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Arf1 directly recruits the Pik1-Frq1 PI4K complex

to regulate the final stages of Golgi maturation
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ABSTRACT Proper Golgi complex function depends on the activity of Arf1, a GTPase whose
effectors assemble and transport outgoing vesicles. Phosphatidylinositol 4-phosphate (PI4P)
generated at the Golgi by the conserved PI 4-kinase Pik1 (PI4KIIIB) is also essential for Golgi
function, although its precise roles in vesicle formation are less clear. Arf1 has been reported
to regulate PI4P production, but whether Pik1 is a direct Arf1 effector is not established. Us-
ing a combination of live-cell time-lapse imaging analyses, acute PI4P depletion experiments,
and in vitro protein—protein interaction assays on Golgi-mimetic membranes, we present evi-
dence for a model in which Arf1 initiates the final stages of Golgi maturation by tightly con-
trolling PI4P production through direct recruitment of the Pik1-Frq1 Pl4-kinase complex. This
PI4P serves as a critical signal for AP-1 and secretory vesicle formation, the final events at
maturing Golgi compartments. This work therefore establishes the regulatory and temporal
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context surrounding Golgi PI4P production and its precise roles in Golgi maturation.

INTRODUCTION

Eukaryotes employ intricate networks of trafficking pathways among
subcellular compartments to maintain protein and lipid homeosta-
sis. Many of these networks converge at the Golgi complex, where
lipids and membrane proteins are sorted and prepared for delivery
to the endolysosomal system, to the plasma membrane, or to the
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endoplasmic reticulum (ER) via membrane-bound vesicles and tu-
bules. Formation of these transport carriers is subject to tight spatial
and temporal control, much of which is exerted by Arf GTPases.
Arf GTPases are, in essence, signaling molecules: when GTP-
bound, or “active,” Arfs bind Golgi membranes and recruit effector
proteins that assemble transport carriers (reviewed in D'Souza-Scho-
rey and Chavrier, 2006). Intrinsic nucleotide exchange by Arfs is
quite slow, so guanine nucleotide exchange factors (Arf-GEFs) ac-
celerate GDP-for-GTP exchange to ensure timely, appropriate Arf
activation. In humans, four Arf paralogues are activated throughout
the Golgi by the Arf-GEFs GBF1, which functions at the early and
medial Golgi, and BIG1/2, which function at the late Golgi/trans-
Golgi network (TGN) and at endosomes. In budding yeast (Saccha-
romyces cerevisiae), the redundant Arf paralogues Arf1/2 are acti-
vated by three Arf-GEFs: Geal (GBF1 homologue) at the early
Golgi, Gea2 (GBF1 homologue) at the medial Golgi, and Sec7
(BIG1/2 homologue) at the late Golgi/TGN (Bui et al., 2009).
Specific lipids also regulate transport carrier formation. Like Arf,
localized enrichment of certain lipids in the Golgi membrane can
contribute to membrane deformation and recruit proteins that form
and move transport carriers. One particularly noteworthy Golgi
lipid is phosphatidylinositol-4-phosphate (PI4P), which is essential
for Golgi function and cell viability (reviewed in Tan and Brill, 2014).
In S. cerevisiae, the essential conserved Pl 4-kinase (PI4K) Pik1 gen-
erates PI4P at the Golgi (Flanagan et al., 1993; Walch-Solimena and
Novick, 1999). In humans, the responsibility is shared by the Pik1
homologue PI4KIIIB, which functions throughout the Golgi and
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TGN (de Graaf et al., 2004; Weixel et al., 2005), and Pl4Kllo, which
is concentrated at the TGN and at endosomes (Wang et al., 2003;
Minogue et al., 2010) but is found only at the vacuole and plasma
membrane in S. cerevisiae (Han et al., 2002). Pik1 and its homo-
logues form heterodimers with frequenin (Frq1 in S. cerevisiae;
NCS-1 in humans), which promotes their association with Golgi
membranes (Hendricks et al., 1999; Ames et al., 2000; Taverna
et al., 2002; Rajebhosale et al., 2003; Strahl et al., 2003, 2005).

