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Pocognoni CA, Viktorova EG, Wright J, Meissner JM, Sager
G, Lee E, Belov GA, Sztul E. 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: C675–C689, 2018. First published February 14, 2018; doi:
10.1152/ajpcell.00221.2017.—Cellular life requires the activation of
the ADP-ribosylation factors (ARFs) by Golgi brefeldin A-resistant
factor 1 (GBF1), a guanine nucleotide exchange factor (GEF) with a
highly conserved catalytic Sec7 domain (Sec7d). In addition to the
Sec7d, GBF1 contains other conserved domains whose functions
remain unclear. Here, we focus on HDS2 (homology downstream of
Sec7d 2) domain because the L1246R substitution within the HDS2
�-helix 5 of the zebrafish GBF1 ortholog causes vascular hemorrhag-
ing and embryonic lethality (13). To dissect the structure/function
relationships within HDS2, we generated six variants, in which the
most conserved residues within �-helices 1, 2, 4, and 6 were mutated
to alanines. Each HDS2 mutant was assessed in a cell-based “replace-
ment” assay for its ability to support cellular functions normally
supported by GBF1, such as maintaining Golgi homeostasis, facili-
tating COPI recruitment, supporting secretion, and sustaining cellular
viability. We show that cells treated with the pharmacological GBF1
inhibitor brefeldin A (BFA) and expressing a BFA-resistant GBF1
variant with alanine substitutions of RDR1168 or LF1266 are com-
promised in Golgi homeostasis, impaired in ARF activation, unable to
sustain secretion, and defective in maintaining cellular viability. To
gain insight into the molecular mechanism of this dysfunction, we
assessed the ability of each GBF1 mutant to target to Golgi mem-
branes and found that mutations in RDR1168 and LF1266 signifi-
cantly decrease targeting efficiency. Thus, these residues within �-he-
lix 2 and �-helix 6 of the HDS2 domain in GBF1 are novel regulatory
determinants that support GBF1 cellular function by impacting the
Golgi-specific membrane association of GBF1.
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INTRODUCTION

All eukaryotic life requires secretory membrane traffic. In
unicellular organisms, secretory traffic sustains transport of
components that support cell growth and interactions with the
environment. In multicellular organisms, secretory traffic is
required for deposition of the extracellular matrix and cell

adhesion, the release of growth factors and nutrients, and the
insertion of environment-sensing receptor and signal transduc-
ers, i.e., all the processes that integrate the developmental and
physiological responses of tissues and organs.

A family of ADP-ribosylation factor (ARFs) GTPases has
emerged as key regulators of membrane traffic and secretion
(27). Like all GTPases, ARFs cycle between an inactive
GDP-bound form found in the cytosol and an active GTP-
bound state that is membrane associated. The intrinsic ex-
change capacity of ARFs is extremely low, and in cells, ARF
activation is facilitated by a family of guanine nucleotide
exchange factors (GEFs) containing a highly conserved cata-
lytic Sec7 domain (Sec7d). The Sec7d consists of ~200 amino
acids arranged in 10 �-helices that form a tightly folded
domain that binds the substrate ARF and mediates the GDP/
GTP exchange (8, 16, 40, 41). In addition to the Sec7d, all
GEFs contain other domains that regulate their membrane
association and activity (12). Importantly, although the Sec7
domains alone are capable of catalyzing GDP/GTP exchange
on ARF in vitro, Sec7 domains are not functional when
expressed in cells because they can’t target and associate with
membranes (11). Thus, regions within GEFs other than the
Sec7d control the cellular functionality of each GEF by pro-
viding essential membrane targeting and binding information.
Understanding the structure/function relationships within con-
served domains other than the Sec7d is key for understanding
the mechanisms by which ARF activation is regulated within
cells.

Golgi homeostasis and secretion requires ARF activation
mediated by the Sec7d-containing Golgi brefeldin A-resistant
factor 1 (GBF1). Initial insight into the role of GBF1 in cellular
life came from studies in yeast. Gea1p and Gea2p (two closely
related orthologs of mammalian GBF1), were shown to be
required for secretory traffic, and various temperature-sensitive
alleles of GEA1 and GEA2 have defects in endoplasmic
reticulum (ER)-Golgi transport (26, 49, 59). Studies in mam-
malian cells confirmed that GBF1 regulates traffic of cargo
proteins between the ER and the Golgi (33, 64). One of the
essential functions of GBF1-mediated ARF activation is to
support continuous membrane traffic by facilitating the forma-
tion of recycling COPI vesicles (18, 23, 28, 73). Because GBF1
is required for ER to Golgi traffic (the first step of the secretory
pathway), it represents a critical factor for regulating flux
through the entire secretory pathway. GBF1 is a cytoplasmic
protein that rapidly cycles on and off the membranes of the
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ER-Golgi intermediate compartment (ERGIC) and the cis-
Golgi (18, 28, 73). GBF1 functions in ARF activation only
when associated with the membrane, implying that regulation
of GBF1 membrane-binding regulates its cellular function.

The functions of some of the conserved domains within
GBF1 have been partially characterized: the central Sec7d
catalyzes GDP/GTP exchange on ARF, and mutations within
Sec7d such as the E794K substitution result in a GBF1 variant
that can associate with membranes, but cannot catalyze ARF
activation (23, 25, 63, 72). The NH2 terminus of GBF1 con-
tains two conserved domains (DCB, dimerization and cyclo-
philin binding, and HUS, homology upstream of Sec7d). The
DCB domain has been shown to regulate the oligomeric state
of GBF1 by binding either another DCB or the downstream
HUS domain, and specific mutations within the DCB abolish
oligomer formation but do not affect GBF1 functionality (9,
51). The NH2-terminal region appears to be essential for
membrane association of GBF1, since the deletion of as little
as 37 NH2-terminal residues prevents efficient Golgi targeting
(Ref. 6 and data not shown). GBF1 recruitment to membranes
is facilitated by the activated form of the small GTPase Rab1b,
and the NH2-terminal 384 amino acids of GBF1 have been
shown to interact with Rab1b (1, 39). Within the COOH-
terminal portion, GBF1 contains three homology downstream
of the Sec7d (HDS1–3) domains. In addition to the NH2-
terminal domain, HDS1 and HDS2 have been shown to be
required for GBF1 targeting to the Golgi since deleting only
HDS1, only HDS2, or both together, inhibited GBF1 targeting
to Golgi membranes in vivo (11, 21). Recently, we have shown
that HDS1 participates in GBF1 recruitment to Golgi mem-
branes by binding specific phosphoinositides (PIPs) (37). Fur-
thermore, recombinant HDS1 alone was shown to bind lipo-
somes containing neutral lipids in vitro (35) and to target to
lipid droplets in vivo (11). In addition, the HDS1-HDS2
domains have been implicated in chemotactic response of
neutrophils in a mechanism involving binding to plasma mem-
brane-localized PIPs (35). The plasma membrane recruitment
of GBF1 observed in this study appears cell specific, since
GBF1 is not detected on the plasma membrane in the vast
majority of non-neutrophil cells. The function of the COOH-
terminal HDS3 is currently unknown, but deletion of HDS3
and the downstream region from the Drosophila ortholog Garz
renders the protein inactive (67). Thus, it appears that multiple
domains of GBF1 participate in the spatially and temporally
restricted recruitment of GBF1 to membranes and thereby
regulate its cellular function.

