 
and bleach correction was performed using the simple ratio method. The image stack was then registered, to cor-
rect for drift during imaging, using the MultiStackReg and the Rigid Body approach. The temporal-color code 
plugin was used with a Jet lookup table to label the Golgi fragments based on movement.

Statistical analysis. The percentages of GBF1 Golgi targeting, multi-nucleated cells, and cells with cytoki-
netic bridges were calculated using Prism software. Data sets were compared using the Student’s t-test.

Data availability
All data obtained in this study will be available from the corresponding author by written request.

Received: 13 October 2022; Accepted: 16 August 2023

References
 1. Boman, A. L. & Kahn, R. A. Arf proteins: The membrane traffic police?. Trends Biochem. Sci. 20(4), 147–150 (1995).
 2. Lippincott-Schwartz, J., Cole, N. B. & Donaldson, J. G. Building a secretory apparatus: Role of ARF1/COPI in Golgi biogenesis 

and maintenance. Histochem. Cell Biol. 109(5–6), 449–462 (1998).
 3. Chavrier, P. & Goud, B. The role of ARF and Rab GTPases in membrane transport. Curr. Opin. Cell Biol. 11(4), 466–475 (1999).
 4. D’Souza-Schorey, C. & Chavrier, P. ARF proteins: Roles in membrane traffic and beyond. Nat. Rev. Mol. Cell Biol. 7(5), 347–358 

(2006).
 5. Cherfils, J. Arf GTPases and their effectors: Assembling multivalent membrane-binding platforms. Curr. Opin. Struct. Biol. 29, 

67–76 (2014).
 6. Gaynor, E. C., Graham, T. R. & Emr, S. D. COPI in ER/Golgi and intra-Golgi transport: Do yeast COPI mutants point the way?. 

Biochim. Biophys. Acta 1404(1–2), 33–51 (1998).
 7. Garcia-Mata, R. et al. ADP-ribosylation factor/COPI-dependent events at the endoplasmic reticulum-Golgi interface are regulated 

by the guanine nucleotide exchange factor GBF1. Mol. Biol. Cell 14(6), 2250–2261 (2003).
 8. Beck, R. et al. The COPI system: Molecular mechanisms and function. FEBS Lett. 583(17), 2701–2709 (2009).
 9. Sager, G. et al. Modeling the dynamic behaviors of the COPI vesicle formation regulators, the small GTPase Arf1 and its activating 

Sec7 guanine nucleotide exchange factor GBF1 on Golgi membranes. Mol. Biol. Cell 2021, 20090587 (2021).
 10. Bhatt, J. M. et al. Promiscuity of the catalytic Sec7 domain within the guanine nucleotide exchange factor GBF1 in ARF activation, 

Golgi homeostasis, and effector recruitment. Mol. Biol. Cell 30(12), 1523–1535 (2019).
 11. Kawamoto, K. et al. GBF1, a guanine nucleotide exchange factor for ADP-ribosylation factors, is localized to the cis-Golgi and 

involved in membrane association of the COPI coat. Traffic 3(7), 483–495 (2002).
 12. Zhao, X., Lasell, T. K. & Melancon, P. Localization of large ADP-ribosylation factor-guanine nucleotide exchange factors to different 

Golgi compartments: Evidence for distinct functions in protein traffic. Mol. Biol. Cell 13(1), 119–133 (2002).
 13. Szul, T. et al. Dissecting the role of the ARF guanine nucleotide exchange factor GBF1 in Golgi biogenesis and protein trafficking. 

J. Cell Sci. 120(Pt 22), 3929–3940 (2007).
 14. Cherfils, J. & Melancon, P. On the action of Brefeldin A on Sec7-stimulated membrane-recruitment and GDP/GTP exchange of 

Arf proteins. Biochem. Soc. Trans. 33(Pt 4), 635–638 (2005).
 15. Saenz, J. B. et al. Golgicide A reveals essential roles for GBF1 in Golgi assembly and function. Nat. Chem. Biol. 5(3), 157–165 

(2009).
 16. Boal, F. et al. LG186: An inhibitor of GBF1 function that causes Golgi disassembly in human and canine cells. Traffic 11(12), 

1537–1551 (2010).
 17. Mazaki, Y., Nishimura, Y. & Sabe, H. GBF1 bears a novel phosphatidylinositol-phosphate binding module, BP3K, to link PI3K-

gamma activity with Arf1 activation involved in GPCR-mediated neutrophil chemotaxis and superoxide production. Mol. Biol. 
Cell 23(13), 2457–2467 (2012).