Studies in mammalian systems and in S. cerevisiae have shown
that PI4P production is tied to Arf activity (Godi et al., 1998; Walch-
Solimena and Novick, 1999; Haynes et al., 2005; Sciorra et al., 2005;
Saila et al., 2020), but it is unclear whether yeast Pik1 or metazoan
PI4KIIIB is a direct Arf effector (Boura and Nencka, 2015). Mamma-
lian ARF enhances PI4KIIIB membrane association and catalytic ac-
tivity on isolated Golgi membranes in vitro (Godi et al., 1998), and it
was reported that ARF1 binds to PI4KIIIB, but this interaction ap-
peared to be weak and was lost in the presence of NCS-1 (Haynes
et al., 2005). Therefore, whether Arf binds to PI4KIIIB directly—and
whether frequenin/NCS-1 is involved in the interaction—has not
been clearly established.

Furthermore, although the general importance of Golgi PI4P is
well-appreciated, its precise roles in Golgi function are less well-
defined. Loss of Pik1 activity halts secretion (Hama et al., 1999;
Walch-Solimena and Novick, 1999; Audhya et al., 2000; Sciorra
et al.,, 2005), slows Golgi-to-endosome transport (Audhya et al.,
2000), and alters Golgi maturation kinetics (Daboussi et al., 2012),
but the extent to which PI4P directly participates in these pathways
is unclear. Most published pik1 conditional mutant-based analyses
of PI4P function have relied on lengthy Pik1 inactivation times, which
increases the risk of observing indirect trafficking defects that arise
from compromised Golgi trafficking.

Here, using S. cerevisiae as a model system, we show that acti-
vated Arf1 directly recruits the Pik1-Frq1 PI4K complex to the late
Golgi/TGN and present evidence of an unexpected role for lipid
packing defects in facilitating binding of the complex to mem-
branes. We also use an unbiased, high-specificity PI4P probe to es-
tablish the timing of PI4P production by Pik1 in the context of Golgi
maturation. Consistent with this timing, we confirm previous reports
that PI4P is critical for secretory trafficking and for localization of the
AP-1 clathrin adaptor. Contrary to other reports, we find that PI4P is
not required for localization of the GGA clathrin adaptor Gga2. Our
data reveal that the production of PI4P regulates a discrete set of
late events at the TGN, serving as the final signal to conclude the
Golgi maturation process.

RESULTS
Arf1 directly binds the Pik1-Frq1 complex
To determine the role of Arf1/2, herein referred to collectively as
Arf1, in Pik1 localization in vivo, we first examined Pik1 localization
in S. cerevisiae cells lacking active Arf1. To do so, we inhibited Arf1
activation throughout the Golgi with MNTC, a Golgi Arf-GEF inhibi-
tor (Lee et al., 2014; Thomas and Fromme, 2016) (Figure 1A), and
found that Pik1 became largely mislocalized from the Golgi (labeled
by the late Golgi Arf-GEF Sec7) within 30 s of MNTC treatment
(Figure 1, B and C). Similarly, we measured an ~50% reduction in
Pik1 Golgi localization in an arf1A mutant (Supplemental Figure S1,
A and B), which expresses only ~10% of the total Arf1/2 present in
wild-type cells (Stearns et al., 1990). This indicates that robust Pik1
localization is dependent on Arf1 activation.