Recently, a report identified the L1246R mutation within the
HDS2 domain of zebrafish GBF1 as causative for vascular
dysfunction and hemorrhage in early embryos (13), suggesting
that HDS2 plays a key role in regulating GBF1 function. Thus,
we focused on defining the structure/function relationships
within HDS2 of GBF1 as means to understand the cellular
regulation of ARF signaling.

The HDS2 domain contains six �-helices, and the L1246R
mutation maps to �-helix 5. To provide insight into the func-
tional information within the other helices within HDS2, we
targeted conserved amino acids within �-helices 1, 2, 4, and 6
for alanine substitutions. So-generated GBF1 mutants were
subsequently assessed for their ability to support Golgi homeo-
stasis and ARF activation, and we found that substitutions
within �-helix 2 or 6 impairs the ability of GBF1 to support

both functions. To provide insight into the mechanism causing
the defect, we examined the ability of the inactive GBF1
mutants to target to the Golgi. We show that lack of function-
ality correlates with an inhibition in membrane association
without significantly affecting the ability of the GBF1 mutants
to activate ARF. Thus, specific amino acids within �-helices 2
and 6 of the HDS2 domain facilitate GBF1 association with
membranes and represent part of the cellular mechanism that
regulates productive cycles of GBF1 membrane binding. The
decrease in the efficiency of GBF1 recruitment had dire con-
sequences for the cell, as cells containing GBF1 constructs
with mutations in �-helix 2 or 6 were inhibited in secretion and
had reduced viability. Our studies identify a novel function for
�-helices 2 and 6 within the HDS2 domain as regulators of
GBF1 association with Golgi membranes that critically impact
cellular function of GBF1.

EXPERIMENTAL PROCEDURES

Antibodies. Following antibodies were used: monoclonal anti-
GBF1 (catalog no. 612116, BD Transduction Laboratories), mono-
clonal anti-GFP (catalog no. A11120, Invitrogen), monoclonal anti-
GFP (catalog no. NBP243575, Novus), polyclonal anti-GFP (catalog
no. ab290, Abcam), polyclonal anti-�-COP (catalog no. ab2899,
Abcam), monoclonal anti-GM130 (catalog no. 610823, BD Transduc-
tion Laboratories). Secondary anti-mouse antibody conjugated to
horseradish peroxidase (HRP; catalog no. 1030-05, Southern Bio-
tech). Secondary antibodies conjugated to Alexa 488 and Alexa 594
(catalog nos. A11034, A11029, A11012, A11032; Invitrogen, Madi-
son, WI).

Reagents. Brefeldin A was from Cell Signaling Technology (Bev-
erly, MA). ECL Western blotting reagent was from Thermo Fisher
Scientific (Waltham, MA). SuperSignal West Femto Maximum Sen-
sitivity Substrate was from Thermo Scientific (Chicago, IL). Com-
plete protease inhibitor cocktail, EDTA-free, was from Thermo Sci-
entific; 3–12% Blue native (BN)-PAGE gels and molecular weight
standards for native gels (catalog no. LC0725) were purchased from
Invitrogen.

Plasmids. GBF1/A795E has been described previously (5, 6). All
mutations were introduced into GBF1/A795 pcDNA4/To/Myc-His B
(Invitrogen) using QuikChange XL Site-Directed Mutagenesis Kit
from Agilent Technology. All substitutions were confirmed by se-
quencing. The sequences of the oligonucleotide primers used for
site-directed mutagenesis were: LMK1135AAA/795/GFP (5=-
CTGGAGTCACTACAGGAGGCCGCGGCGGCTCTGGTCT-
CAGTG-3=), RDR1168AAA/795/GFP (5=-GGATTGTGTTG-
GAGAACGCGGCTGCTGTGGGCTGTGTGTGGC-3=), VLL1-
220AAA/795/GFP (5=-GAG ATC AGT GCT CAG GCG GCG GCC
TCC CTG CGC ATT TTG C-3=), LF1266AA/795/GFP (5=-
AGGTGATGACTGGGCCACAGCCGCCACACTGCTGGAGTG-
CATCG-3=), L1246R/795/GFP (5=-CAGGTTGCGTATGGGCGC-
CATGAACTCCTGAAG-3=), L1266E/795/GFP (5=-GTGAT-
GACTGGGCCACAGAGTTCACACTGCTGGAGTG-3=), L1266P/
795/GFP (5=-TGACTGGGCCACACCCTTCACACTGCTGG-3=).

Cell culture and transfection. Human HeLa (CCL-2) cells were
obtained from ATCC, The Global Bioresource Center. Cells were
cultured in vitro in MEM Eagle medium (Cellgro, Manassas, VA)
supplemented with L-glutamine, 10% fetal bovine serum, 100 U/ml
penicillin, 100 mg/ml streptomycin, and 1 mM sodium pyruvate
(Cellgro) at 37°C in a humidified atmosphere. Cells were grown at
37°C in 5% CO2 in six-well dishes until ~70% confluent and were
transfected using Mirus TransIT-LT1 transfection reagent (Mirus Bio,
Madison, WI) according to the manufacturer’s instructions.

SDS-PAGE and Blue native electrophoresis and Western blotting.
For SDS-PAGE, HeLa cells transfected with GFP-tagged GBF1
constructs were lysed in 300 �l of RIPA buffer (150 mM sodium
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chloride, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM
Tris, pH 7.4) supplemented with protease inhibitor cocktail by re-
peated passage through a 26- and 27-gauge needle. The homogenate
was centrifuged at 1000 g for 15 min at 4°C in a microcentrifuge to
remove unbroken cells and nuclei. Proteins were resolved by 8%
SDS-PAGE before transfer to NitroPure nitrocellulose membrane
(Micron Separations, Westborough, MA) by wet transfer overnight at
30 mV. Membranes were blocked with 5% fat-free milk and probed
with antibodies as indicated in each figure. The Western blot band
intensity measurements were performed with ImageJ.