 18. Mazaki, Y. et al. ARF1 recruits RAC1 to leading edge in neutrophil chemotaxis. Cell Commun. Signal 15(1), 36 (2017).
 19. Takashima, K. et al. GBF1-Arf-COPI-ArfGAP-mediated Golgi-to-ER transport involved in regulation of lipid homeostasis. Cell 

Struct. Funct. 36(2), 223–235 (2011).
 20. Ellong, E. N. et al. Interaction between the triglyceride lipase ATGL and the Arf1 activator GBF1. PLoS ONE 6(7), e21889 (2011).
 21. Iglesias, N. G. et al. Dengue virus uses a non-canonical function of the host GBF1-Arf-COPI system for capsid protein accumula-

tion on lipid droplets. Traffic 16(9), 962–977 (2015).
 22. Walch, L. et al. GBF1 and Arf1 interact with Miro and regulate mitochondrial positioning within cells. Sci. Rep. 8(1), 17121 (2018).
 23. Ackema, K. B. et al. The small GTPase Arf1 modulates mitochondrial morphology and function. EMBO J. 33(22), 2659–2675 

(2014).
 24. Morohashi, Y. et al. Phosphorylation and membrane dissociation of the ARF exchange factor GBF1 in mitosis. Biochem. J. 427(3), 

401–12 (2010).
 25. Mao, L. et al. AMPK phosphorylates GBF1 for mitotic Golgi disassembly. J. Cell Sci. 126(Pt 6), 1498–1505 (2013).
 26. Magliozzi, R. et al. Inheritance of the Golgi apparatus and cytokinesis are controlled by degradation of GBF1. Cell Rep. 23(11), 

3381–3391 (2018).
 27. Jackson, C. L. Activators and effectors of the small G protein Arf1 in regulation of golgi dynamics during the cell division cycle. 

Front. Cell Dev. Biol. 6, 29 (2018).



16

Vol:.(1234567890)

Scientific Reports |        (2023) 13:13609  | https://doi.org/10.1038/s41598-023-40705-5

www.nature.com/scientificreports/

 28. Eckler, A. M. et al. Haploinsufficiency of the Sec7 guanine nucleotide exchange factor gea1 impairs septation in fission yeast. PLoS 
ONE 8(2), e56807 (2013).

 29. Walton, K., Leier, A. & Sztul, E. Regulating the regulators: Role of phosphorylation in modulating the function of the GBF1/BIG 
family of Sec7 ARF-GEFs. FEBS Lett. 594(14), 2213–2226 (2020).

 30. Chen, Z. & Cole, P. A. Synthetic approaches to protein phosphorylation. Curr. Opin. Chem. Biol. 28, 115–122 (2015).
 31. Citterio, C. et al. Unfolded protein response and cell death after depletion of brefeldin A-inhibited guanine nucleotide-exchange 

protein GBF1. Proc. Natl. Acad. Sci. U S A 105(8), 2877–2882 (2008).
 32. Pan, H. et al. A novel small molecule regulator of guanine nucleotide exchange activity of the ADP-ribosylation factor and golgi 

membrane trafficking. J. Biol. Chem. 283(45), 31087–31096 (2008).
 33. Belov, G. A. et al. A critical role of a cellular membrane traffic protein in poliovirus RNA replication. PLoS Pathog 4(11), e1000216 

(2008).
 34. Lowery, J. et al. Novel C-terminal motif within Sec7 domain of guanine nucleotide exchange factors regulates ADP-ribosylation 

factor (ARF) binding and activation. J. Biol. Chem. 286(42), 36898–36906 (2011).
 35. Koreishi, M. et al. The golgin tether giantin regulates the secretory pathway by controlling stack organization within Golgi appa-

ratus. PLoS ONE 8(3), e59821 (2013).
 36. Young, R. E. et al. Analysis of the Golgi apparatus in Arabidopsis seed coat cells during polarized secretion of pectin-rich mucilage. 

Plant Cell 20(6), 1623–1638 (2008).
 37. Suda, Y. & Nakano, A. The yeast Golgi apparatus. Traffic 13(4), 505–510 (2012).
 38. Bhatt, J. M. et al. Oligomerization of the Sec7 domain Arf guanine nucleotide exchange factor GBF1 is dispensable for Golgi 

localization and function but regulates degradation. Am. J. Physiol. Cell Physiol. 310(6), C456–C469 (2016).
 39. Knappskog, S. et al. The level of synthesis and secretion of Gaussia princeps luciferase in transfected CHO cells is heavily dependent 

on the choice of signal peptide. J. Biotechnol. 128(4), 705–715 (2007).
 40. Meck, R. A., Carsten, A. L. & Kelsch, J. J. Growth of HeLa cells in diffusion chamber cultures in vivo. Cancer Res. 36(7 PT 1), 

2317–2320 (1976).
 41. Boisvert, F. M. et al. A quantitative spatial proteomics analysis of proteome turnover in human cells. Mol. Cell Proteomics 11(3), 

M111011429 (2012).
 42. Ueno, H. et al. Cell culture on low-fluorescence and high-resolution photoresist. Micromachines 11(6), 571 (2020).
 43. Sechi, S. et al. Rab1 interacts with GOLPH3 and controls Golgi structure and contractile ring constriction during cytokinesis in 

Drosophila melanogaster. Open Biol. 7(1), 160257 (2017).
 44. Monetta, P. et al. Rab1b interacts with GBF1 and modulates both ARF1 dynamics and COPI association. Mol. Biol. Cell 18(7), 