There is an established interaction between human PI4KIIIB and
the Rab GTPase Rab11 (Burke et al., 2014), so we also tested
whether Ypt31/32, the S. cerevisiae Rab11 homologues, are impor-

Volume 32 May 1, 2021

tant for Pik1 localization. It was demonstrated previously that
Ypt31/32 activation at the Golgi is abolished in cells carrying a tem-
perature-sensitive allele of TRS130 (trs130433%), which encodes a
subunit of the Ypt31/32 Rab-GEF complex TRAPPII (Sacher et al.,
2001; Thomas and Fromme, 2016). In trs130433% cells, we found
only a minor mislocalization of Pik1 that was not detectably exacer-
bated upon shift to the restrictive temperature (Supplemental Figure
S1, C and D), suggesting that Ypt31/32 activation has little to no
direct role in Pik1 localization at the Golgi.

Because Pik1 was rapidly mislocalized from the Golgi upon
MNTC-induced Arf1 inactivation, we hypothesized that Pik1 might
bind Arf1 directly, rather than being recruited to the Golgi by inter-
action with another Arf1 effector. Previous studies (Godi et al., 1998;
Haynes et al., 2005) have proposed that Arf1 may directly recruit
PI4KIIIB, but there are no reports that clearly demonstrate specific,
GTP-dependent PI4K-Arf binding. This is likely because it is difficult
to purify appreciable quantities of full-length Pik1 or its homologues
for stringent in vitro protein—protein interaction studies—we have
found that full-length Pik1 is not stably expressed in Escherichia coli,
even when coexpressed with Frql. Furthermore, our attempts to
purify endogenous or overexpressed Pik1 from S. cerevisiae yielded
very small amounts of pure protein, likely because Pik1 is not par-
ticularly abundant (Ho et al., 2018) and strong PIKT overexpression
causes severe trafficking defects (Schorr et al., 2001) that essentially
halt cell proliferation.

We therefore employed Pichia pastoris, a methylotrophic yeast
frequently used in industrial-scale protein production (Ahmad et al.,
2014), to establish a system for expressing and purifying a stable,
stoichiometric, enzymatically active S. cerevisiae Pik1-Frg1 complex
(Supplemental Figure S1, E and F). We found that expressing Pik1
alone in P. pastoris yielded mostly Pik1 degradation products, but
when coexpressed with Frg1, Pik1 remained intact. Additionally, we
used a nonmyristoylated Frq1 mutant (Frq16?) to avoid potential
aggregation and solubility problems introduced by the solvent-ex-
posed myristoyl group (Hendricks et al., 1999; Ames et al., 2000).
Importantly, myristoylation of Frq1 is not essential, as the frq19%4
mutant complements a frq14 mutant (Huttner et al., 2003).

To directly test whether Arf1 recruits Pik1-Frq162A to membranes,
we assayed binding between Pik1-Frq1924 and Arf1, which we pre-
pared in its native myristoylated form (myrArf1), on artificial lipo-
somes that mimic the membrane lipid composition of the late
Golgi/TGN (Klemm et al., 2009) but lack PI4P (Supplemental Table
S3). Pik1-Frq162* exhibited some intrinsic affinity for these lipo-
somes but bound most robustly in the presence of activated, mem-
brane-bound myrArf1 (Figure 1, D and E). This indicates that acti-
vated Arf1 binds directly to the Pik1-Frq1%2A complex.

There are reports that mammalian Arf1 and NCS-1 can bind to
each other independently of PI4KIIIB (Haynes et al., 2005, 2006), but
we did not observe an interaction between myrArf1 and Frq1, even
when Frq1 was bound to a peptide fragment of Pik1 that is neces-
sary for Pik1-Frq1 complex formation (Strahl et al., 2007) ('Pik17®’)
(Supplemental Figure S1, G and H). These in vitro experiments, to-
gether with our in vivo data demonstrating that Pik1 localization at
the Golgi depends on Arf activation, establish that the Pik1-Frg1
P14K complex is a direct Arf1 effector.