For Blue native (BN) electrophoresis, HeLa cells transfected with
GFP-tagged GBF1 constructs for ~48 h were lysed using 10% 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS).
Volumes of 15–18 �l of crude protein extract, corresponding to 5 �g
of total protein, were loaded on 3–12% BN-PAGE gels and electro-
phoresis was carried out according to manufacturer’s instructions.
Following electrophoresis, gels were transferred overnight onto a
PVDF membrane at 20 V. Membranes were washed in PBS contain-
ing 0.1% Tween 20 (PBS-T) for 8 h, blocked in 5% milk in PBS-T,
and then incubated with anti-GFP overnight at 4°C and detected with
secondary antibodies conjugated to HRP. The blots were developed
using the SuperSignal West Femto Maximum Sensitivity Substrate,
according to the manufacturer’s directions.

Imaging. HeLa cells were seeded overnight on glass coverslips,
transfected and ~18 h later processed for immunofluorescence. In
some experiments, transfected cells were washed in phosphate-buff-
ered saline (PBS) and incubated with 0.5 �g/ml brefeldin A (BFA) for
30 min at 37°C before processing. Cells were washed in PBS, fixed in
3% paraformaldehyde for 10 min, and quenched with 10 mm ammo-
nium chloride. Cells were permeabilized with 0.1% Triton X-100 in
PBS. The coverslips were then washed with PBS and blocked in PBS
containing 2.5% goat serum, 0.2% Tween 20 for 5 min followed by
blocking in PBS containing 0.4% fish skin gelatin, and 0.2% Tween
20. Cells were incubated with primary antibodies for 1 h at room
temperature. Coverslips were washed with PBS containing 0.2%
Tween 20 and incubated with secondary antibodies for 45 min. Nuclei
were stained with Hoechst dye. Coverslips were washed as described
above and mounted on slides in ProLong Gold antifade reagent
(Invitrogen). Fluorescence patterns were visualized using a Leitz
Wetlzar microscope with epifluorescence and Hoffman Modulation
Contrast optics by Chroma Technology (Bellows Falls, VT). Images
were captured with a 12-bit CCD camera from QImaging (Surrey, BC,
Canada) and processed with iVision-Mac software.

Confocal imaging was on a PerkinElmer Ultraview ERS 6FE
spinning disk attached to a Nikon TE 2000-U microscope. The system
was equipped with laser and filter sets to visualize and image FITC,
TRITC, and DAPI fluorescence. Images were captured using a
Hamamatsu C9100-50 EMCCD camera (Hamamatsu Photonics,
Hamamatsu city, Japan) and �60 or �100 Plan APO oil-immersion
objectives. The imaging system was operated by Volocity 6.2 soft-
ware (PerkinElmer, Shelton, CT).

Colocalization quotients. At least 20 transfected cells perimeters
were selected for each condition, and the Pearson coefficient
between GBF1 (green) and GM130 (red) localization was calcu-
lated by ImageJ. The dispersion graph data was represented as
absolute values, where each dot corresponds to one transfected
cell.

Quantification of Golgi intactness. At least 50 transfected cells
were quantified for each condition, where their Golgi architecture
status was checked by labeling with anti-GM130 and classified as
undisrupted (intact) or disrupted (diffuse). The data are represented as
percentage of the total transfected cells showing undisrupted Golgi.

Secretion assay. HeLa cells were cotransfected in 96-well plates
with plasmids encoding Gaussia luciferase (GLUC) and a GBF1
construct (1:9 mass ratio). An empty vector was used instead of a
GBF1-coding plasmid as a negative control, while GBF1/795 con-
struct was used as a positive control. The next day, the medium was

removed, and the cells were washed to remove secreted luciferase and
incubated in 25 �l 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 BioLux Gaussia luciferase assay kit (New England
BioLabs) according to the manufacturer’s recommendations.

Viability assay. HeLa cells were transfected with GFP-tagged
GBF1 constructs for ~18 h. The next day, the medium was replaced
with fresh medium containing 0.5 �g/ml BFA and the cells were lysed
with RIPA and processed by SDS-PAGE and Western blotting im-
mediately (t � 0), after 8 h (t � 8), or after 24 h.

Bioinformatics. Multiple sequence alignment was performed using
ClustalW (24, 29). �-Helices were predicted using JPred3 (19).

RESULTS

Targeting conserved amino acids in the HDS2 domain of
GBF1. In addition to the highly conserved Sec7d present in all
ARF GEFs, GBF1 contains five additional domains (DCB,
HUS, HDS1–3) that show significant sequence conservation in
GBF1 orthologs from various phyla (Fig. 1A) (12). Herein, we
focus on the HDS2 domain located within the COOH-terminal
two-thirds of GBF1 and composed of amino acids 1098 to
1277. The ~280-amino acid HDS2 domain is predicted (the
structure of HDS2 is currently unknown) to contains six
�-helices, each with regions of significant sequence homology
across the phylogenetic tree (Fig. 1B shows amino acid con-
servation between human, zebrafish, and fruit fly GBF1 or-
thologs) (12, 68). High level of sequence conservation during
evolution is often indicative of catalytic motifs or other key
protein-protein interfaces. However, the role of the conserved
residues within the HDS2 domain in the functionality of GBF1
has not been characterized. Thus, we created alanine substitu-
tions in HDS2 residues that were highly conserved in terms of
identity and location within the predicted secondary structure,
as determined by multiple sequence alignments and secondary
structure predictions (Fig. 1, C–F) (12). The residues selected for
alanine substitution were LMK1135–1137 in �-helix 1 (to gen-
erate the LMK variant), RDR1168-1170 in �-helix 2 (to generate
the RDR variant), VLL1220-1222 in �-helix 4 (to generate the
VLL variant), and LF1266-1267 in �-helix 6 (to generate the
LF variant) (Fig. 1B; boxed in red). In addition, single amino
acid substitutions were used to generate L1268E (called E) and
L1266P (called P) variants. All these mutations are distinct
from the L1246R mutation (called LR) in �-helix 5 studied
before (Fig. 1B; residue boxed and indicated in red) (13).