2400–2410 (2007).
 45. Martinez, H. et al. Spatial-temporal study of Rab1b dynamics and function at the ER-Golgi interface. PLoS ONE 11(8), e0160838 

(2016).
 46. Zhang, L. et al. Rab1b-GBF1-ARFs mediated intracellular trafficking is required for classical swine fever virus replication in swine 

umbilical vein endothelial cells. Vet. Microbiol. 246, 108743 (2020).
 47. Colanzi, A. & Corda, D. Mitosis controls the Golgi and the Golgi controls mitosis. Curr. Opin. Cell Biol. 19(4), 386–393 (2007).
 48. Corda, D. et al. Golgi complex fragmentation in G2/M transition: An organelle-based cell-cycle checkpoint. IUBMB Life 64(8), 

661–670 (2012).
 49. Thyberg, J. & Moskalewski, S. Partitioning of cytoplasmic organelles during mitosis with special reference to the Golgi complex. 

Microsc. Res. Tech. 40(5), 354–368 (1998).
 50. Feinstein, T. N. & Linstedt, A. D. Mitogen-activated protein kinase kinase 1-dependent Golgi unlinking occurs in G2 phase and 

promotes the G2/M cell cycle transition. Mol. Biol. Cell 18(2), 594–604 (2007).
 51. Sutterlin, C. et al. Fragmentation and dispersal of the pericentriolar Golgi complex is required for entry into mitosis in mammalian 

cells. Cell 109(3), 359–369 (2002).
 52. Tang, D., Yuan, H. & Wang, Y. The role of GRASP65 in Golgi cisternal stacking and cell cycle progression. Traffic 11(6), 827–842 

(2010).
 53. Altan-Bonnet, N. et al. A role for Arf1 in mitotic Golgi disassembly, chromosome segregation, and cytokinesis. Proc. Natl. Acad. 

Sci. U S A 100(23), 13314–13319 (2003).
 54. Guizzunti, G. & Seemann, J. Mitotic Golgi disassembly is required for bipolar spindle formation and mitotic progression. Proc. 

Natl. Acad. Sci. U S A 113(43), E6590–E6599 (2016).
 55. Logan, M. R. & Mandato, C. A. Regulation of the actin cytoskeleton by PIP2 in cytokinesis. Biol. Cell 98(6), 377–388 (2006).
 56. Meissner, J. M. et al. The ARF guanine nucleotide exchange factor GBF1 is targeted to Golgi membranes through a PIP-binding 

domain. J. Cell Sci. 131(3), 245 (2018).
 57. Pocognoni, C. A. et al. Highly conserved motifs within the large Sec7 ARF guanine nucleotide exchange factor GBF1 target it to 

the Golgi and are critical for GBF1 activity. Am. J. Physiol. Cell Physiol. 314(6), C675–C689 (2018).

Acknowledgements
We would like to acknowledge the High Resolution Imaging Facility (NIH P30 AR048311) at UAB. This work 
was supported by the NIH grant R01GM122802 to ES and the National Science Foundation grant MCB-1615607 
to ES.

Author contributions
K.W. performed experiments, prepared figures, and edited the manuscript; T.J.N. performed experiments, pre-
pared figures, and edited the manuscript; A.R.A. performed experiments, prepared figures, and edited the manu-
script; H.R. performed experiments, prepared figures, and edited the manuscript; E.L. performed experiments, 
and guided experimental design; B.W. performed experiments, and edited the manuscript; E.V. performed experi-
ments, prepared figures, and edited the manuscript; G.B. guided experimental design and edited the manuscript; 
and E.S. guided the experimental design, interpreted the findings, and wrote the manuscript.

Funding
The research was supported by Grants from the National Institutes of Health (R01GM122802 and T90DE022736).

Competing interests 
The authors declare no competing interests.



17

Vol.:(0123456789)

Scientific Reports |        (2023) 13:13609  | https://doi.org/10.1038/s41598-023-40705-5

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 40705-5.

Correspondence and requests for materials should be addressed to K.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-40705-5
https://doi.org/10.1038/s41598-023-40705-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Site-specific phosphorylations of the Arf activator GBF1 differentially regulate GBF1 function in Golgi homeostasis and secretion versus cytokinesis
	Results
	Conserved GBF1 phosphorylation sites. 
	Phosphorylation of specific residues modulates GBF1 targeting to the Golgi. 
	Phosphorylation of specific residues decreases GBF1 ability to maintain Golgi architecture. 
	Expression of specific GBF1 phosphorylation site mutants affects Golgi dynamics but doesn’t affect secretion. 
	Expression of specific GBF1 phosphorylation mutants causes multinucleation and inhibits cytokinesis. 

	Discussion
	Materials and methods
	Plasmids. 
	Cell culture and transfection. 
	Immunofluorescence. 
	SDS PAGE and Western blotting. 
	Antibodies. 
	Protein secretion assay. 
	Cell synchronization. 
	Microscopy and live imaging. 
	Assessing the relationship between expression levels and Golgi targeting. 
	Size frequency distribution. 
	Golgi dynamics analysis. 
	Statistical analysis. 

	References
	Acknowledgements