Pik1 localizes to the late Golgi/TGN

Arf1 controls trafficking events across the entire Golgi and is acti-
vated by distinct Arf-GEFs throughout: Geal at the early Golgi,
Gea2 at the medial Golgi, and Sec7 at the late Golgi/TGN (Spang
et al., 2001; Bui et al., 2009; Gustafson and Fromme, 2017). Pik1
and Frq1, however, are generally found at more mature regions of
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Arf1 recruits Pik1-Frq1 to the late Golgi/TGN. (A) Left: Schematic of MNTC Arf-GEF inactivation. Right:
Live-cell fluorescence microscopy of Arf2-GFP in cells treated with MNTC or with solvent alone (DMSO) for the indicated
times. (B) Live-cell fluorescence microscopy of iGFP-Pik1 and Sec7-6xdsRed in cells treated with MNTC or DMSO for the
indicated times. (C) Quantification of Pik1 Golgi localization for the experiment shown in B. Bars represent normalized
average ratios of GFP/RFP signal measured at individual Golgi compartments; dots show individual intensity ratio
measurements. Error bars represent 95% confidence intervals for n > 70 Golgi puncta from >45 cells. (D) Liposome
floatation assay to assess binding between purified Pik1-Frq1%2A loaded with AMP-PNP, a nonhydrolyzable analogue of
ATP, and purified myrArf1 loaded with GDP (inactive) or with GMP-PNP, a nonhydrolyzable analogue of GTP (active), on
100-nm TGN-like liposomes. myrArf1 visualized by Coomassie stain (the brightness and contrast of the image shown
was altered to enhance band visibility); lipids in gel visualized by DiR; Pik1 and Frq16?A visualized by Western blot.
“Inputs” are reaction inputs; “Membrane-bound” are lipids and associated proteins following separation from free
protein via a sucrose gradient. (E) Quantification of Pik1 recruitment for n = 3 independent myrArf1-binding assays (as
shown in D). Dots show individual Membrane-bound/Input Coomassie band intensity ratios; error bars represent 95%
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FIGURE 2: DAG facilitates direct recruitment of Pik1-Frq1%?A to membranes by Arf1 in vitro.
(A) Baseline compositions of liposomes used for biochemical assays. PC, phosphatidylcholine;
DAG, diacylglycerol; PE, phosphatidylethanolamine; PS, phosphatidylserine; PA, phosphatidic
acid; Pl, phosphatidylinositol; DiR, 1,1"-dioctadecyl-3,3,3’,3"-tetramethylindotricarbocyanine
iodide. See Supplemental Table S3 for details. (B-D) Liposome floatation assay to assess binding
between purified GMP-PNP-loaded (activated) myrArf1 and purified AMP-PNP-loaded
Pik1-Frq1622 on 100-nm liposomes of the indicated compositions. myrArf1 visualized by
Coomassie stain; lipids in gel visualized by DiR; Pik1 and Frq162 visualized by Western blot.
“Inputs” are reaction inputs; “Membrane-bound” are lipids and associated proteins following
separation from free protein via a sucrose gradient. Concentrations of all individual lipid
components are the same as in the TGN-like mixture shown in A, except for PC, which was
increased to replace omitted lipids. See Supplemental Table S3 for details.

the Golgi (Walch-Solimena and Novick,
1999; Sciorra et al., 2005; Strahl et al., 2005;
Gloor et al., 2010). Indeed, we found that
punctate Pik1 colocalized almost exclusively
with Sec7 (Figure 1, F and G). Further, in
sec7-4* cells, which suffer impaired Arf1 ac-
tivation at the late Golgi (Jones et al., 1999,
Deitz et al., 2000; McDonold and Fromme,
2014), Pik1 was largely cytosolic at the re-
strictive temperature. Normal Pik1 localiza-
tion was restored upon expression of wild-
type SEC7 (Supplemental Figure S1I).

We next examined the temporal dynam-
ics of Pik1 localization by measuring relative
fluorescence intensities of Pik1 and Sec7 at
individual maturing Golgi compartments
over time. On average, Pik1 signal peaked
simultaneously with that of Sec7 (Figure 1H),
consistent with a previous report (Daboussi
et al., 2012). We conclude that Sec7-depen-
dent activation of Arf1 recruits Pik1 to the
late Golgi/TGN.