Mutations in the HDS2 domain impair GBF1 ability to
maintain Golgi architecture. It is currently unknown whether
an intact HDS2 domain is required for cellular functions of
GBF1. Assessing the functionality of mutant proteins in cells
containing the endogenous protein is difficult, and unless the
mutant protein acts as a dominant negative, the loss of function
is not observable. To overcome this, we utilized a functional
“replacement” assay. We first introduced the A795E mutation
within the catalytic Sec7d of wild-type GBF1 and each of our
GBF1 mutants (Fig. 1A). The alanine at position 795 is imme-
diately adjacent to the catalytic “glutamic finger” at position
794 and contributes to the binding site for the inhibitor BFA,
which binds to an interface of a GEF complexed to its substrate
ARF (40, 54). Mutating the alanine 795 to a glutamic acid
(A795E) sterically hinders BFA binding and, hence, renders all
constructs containing the A795E substitution resistant to BFA
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Fig. 1. Mutations in HDS2 (homology downstream of Sec7 domain 2) of Golgi brefeldin A-resistant factor 1 (GBF1) analyzed in this study. A: schematic
representation of full-length GBF1 showing overall domain organization and location of mutations within the HDS2 domain analyzed in this study. The A795E
mutation within the Sec7d that confers brefeldin A (BFA) resistance is indicated. B: HDS2 sequences for Homo sapiens GBF1 (Hsap; AAI17683.1) and GBF1
orthologs from Danio rerio (Drer; XP_009305378.1) and Drosophila melanogaster (Dmel; NP_725133.1) retrieved from GenBank were aligned using Clustal
Omega. Identical amino acids are shaded in yellow and indicated by asterisks below the sequences. Strongly similar amino acids are indicated by dark green
shading and a colon below the sequences. Weakly similar amino acids are indicated by light green shading and a period below the sequences. Predicted �-helical
regions are indicated by black lines above the sequences. C–F: helical wheel projections of the 4 �-helices analyzed in this study with the mutated residues
indicated with asterisks. Hydrophilic residues are circles, hydrophobic residues are squares, potentially negatively charged residues are triangles, and potentially
positively charged residues are pentagons. The most hydrophobic residues are green, the amount of green decreasing proportionally to the hydrophobicity, with
zero hydrophobicity coded as yellow. Hydrophilic residues are red, with pure red being the most hydrophilic (uncharged) residue and the amount of red
decreasing proportionally to the hydrophilicity.
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(5, 6, 15, 40, 54). Thus, the A795E-containing wild-type GBF1
can rescue cells from BFA sensitivity when expressed in cells
in which the endogenous GBF1 is inhibited by BFA (6, 9).
Such functional rescue forms the basis of a cellular replace-
ment assay in which the GBF1/A795E constructs containing
mutations within the HDS2 domain can be expressed in cells in
which the endogenous GBF1 is acutely inactivated with BFA,
and their ability to support functions normally performed by
GBF1 can be assessed by biochemical and imaging ap-
proaches. All GBF1 constructs used in the functional assays in
this study contain the A795E substitution and are BFA resistant
(all are designated 795). In addition, all constructs are tagged
at the NH2 terminus with GFP. We have shown previously that
such tagging doesn’t influence GBF1 functionality (1, 23, 64).

Because we planned to compare the behavior of different
GBF1 mutants, we first ensured that expression levels and
transfection efficiency of the constructs were analogous and
that any observed phenotypes were not due to differential
expression of the constructs. HeLa cells were mock-transfected
or transfected with GFP-tagged GBF1/795 (795), LR, LMK,
RDR, VLL, LF, E, and P for ~18 h and then either lysed, and
the lysates processed for SDS-PAGE and Western blotting to
quantitate expression levels, or processed for immunofluores-
cence with anti-GFP to quantitate the transfection efficiency.

Analogous levels of expression were seen for all tested
constructs (Fig. 2, A–C). As shown in Fig. 2A, only the
endogenous GBF1 (band at ~200 kDa) was visible in the
mock-transfected cells, while an additional band at ~230 kDa
was visible in lysates from transfected cells. The identity and
quantity of each construct were confirmed by probing with
anti-GFP (Fig. 2B). Similar levels of each construct were
detected relative to the GM130 loading control (Fig. 2C),
indicating that any observed functional differences between the
constructs were not due to lack of expression. This analysis
also suggests that the mutant GBF1 species were not signifi-
cantly different in terms of their stability, implying that all
might be correctly folded. To assess the overall folding of
HDS2 constructs, we compared the mutants to the 795 con-
struct by Blue native (BN) gel electrophoresis. We (9) had
shown previously that endogenous GBF1 and 795 migrate as
an ~880-kDa species on BN gels. In agreement, 795 was
detected at ~880-kDa (Fig. 2D). Importantly, all tested GBF1
variants with mutations in the HDS2 domain also migrated at
~880 kDa, suggesting overall folding and oligomerization
analogous to that of wild-type GBF1.

Similarly, the transfection efficiency was similar for all the
constructs with means � SE of 51.3% � 0.94 for 795,
48.02% � 0.73 for LR, 50.78% � 1.08 for LMK, 45.75% �
0.47 for RDR, 42.78 � 1.65 for VLL, 48.12% � 6.87 for LF,
52.12% � 0.57 for E, and 43% � 0.61 for P (Fig. 2, E–L, and
images not shown).

In the vast majority of mammalian cells (including HeLa),
the Golgi complex has a characteristic crescent shape that
reflects the stacked arrangement of cisternae within the peri-
nuclear region surrounding the microtubule-organizing center
(30, 36, 44, 47, 48, 55, 57, 69). A key cellular function of
GBF1 is the maintenance of this typical Golgi architecture.
Molecular or genetic depletion of GBF1, or inhibition of GBF1
catalytic activity with pharmacological drugs (BFA, Golgicide
or LG186), results in extensive tubulation and the ultimate
collapse of the Golgi into the ER (2, 10, 23, 32, 56, 62, 64, 67,

72, 73). To assess the ability of our HDS2 mutants to maintain
Golgi architecture, we used the functional replacement assay.
HeLa cells were transfected with 795, LR, LMK, RDR, VLL,
LF, E, or P for ~18 h, treated with BFA (0.5 �g/ml for 30 min)
to inactivate the endogenous GBF1, and then proceed by
immunofluorescence with anti-GFP to detect transfected cells,
and anti-GM130 (42) to assess Golgi integrity.

As expected, cells expressing the 795 construct had GM130
in the characteristic Golgi structure in the perinuclear region,
whereas untransfected cells had GM130 in disrupted Golgi
elements scattered throughout the cells (Fig. 2E). Similarly,
cells expressing the LMK (Fig. 2G) or the VLL (Fig. 2I)
construct showed characteristic Golgi structure in the perinu-
clear region. In contrast, the Golgi elements in cells expressing
the LR (Fig. 2F), RDR (Fig. 2H), or the LF (Fig. 2J) constructs
were more fragmented and not as concentrated in the perinu-
clear region. An intermediate Golgi phenotype is seen in cells
expressing the E (Fig. 2K) or the P (Fig. 2L) constructs.

The ability of each construct to sustain compact Golgi
architecture was quantitated based on their fragmentation pat-
tern. We show representative images of our scoring parame-
ters, with undisrupted Golgi considered as a largely cohesive
single structure (Fig. 2M) and disrupted Golgi considered as an
assembly of scattered separate elements dispersed away from
each other (Fig. 2N). Blinded quantification (the scorers were
unaware of the construct they were scoring) indicated that the
795 and the LMK constructs supported compact perinuclear
Golgi in ~85% of transfected cells, whereas the VLL supported
Golgi architecture in ~80% of the transfected cells (Fig. 2O).
The singly substituted E and P mutants showed lower ability to
support Golgi homeostasis but still maintained intact Golgi in
~60% of transfected cells. In contrast, the previously described
inactive LR mutant supported Golgi homeostasis in only ~5%
of the transfected cells. The RDR construct supported Golgi
architecture in ~40% of transfected cells, whereas the LF
construct was the least functional of the new HDS2 mutants,
and supported Golgi homeostasis in only ~35% cells. Intact
Golgi were observed in only ~5% of untransfected cells,
indicating that even the most compromised of our new GBF1
mutants remained at least partially functional in this assay.
However, our results indicate that an intact RDR1168 in
�-helix 2 and an intact LF1266 in �-helix 6 are required for
GBF1 to be fully functional.

Effect of HDS2 mutations on GBF1-mediated COPI recr-
uitment. Golgi homeostasis requires the formation of COPI
vesicles and COPI-mediated traffic, and treatments that depl-
ete COPI components or prevent membrane association of the
COPI coatomer cause Golgi disruption (1, 20, 31, 58, 60).
COPI recruitment requires GBF1-mediated ARF activation,
and we assessed the ability of the different HDS2 mutants to
recruit COPI to Golgi membranes as a read-out of their ability
to activate ARF.

HeLa cells were transfected with 795, LMK, RDR, VLL, or
LF for ~18 h, treated with BFA (0.5 �g/ml, 30 min) to
inactivate endogenous GBF1 and then processed to detect
transfected cells (with anti-GFP) and COPI recruitment (with
anti-�-COP). As expected, cells expressing the 795 construct
recruit COPI to the characteristic Golgi structures in the peri-
nuclear region (Fig. 3A). Similarly, Golgi-associated COPI is
detected in cells expressing the LMK (Fig. 3B) or the VLL
(Fig. 3D) constructs. A much more diffuse localization of
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Fig. 2. Intact HDS2 is required for GBF1 function in Golgi homeostasis. A–C: lysates from HeLa cells transfected with the indicated constructs (all tagged at
the NH2 terminus with GFP) were analyzed by SDS-PAGE and Western blotting with indicated antibodies. Similar levels of each construct are detected. D: cells
transfected with the indicated constructs (all tagged at the NH2 terminus with GFP) were lysed without detergent and the lysates analyzed on Blue native (BN)
gels, followed by Western blotting with anti-GFP. HDS2 mutants migrate in a manner analogous to that of GBF1/795. E–L: HeLa cells were transfected with
the indicated GFP-tagged GBF1 construct and grown overnight. Cells were then treated with 5 �g/ml BFA for 30 min and processed by immunofluorescence
with anti-GFP (to detect transfected cells) and anti-GM130 (to assess Golgi architecture). A merged image is shown at left; GM130 alone is shown at right. Bars,
10 �m. M and N: representative images of cells containing compact perinuclear Golgi structures and classified as undisrupted Golgi (M) and cells containing
multiple dispersed fragments and classified as disrupted Golgi (N). Bars, 10 �m. O: images analogous to those in E–L were analyzed, and %transfected cells
containing intact Golgi were quantitated. Data represent means � SE of 3 independent experiments (�50 cells counted per experiment). The means were
compared with the control condition (cells expressing GBF1/795) by Dunnett test (*P 	 0.05, ***P 	 0.001; NS, not significantly different). Constructs
containing substitution at the L1246, RDR1168 or the LF1266 position in HDS2 are compromised in maintaining Golgi homeostasis.
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COPI is detected in cells expressing the RDR (Fig. 3C), and
even more diffuse recruitment is observed in cells express-
ing the LF (Fig. 3E) mutant. However, even in cells with the
most dispersed Golgi, we still detected some COPI recruit-
ment, suggesting that even the most compromised HDS2
mutants are at least partially functional in ARF activation.

Mutations in the HDS2 domain impair GBF1 ability to
sustain secretion. The data above suggest that our RDR and the
LF mutants are compromised in their ability to maintain
compact Golgi architecture but do not address whether such

disrupted Golgi may retain secretory capacity. A perinuclear
ribbon-like structure of the mammalian Golgi is not required to
sustain secretion and cell life, since cells treated with nocoda-
zole to depolymerize microtubules and fragment the Golgi are
still capable of secretion (53, 66). Similarly, cells of non-
mammalian species, such as Drosophila melanogaster, Cae-
norhabditis elegans, and all plant species have dispersed Golgi
yet are efficient in secretion (4, 22, 62). Thus, we assessed the
ability of the HDS2 mutants to support the secretion of the
Gaussia luciferase containing a natural signal sequence that
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Fig. 3. Mutations within HDS2 of GBF1 affect COPI recruitment. A–E: HeLa cells were transfected with the indicated GFP-tagged GBF1 constructs and grown
overnight. Cells were then treated with 5 �g/ml BFA for 30 min and processed by immunofluorescence with anti-GFP (to detect transfected cells) and anti-�-COP
(to assess COPI recruitment as a readout for ADP-ribosylation factor (ARF) activation). A merged image is shown at left; the �-COP alone image is shown at
right. Constructs containing substitution at the RDR1168 or the LF1266 position in HDS2 are impaired in ARF activation required for COPI recruitment to the
Golgi. Bars, 10 �m.
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targets it to the ER and allows its passage through the secretory
pathway and release from cells (65).

HeLa cells were cotransfected with a plasmid encoding
Gaussia luciferase and LR, LMK, RDR, VLL, LF, E, or P. The
795 construct and an empty vector were used as a positive and
a negative control, respectively, within each experimental set
to control for any possible variability between data sets. The
next day the medium was removed, and the cells were washed
to remove secreted luciferase and then incubated in fresh
medium containing 0.5 �g/ml BFA. The BFA inhibits the
endogenous GBF1, leaving the exogenously expressed GBF1
constructs as the sole BFA-resistant GBF1 species in the cell.
After 4 h of incubation, the medium was collected and the level
of secreted luciferase assayed.

As shown in Fig. 4, empty vector bars, cells transfected with
the luciferase-expressing plasmid, and an empty vector are
almost completely inhibited in secretion at the BFA concen-
tration tested. In contrast, cells expressing the luciferase and
the 795 construct (Fig. 4, A–G; 795 bars) remain capable of
~70% secretion when treated with BFA. Cells expressing the
LMK construct are also capable of secretion, with ~70%
secretion still supported after BFA treatment (Fig. 4B). Simi-
larly, cells expressing the VLL construct secrete well, with
~75% secretion after BFA (Fig. 4D). Cells transfected with E
and P mutants secrete similarity well, with ~60% secretion
after BFA (Fig. 4, F and G). In contrast, cells expressing the
LR mutant were impaired in secretion, with ~10% secretion
observed after BFA addition (Fig. 4A). The RDR construct also
is impaired in secretion, with only ~40% secretion maintained
(Fig. 4C). This indicates that the RDR1168 motif is important
for GBF1 function in secretion. However, this level of secre-
tion is still higher than the ~5% secretion observed in cells
expressing the empty vector in this data set. Cells expressing
the LF mutant show the most severe defect in secretion among
the new HDS2 mutants, maintaining only ~25% of secretion
after BFA addition (Fig. 4E). This value is not much different
from the ~20% secretion efficiency seen in this data set for
cells expressing luciferase and an empty vector. These results
suggest that an intact LF1266 motif in �-helix 6 is absolutely
essential for the secretory function of GBF1.