Diacylglycerol is important for Arf1
recruitment of Pik1-Frq1 in vitro

We next aimed to understand why the Arf1-
Pik1-Frg1 interaction is confined to the late
Golgi/TGN, despite the broader localization
of Arf1 across the entire Golgi complex. This
behavior suggested that another factor, act-
ing in conjunction with Arf1, ensures that
Pik1-Frg1 is recruited to the Golgi at the ap-
propriate time. Although modest, the intrin-
sic affinity of Pik1-Frgq192A for TGN-like lipo-
somes in vitro (Figure 1D) raised the
possibility that some property of the late
Golgi/TGN membrane might serve as such a
factor. Membrane curvature, packing de-
fects, and electrostatics attributable to the
local lipid environment commonly play roles
in peripheral membrane protein localization
(reviewed in Bigay and Antonny, 2012; Jack-
son et al., 2016).

To explore this possibility, we altered the
composition of our TGN-like liposomes
(Figure 2A) and retested the capacity of
activated myrArf1 to recruit Pik1-Frq162A,
We found that myrArfl did not recruit
Pik1-Frg16%* to liposomes composed of only
PC (Figure 2B). This observation suggested
that some feature unique to the TGN-like li-
posomes acted in synergy with myrArf1 to
recruit Pik1-Frg 162 to the membrane.

confidence intervals. (F) Live-cell fluorescence microscopy of iGFP-Pik1 alongside the three Golgi Arf-GEFs: Gea-
3xmars, Gea2-3xmars, and Sec7-6xdsRed. Arrowheads indicate examples of Pik1-GEF colocalization. (G) Quantification
of Pik1-GEF colocalization for experiment shown in F. Bars represent average Pearson correlation coefficients; dots show
individual Pearson correlation coefficient values. Error bars represent 95% confidence intervals for n = 4 micrographs
(containing a total of 292 cells per strain) analyzed. (H) Representative time-lapse imaging data for iGFP-Pik1 and
Sec7-6xdsRed at a single Golgi punctum (top left; arrowhead indicates the region of interest). Images taken at 1-s
intervals (bottom). Top right: Relative GFP and RFP intensity values in the region of interest over time. Micrograph scale

bars measure 2 um. Single focal planes are shown. ns, not significant; ** p < 0.01, **** p < 0.0001.
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We then repeated the binding assay with PC liposomes contain-
ing neutral TGN lipids (diacylglycerol, DAG; ceramide; cholesterol;
and phosphatidylethanolamine, PE) or anionic TGN lipids (phospha-
tidylinositol, Pl; phosphatidylserine, PS; and phosphatidic acid, PA).
Intriguingly, far more Pik1-Frq1%2* was recruited to neutral lipo-
somes, despite the presence of its substrate, Pl, in the anionic lipo-
somes (Figure 2C). In addition, myrArf1 did not recruit Pik1-Frq162A
to liposomes containing PC and Pl alone (Supplemental Figure
S2A). These results indicated that some component(s) of the neutral
TGN lipid mix might be important for the ability of myrArf1 to recruit
Pik1-Frq12A to membranes.

Therefore, we then tested myrArf1 recruitment of Pik1-Frq16%A to
liposomes containing PC supplemented with individual neutral TGN
lipids and found that DAG was sufficient to enable Pik1-Frq162A re-
cruitment in this context (Figure 2D). Importantly, Pik1-Frgq12A re-
cruitment was dramatically reduced on TGN-like liposomes lacking
DAG, indicating that the Pik1-Frq1 complex has a strong preference
for DAG-containing membranes. In cells, a small Golgi pool of cyti-
dine diphosphate-linked diacylglycerol (CDP-DAG) serves as a
branch point for several lipid synthesis pathways (Carman and Han,
2009), but we found CDP-DAG to be unimportant for myrArf1-Pik1-
Frg192A binding in vitro (Supplemental Figure S2B).