HDS2 domain regulates GBF1 targeting to the Golgi. GBF1
is a cytosolic protein that rapidly cycles on and off Golgi
membranes (46, 63). GBF1 facilitates ARF activation only
while membrane associated, implying that membrane recruit-
ment of GBF1 provides a regulatory hotspot for modulating the
cellular activity of GBF1. Deletion of the entire HDS2 from
GBF1 has been shown to prevent Golgi localization, but
whether the lack of association was due to the possible mis-
folding of the deleted construct was not determined (11).
Furthermore, the identity of the structural elements within
HDS2 required for Golgi targeting were not examined. Thus, to
define the motifs within the HDS2 domain required for Golgi
association, we compared the efficiency of Golgi targeting of
our constructs. HeLa cells were transfected with 795, LR,
LMK, RDR, VLL, or LF for ~18 h and then processed by
immunofluorescence with anti-GFP (to detect the construct)
and anti-GM130 (to identify the Golgi). As shown in Fig. 5,
A–F, all constructs show partial colocalization with the GM130
Golgi marker, indicating that all are capable of at least partial
Golgi targeting. Quantification of the targeting efficiency (Fig.
5G) shows that 795, LMK, and VLL target efficiently to the

Golgi (shown by the high Pearson coefficient with GM130). In
contrast, LR shows extremely poor targeting, while RDR and
LF are also compromised, although to a lesser extent. These
data indicate that mutations within the �-helix 2 and the
�-helix 6 of HDS2 decrease the ability of GBF1 to target to the
Golgi membrane.

Mutations in HDS2 impair GBF1 ability to sustain cell
viability. Secretion is an essential cellular function, and inhib-
iting secretion through pharmacological treatments or molec-
ular and genetic means causes cell death. Specifically, inhib-
iting secretion with BFA induces ER stress and the unfolded
protein response (UPR) and ultimately leads to cell death
through apoptosis (17). Such BFA-induced cytotoxicity can be
used as a means to assess the functionality of our BFA-resistant
constructs. We selectively focused on the previously shown to
be inactive LR mutant, and our new mutants containing ala-
nines in place of RDR1168 or LF1266, since substituting those
residues with alanines appears to most dramatically reduce
GBF1 function. To provide a goalpost for the amount of cell
killing in the absence of functional GBF1, we also assessed the
viability of cells expressing the wild-type GBF1 (wild-type
GBF1 is BFA sensitive). To provide a goalpost for the level of
cell death in the presence of functional GBF1, we measured the
viability of cells expressing the BFA-resistant 795.

HeLa cells were transfected with GFP-tagged wild-type
GBF1 (BFA sensitive), 795, LR, RDR, or LF for ~18 h and
then treated with BFA (0.5 �g/ml) for 0, 8, or 24 h to inactivate
endogenous GBF1. At each time point, the cells were washed
to remove dead cells, and the remaining cells were lysed. The
lysates were then processed by SDS-PAGE and Western blot-
ting with anti-GM130 to determine the level of general cell
loss, and with anti-GFP to determine the loss of cells express-
ing a particular GBF1 construct. We expected that cells ex-
pressing functional GBF1 survive the BFA treatment and that
the lysate from such cells will have a higher GFP signal to the
GM130 signal after 24 h than at 0 h, whereas cells expressing
non-functional GBF1 die at the same rate as untransfected
cells, leading to a parallel loss of the GFP and the GM130
signal.

Wild-type GFP-GBF1 was detected at 0 and 8 h of BFA
treatment, but we did not detect a signal after 24-h BFA
treatment, indicating the almost complete loss of the cells
expressing this construct (Fig. 6A, WT panel). In contrast, the
levels of the 795 construct remained almost unchanged at 0, 8,
and 24 h of BFA treatment, indicating that cells expressing this
construct remained viable due to the functional GBF1 (Fig. 6A,
795 panel). The RDR construct was also detected at 0, 8, and
24 h (although decreased at 24 h), suggesting that the cells
expressing this construct survived the BFA treatment (Fig. 6A,
RDR panel). In contrast, the LR construct was detected at 0 and
8 h but was significantly decreased after 24 h (Fig. 6A, LR
panel). Similarly, the LF construct was detected at 0 and 8 h
but was lost at 24 h, indicating the loss of cells expressing this
construct (Fig. 6A, LF panel).

Densitometric analyses of gels analogous to those in Fig. 6A
indicate that only ~35% of cells expressing the wild-type
BFA-sensitive GFP-GBF1 persisted after 24 h of BFA treat-
ment, whereas ~80% of cells expressing 795 were still present
after the 24-h BFA treatment (Fig. 6B). Cells expressing the
LR construct died almost as readily as those not having a
functional GBF1, with only ~40% remaining after 24 h. Cells
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Fig. 4. Mutations within HDS2 affect GBF1 function in secretion. A–G: HeLa cells were cotransfected with pCMV-GLUC encoding Gaussia princeps luciferase
and either an empty vector or the indicated plasmid and grown overnight. The next day, cells were washed with serum-free medium to get rid of the already
secreted luciferase and placed in fresh growth medium containing 0.5 �g/ml BFA for 4 h. Amount of luciferase secreted into medium was then measured. Signal
from at least 8 wells was averaged for each sample. Data represent means � SE of 8 independent secretion assays. Means were compared with cells expressing
GBF1/795 by unpaired two-tailed t-test (***P 	 0.001). Constructs containing substitution at the L1246, RDR1168 or the LF1266 position in HDS2 are impaired
in secretion.
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expressing the RDR mutant were partially protected, and
~55% of cells expressing this mutant were still present after
the 24-h BFA treatment. In contrast, only ~10% of cells
expressing the LF mutant persisted after the BFA treatment.
These results suggest that the RDR mutant is partially

functional, in agreement with its ability to partially support
Golgi homeostasis and secretion, whereas the LF mutant
lacks the ability to support the essential functions required
for cellular life that are normally fulfilled by GBF1. These
data indicate that mutations within the �-helix 2 and the
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Fig. 5. Mutations within HDS2 decrease GBF1 targeting to
the Golgi. A–F: HeLa cells were transfected with the
indicated GFP-tagged GBF1 constructs and grown over-
night. Cells were then processed by immunofluorescence
with anti-GFP (to detect GBF1 constructs) and anti-
GM130 (to assess Golgi targeting). Merged images are
shown. Bars, 10 �m. G: amount of each GBF1 construct in
�20 transfected cells that colocalized with GM130 (Golgi)
was assessed and is represented as an individual Pearson
coefficient. Means were compared with the control condi-
tion (cells expressing GBF1/795) by nonparametric multi-
ple comparison (Dunnett test equivalent; **P 	 0.01,
***P 	 0.001). GBF1 variants containing substitution at
the LR1246, RDR1168 or LF1266 positions in HDS2
appear impaired in associating with Golgi membranes.
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�-helix 6 of HDS2 strongly affect the ability of GBF1 to
support cellular viability.