In an attempt to assess the potential importance of DAG for Pik1
localization in vivo, we deleted LPP1, which encodes an integral
membrane PA phosphatase that produces DAG at the Golgi (Toke
etal., 1998; Huh et al., 2003). Localization of Pik1 was unperturbed,
and the morphology of the late Golgi/TGN appeared typical (Sup-
plemental Figure S2, C and D), indicating that DAG production by
Lpp1 does not directly influence Pik1 localization. We were unable
to delete PAH1, which encodes an ER-localized PA phosphatase
that produces the bulk of cellular DAG (Han et al., 2006), in haploids
of our strain background, but found that Pik1 localized normally in
PAH1/pah1A heterozygous diploid cells (unpublished data). Addi-
tionally, overexpression of the ER-localized DAG kinase DGK1 (Han
et al., 2008) in an effort to decrease overall DAG levels in favor of
phosphatidic acid production had no impact on Pik1 localization or
Golgi morphology (unpublished data). We note that existing in vivo
DAG probes do not label the Golgi in S. cerevisiae (Ganesan et al.,
2015), so we have been unable to verify Golgi-specific changes in
DAG levels in these experiments.

These results suggest that there is a general membrane property
that can be conferred by DAG in vitro that promotes Pik1-Frq1 re-
cruitment in vivo. DAG has a small headgroup relative to many other
lipid species in the membrane, which enables it to significantly alter
membrane organization and facilitate membrane curvature (Goni
and Alonso, 1999). As such, we considered that Pik1-Frg1 may have
an affinity for curved membranes. However, when we tested myr-
Arf1 recruitment of Pik1-Frq1%2A to smaller, more highly curved PC
liposomes, we did not detect an appreciable interaction (Supple-
mental Figure S2E). Thus, perhaps some other property of DAG-
containing membranes—possibly lipid packing defects induced by
DAG (Soulages et al., 1995; Vanni et al., 2014)—makes the surface
contours, overall fluidity, or other features of the membrane more
conducive to Pik1-Frq1 membrane association.

PI4P is generated at the late Golgi/TGN upstream of
secretory vesicle formation and AP-1 localization

We next sought to characterize the distribution of PI4P, the product
of Pik1-Frq1 activity, throughout the Golgi. Most in vivo probes pre-
viously used to visualize PI4P at the Golgi (e.g., PH domain-based
probes derived from FAPP or OSBP proteins) are inherently Golgi-
biased because they also bind to Arf1 and thus label only regions of
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the Golgi enriched in both PI4P and Arf1 (Levine and Munro, 1998,
2002; Godi et al., 2004; Weixel et al., 2005). Although we can rea-
sonably assume, on the basis of our Pik1-Arf1 binding assays and
Pik1 localization measurements (Figures 1 and 2), that regions of the
Golgi enriched in PI4P are also enriched in Arf1, we wanted to evalu-
ate PI4P distribution using a probe without bias for any additional
factors.

Therefore, to visualize PI4P in cells, we utilized the small PI4P-
binding “P4C" domain from the Legionella pneumophilia virulence
factor SidC (Luo et al., 2015). Like any probe, P4C has the potential
to alter PI4P distribution and availability to effectors, but we found
that expression of PAC did not hamper cell growth or alter cell mor-
phology (Figure 3A; Supplemental Figure S3A). GFP-P4C labeled
known PI4P pools throughout the cell—at the Golgi, at the plasma
membrane, and on the vacuole membrane (Figure 3A)—and colo-
calized with the Rab GTPase Sec4 (Rab8 homologue) on secretory
vesicles and at sites of polarized secretion (Supplemental Figure
S3B). mScarlet-PAC did not label endosomes, marked by the Rab5
homologue Vps21 (Supplemental Figure S3C), which are known to
be enriched in PI3P (Di Paolo and De Camilli, 2006), and purified
PAC bound specifically and robustly to PI4P-containing liposomes in
vitro (Supplemental Figure S3D) (Luo et al., 2015). Loss of Golgi PI4P
production upon Pik1 inactivation in pik 1-83' temperature-sensitive
catalytic mutants (Hendricks et al., 1999) resulted in a rapid and
near-complete release of PAC from the Golgi (Supplemental Figure
S3E), indicating that P4C can detect dynamic changes in cellular
P14P distribution.