DISCUSSION

The ARF family of small Ras-related GTPases contains key
regulators of essential cellular processes, including ARFs that
control membrane traffic within the secretory and endosomal
pathways. Like all GTPases, ARFs cycle between an inactive
GDP-bound state found within the cytosol and a GTP-bound
active state bound to membrane bilayers. The activation occurs
through GDP/GTP exchange, and in cells is catalyzed by a
subfamily of Sec7d-containing GEFs that include GBF1 and
the closely related BIG1 and BIG2. ARF activation requires
structural rearrangements within the ARF that can occur in
cells only within the framework of the cytosolic leaflets of
membrane bilayers (7, 52). Thus, to activate ARFs, the GEFs
must be positioned on membranes. All GEFs are soluble
cytosolic proteins that are recruited to membranes in repeated
cycles of binding and dissociation to initiate ARF activation in
a spatio-temporally restricted manner. Membrane binding of
GEFs is required for ARF activation, implying that mecha-
nisms that regulate GEF recruitment to compartments also
regulate ARF–mediated downstream events. Thus, membrane
binding of GEFs must be tightly regulated to restrict ARF
activation to specific sites and times. In addition, GEF’s inter-
actions with membranes are often coupled to the activation of
the catalytic activity of the GEF through distinct allosteric
mechanisms (reviewed in Ref. 43).

Our understanding of mechanisms that target and activate
the Sec7d-containing GEFs to membranes is uneven. We have
a considerable body of knowledge on the mechanisms that
facilitate the recruitment and the activation of the small GEFs
belonging to the cytohesin, BRAG and F-box families at the
plasma membrane and endocytic compartments, and on the
involvement of the pleckstrin homology (PH) domains found
in this class of GEFs in the recruitment and activation. In

contrast, our insight into how the GBF1/BIG1/2 subfamily is
recruited to the ERGIC, the Golgi and the TGN/endosomal
membranes is limited. Importantly, GBF1/BIG1/2 do not con-
tain PH domains; thus, their membrane recruitment and acti-
vation must occur through different mechanism(s).

The NH2-terminal region of GBF1 (20, 34) appears required
for Golgi targeting, as the deletion of the NH2-terminal 37
amino acids of GBF1 prevents membrane association (38). The
NH2-terminal 384 residues of GBF1 have been shown to bind
Rab1b, and this interaction promotes GBF1 membrane associ-
ation, since overexpression of the active form of Rab1b pro-
motes GBF1 recruitment, whereas depletion of Rab1b leads to
decreased GBF1 association (39). However, additional inter-
actions of GBF1 participate in Golgi recruitment, since even
almost complete depletion of Rab1b does not prevent GBF1
from targeting to the Golgi. Thus, GBF1 targeting appears to
be multifaceted, and previous studies have shown that deletion
of the HDS1 or the HDS2 domains (individually or in tandem)
also inhibits GBF1 targeting to Golgi membranes (11). The
importance of the HDS2 domain was confirmed by studies
showing that the L1246R missense mutation within the HDS2
�-helix 5 of the zebrafish GBF1 ortholog prevents its mem-
brane association (13). However, which structural motifs
within the HDS2 domain participate in GBF1 membrane as-
sociation and whether they might control distinct aspects of
GBF1 cellular function have not been examined. Thus, we
undertook a rational and comprehensive analysis of HDS2
structure-function relationships to identify the parameters reg-
ulating GBF1 targeting to Golgi membranes and controlling its
cellular function.

We generated a number of GBF1 variants in which select,
highly conserved residues within the distinct �-helices of
HDS2 were substituted with alanines, prolines, or glutamic
acid. The HDS2 domain contains six �-helices and we targeted
�-helices 1, 2, 4, and 6 [the effect of a mutation within �-helix
5 has been reported previously (13)]. We preferentially chose
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Fig. 6. Mutations within HDS2 inhibit GBF1
function essential for cell viability. A: HeLa
cells expressing the indicated GFP-tagged
constructs for ~18 h were incubated with 0.5
�g/ml BFA for 0, 8, or 24 h, washed to
remove dead cells, and then lysed. Lysates
were analyzed by Western blotting with anti-
GM130 to estimate the proportion of total
cells remaining, and with anti-GFP to esti-
mate the proportion of cells expressing each
construct remaining after BFA treatment. B:
gels analogous to that in A were quantitated
by densitometry, and data are presented as %
of each construct remaining after 24-h BFA
treatment relative to time 0. Data represent
means � SE of 2 independent experiments.
Means were compared with cells expressing
GBF1/795 by unpaired two-tailed t-test
(*P 	 0.05, ***P 	 0.001). Cells expressing
GBF1 variants containing substitution at the
L1246 or the LF1266 positions in HDS2 are
compromised in supporting cell viability.
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charged and/or hydrophobic residues within each �-helix for
alanine substitutions (Fig. 1). The substitutions did not appear
to disrupt the overall folding of the GBF1 variants, since all
were expressed efficiently in cells, were stable, and exhibited
correct oligomeric state (Fig. 2) (aberrantly folded proteins
tend to be degraded in cells and often are incapable of correct
oligomerization).

The functionality of each HDS2 mutant was then assessed.
To date, the only mutation within the HDS2 domain shown to
impair function is the L1246R substitution in �-helix 5 that
leads to vascular hemorrhaging and embryonic lethality (13).
An additional report described the decreased viability of yeast
cells containing Gea1p (the yeast ortholog of GBF1) with
compound mutations in the HDS1 and the HDS2 domains, but
it did not determine which mutation in which domain was
responsible for the loss of viability (49, 50). We tested the
functionality of each GBF1 variant by multiple, increasingly
stringent readouts, including the ability to sustain Golgi archi-
tecture, recruit the COPI coat, sustain secretion, and impart
viability to cells. We used a cellular replacement assay in
which the endogenous GBF1 is inactivated with BFA, and the
exogenously expressed BFA-resistant GBF1 constructs repre-
sent the only BFA-resistant GBF1 species in the cell.

We show that mutating the LMK1135 motif in �-helix 1 and
the VLL1220 motif in �-helix 4 do not appear to significantly
impact GBF1 function in any of the assays we used. This was
somewhat surprising since the LMK1135 and the VLL1220
sequences are extremely highly conserved across the phyloge-
netic tree, and both triads reside within the middle of their
respective �-helix. Perhaps this reflects flexibility of these
helices and a higher threshold for tolerating substitutions.