We found that PAC intensity at Golgi puncta was reduced by
~50% in arf1A cells (Supplemental Figure S3, F and G), which cor-
relates well with the partial loss of Pik1 from Golgi compartments in
arf1A cells (Supplemental Figure S1, A and B). In wild-type cells,
punctate pools of PAC colocalized extensively with Sec7 and only
minimally with Gea2 (Figure 3, B and C). In single-compartment in-
tensity tracking analyses, Golgi P4C levels peaked alongside Sec7
(Figure 3D), a pattern similar to that of the Arf-binding PHOS" PI4P
probe (Daboussi et al., 2012). In the context of the lifetime of a
Golgi compartment, this occurs ~20-30 s downstream of peak
Gea2 localization (Figure 3E; Supplemental Figure S4A). Thus, Pik1
and PI4P are hallmarks of the late Golgi/TGN, and both share little
overlap with markers of less mature Golgi compartments.

We next incorporated our analysis of PI4P |ocalization dynamics
into the context of the major trafficking events that occur at the late
Golgi/TGN during Golgi maturation (Losev et al., 2006; Matsuura-
Tokita et al., 2006): AP-1-mediated intra-Golgi trafficking (Day et al.,
2018; Casler et al., 2019), AP-3-mediated Golgi-to-vacuole traffick-
ing (Cowles et al., 1997), GGA-mediated Golgi-to-late endosome
trafficking (Costaguta et al., 2001), and secretory vesicle formation.
To do so, we measured fluorescence intensities of several vesicle
biogenesis pathway markers relative to Sec7 at maturing Golgi
compartments.

Consistent with recent reports (Day et al., 2018; Tojima et al.,
2019; Casler and Glick, 2020), we observed distinct waves of vesicle
formation events throughout the Sec7 compartment lifetime (Figure
3E; Supplemental Figure S4, B-E). First, Apl5, a subunit of the AP-3
adaptor complex, peaks as Sec7 first begins to appear at the Golgi
(on average, ~15 s upstream of peak Sec7 levels). Next, Gga2, one of
two S. cerevisiae GGA clathrin adaptor paralogues (Zhdankina et al.,
2001), peaks concurrently with Sec7, followed by Apl2, a subunit of
the AP-1 clathrin adaptor complex (on average, ~4 s downstream of
Sec7). Finally, the machinery for secretory vesicle formation, marked
by the Rab GTPase Ypt31, assembles ~8 s downstream of Sec7 and
remains through terminal vesiculation of the compartment.
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These analyses position peak PI4P production roughly in the
middle of the Sec7 compartment lifetime: upstream of AP-1-depen-
dent intra-Golgi trafficking and secretory vesicle formation, down-
stream of AP-3-dependent trafficking to the vacuole, and in parallel
with GGA-dependent trafficking to the late endosome.

Inhibition of Arf1 activation results in rapid loss of cargo
adaptor localization

Studies in several eukaryotic model systems have shown that PI4P
has roles in maintenance of overall Golgi morphology, cargo glyco-
sylation, retention and distribution of resident protein populations,
secretion, and some aspects of cargo adaptor localization kinetics,
particularly at the late Golgi/TGN (reviewed in Tan and Brill, 2014).
Our PAC localization dynamics data indicated that PI4P was present
throughout the lifetime of the late Golgi/TGN compartment, but we
wanted to systematically assess its importance for individual out-
bound late Golgi/TGN pathways.