In contrast, mutating the RDR1168 in �-helix 2 decreases
GBF1 functionality to ~50% of wild-type GBF1 in supporting
Golgi homeostasis (Fig. 2), COPI recruitment (Fig. 3), secre-
tion (Fig. 4), and cell viability (Fig. 6). An even more severe
inhibitory effect on GBF1 functions is caused by mutating the
LF1266 in �-helix 6. The LF construct retains ~50% of the
functionality of wild-type GBF1 in supporting Golgi homeo-
stasis (Fig. 2) and COPI recruitment (Fig. 3) but is almost
nonfunctional in secretion (Fig. 4) and cell viability (Fig. 6).
The differential ability of LF to sustain some, but not all,
functions of wild-type GBF1 suggests that HDS2 may partic-
ipate in multiple activities, only some of which are compro-
mised by the mutation. This raises the important point that
multiple readouts of function might be needed to define
whether a particular mutant form of an enzyme is functional. In
our case, the ability of the LF construct to partially support
Golgi homeostasis was not indicative of its inability to support
the more stringent/demanding tests of secretion and viability.
How can the LF construct function in Golgi homeostasis but be
inactive in secretion or viability? The simplest explanation for
our data is that the LF1266 motif participates in multiple
interactions and that substituting the LF1266 residues with
alanines affects those interactions differently. Although the
LF1266AA mutation minimally affects the interactions re-
quired for sustaining Golgi homeostasis, it strongly compro-
mises or perhaps completely abolishes the interactions required
to sustain secretion and viability.

That a particular mutation within a protein may differently
impact distinct functions of that protein is well known. For
example, the WK228AA substitution in the Orc6 components

of the origin recognition complex (ORC) that regulates both
DNA replication and cytokinesis, preferentially inhibit cytoki-
nesis but not DNA replication (3). Similarly, the T30N substi-
tution in RF-like 2 (ARL2) inhibits mitochondrial functions of
ARL2 without affecting its activity in regulating microtubule
dynamics (45). In addition, mutating lysines 15 and 16 in
ARF1 decrease its interaction with ASAP1 and AGAP1 sig-
nificantly more than with Arf GAP1 (71), while mutating
tyrosine 81 in ARF1 inhibits its interactions with AGAP1
while significantly promoting its ability to bind GGA (70). In
most cases, the differences in functionality reflect differences
in the ability of the mutant protein to interact with specific
binding partners, and we propose that HDS2 participates in
multiple interactions that show differential sensitivity to the LF
mutation.

Why are the RDR and the LF mutants functionally compro-
mised? Since GBF1 is active only while membrane associated,
impaired membrane association could account for the lack of
functionality. In agreement, mutations of RDR1168 and
LF1266 decreased the efficiency of GBF1 targeting to the
Golgi, with the RDR substitution having a more inhibitory
effect than the LF substitution. The RDR substitutions changed
charged amino acids, whereas the LF mutations aimed at
disrupting the hydrophobic surface composed of W1, L4, F5,
L7, and L8 within an amphipathic �-helix 6. The charged RDR
residues appear more important than the hydrophobic LF-to-
GBF1 association with Golgi membranes, suggesting an ionic
component to membrane interaction.

The ~50% functionality of the RDR construct and its sig-
nificantly reduced membrane association are consistent with a
model in which the decreased cellular functionality is due to
decreased membrane association rather than an impairment in
activity. In contrast, a different scenario appears to unfold for
the LF construct. Specifically, this mutant targets to the Golgi
better than the RDR construct (Fig. 5); yet, it is almost
completely inactive in sustaining secretion (Fig. 4) and cell
viability (Fig. 6). This result is most consistent with a model in
which the decreased cellular functionality of the LF construct
is due to both reduced membrane association and an impair-
ment in activity. Thus, our findings suggest that the RDR motif
in �-helix 2 predominantly affects membrane targeting without
significantly impacting other parameters of GBF1 activity,
whereas the LF motif in �-helix 6 has a lower impact on Golgi
targeting but inhibits downstream GBF1 activities.

The membrane-targeting function of �-helix 2 and �-helix 6
in HDS2 adds them to the NH2-terminal domain of GBF1 and
the HDS1 domain as novel structural motifs regulating mem-
brane association of GBF1. This implies that targeting to the
Golgi requires multiple, structurally separate regions of GBF1.
The precise molecular mechanisms through which the RDR in
�-helix 2 and the LF in �-helix 6 of the HDS2 domain regulate
GBF1 membrane association and function remain to be defined
by future work. It is possible that each or both motifs partici-
pate in intra-GBF1 interactions, but we think that unlikely,
since all the HDS2 mutants showed normal overall structure
when tested by Blue native gel electrophoresis (Fig. 2). Fur-
thermore, no interaction between the HDS2 domain and the
NH2-terminal region of GBF1 or the HDS1 domain was
detected by yeast two hybrid screens or in in vitro binding
assays using recombinant fragments (51). Thus, it is more
likely that the NH2 terminus, the HDS1, and the �-helix 2 of
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HDS2 may each directly and simultaneously bind to membrane
components in a coincidence detection mechanism, in which
multiple binding interactions regulate targeting efficiency.

The only known cellular proteins that bind to large frag-
ments of GBF1 or the Gea2p yeast ortholog that contain the
HDS2 domain (and additional domains) are the adipose tri-
glyceride lipase (ATGL), involved in lipid droplet metabolism
(21), and the Trs65 component of the TRAPPII complex,
respectively (14). However, it is not known whether ATGL or
Trs65 bind to the HDS2 domain within the tested fragments of
GBF1 or Gea2p or to another region within the fragment.
Furthermore, ATGL localizes to lipid droplets, but not the
Golgi (11, 21), making it an unlikely candidate to mediate
GBF1 association and function at the Golgi, while a GBF1-
Trs65 interaction has not been as yet detected in mammalian
cells.

Future work will be needed to dissect the exact molecular
mechanism through which HDS2 may impact GBF1 function.
It is possible that the HDS2 domain plays a direct allosteric
role in the optimal positioning of the catalytic Sec7d of GBF1
on the membrane or has an indirect role in positioning the
substrate ARF proximal to the Sec7d of GBF1 to optimize
GDP/GTP exchange. Other models may be proposed, in which
the HDS2 domain may interact with other traffic regulators,
such as ARF GAPs, or with as yet unidentified proteins that
facilitate secretory traffic.

The involvement of distinct structural motifs in regulating
GBF1 functionality in cells might be indicative of a controlling
mechanism to impart precise spatiotemporal restriction on
GBF1-mediated ARF activation. It suggests a model in which
the different domains may respond to and integrate multiple
cellular signals to initiate ARF signaling cascades only at the
correct place and time. Extensive enzymatic, structural, and
mechanistic description of how each domain responds to cel-
lular inputs and conveys molecular information to downstream
effectors will be needed to understand the molecular network
that regulates GBF1-mediated Golgi homeostasis, secretion
and cell viability.
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