Because Arf1 participates in virtually all trafficking events at the
Golgi (D'Souza-Schorey and Chavrier, 2006), including the initiation
of PI4P production by Pik1-Frg1, we began by first catalogueing the
immediate effects of MNTC-induced Arf1 inactivation. Given the
near-immediate dissociation of Pik1 from the Golgi upon MNTC
treatment (Figure 1, B and C), we hypothesized that other late
Golgi/TGN Arf1 effectors would also be rapidly mislocalized upon
acute Arf1 inactivation.

As anticipated, we measured significant mislocalization of the
Arf-dependent cargo adaptors Gga2 and AP-1 (Apl2) within 1 min
and of AP-3 (Apl5) within 2 min of MNTC treatment (Figure 4, A-D
Supplemental Figure S5, A-C). We also observed that the Rab
GTPase Sec4, which is normally present on secretory vesicles, be-
came almost completely cytosolic within 2 min of MNTC treatment
(Figure 4, A and E; Supplemental Figure S5D), suggesting that se-
cretory vesicle formation was also abolished. This observation is
consistent with the role of Arf1 in a GTPase cascade in which Arf1
recruits the TRAPPII Rab-GEF complex, which activates Ypt31/32
(Thomas and Fromme, 2016, 2020). Ypt31/32 then recruit Sec2, the
Rab-GEF for Sec4, to secretory vesicles (Walch-Solimena et al.,
1997; Ortiz et al., 2002).

In MNTC-treated cells, Golgi compartments quickly become en-
larged (Supplemental Figure S6A). This phenotype likely arises from
an accumulation of stalled cargo due to loss of Arfl-dependent
cargo adaptor function. Strikingly, the medial Golgi Arf-GEF Gea2
colocalized nearly completely with Sec7 (Supplemental Figure S6, B
and C), and P4C remained associated with the swollen Golgi com-
partments (Figure 4, F and G). We attribute the persistence of PI4P
under these conditions to the dramatic and rapid block of trafficking
and maturation at the Golgi in the absence of Arf1 activation.

We also noticed a puzzling relationship between the late Golgi/
TGN and endosomes, marked by Sec7 and Vps21, respectively: or-
dinarily, Sec7 and Vps21 do not colocalize, but upon a 5-min MNTC
treatment, they colocalized extensively (Supplemental Figure S6, D
and E). A recent study reported similar accumulation of Vps21 at
large puncta upon treatment with brefeldin A (BFA) (Nagano et al.,
2019), another chemical Arf-GEF inhibitor (Donaldson et al., 1992;
Peyroche et al., 1999), though those puncta reportedly did not
contain Sec?. Exactly which Arf-dependent factor(s) are responsible
for maintaining the normal endosomal localization of active Vps21 is
beyond the scope of this study, but one possibility is that blocking
Arf-dependent trafficking out of the TGN results in ectopic activa-
tion of Vps21 at the Golgi.

These MNTC experiments emphasize the importance of Arf1 for
Golgi function and the high sensitivity of several types of vesicle
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formation factors—a lipid-modifying enzyme, cargo adaptors, and
other GTPases—to Arf1 activation state. They also provide impor-
tant complementary context for the PI4P depletion experiments
presented below.

PI4P is required for secretory trafficking and AP-1
localization, but not for AP-3 or GGA localization

We found that pik1-83' growth defects cannot be fully suppressed
by overexpression of ARFT or SEC7 (Supplemental Figure S7A), un-
derscoring the importance of PI4P for Golgi function. To determine
which major late Golgi/TGN vesicle formation events are Pl4P-de-
pendent and which are PI4P-independent, we sought to measure the
impact of acute PI4P depletion on these pathways. To do so, we im-
aged the same vesicle markers used in the MNTC experiments in
pik1-83* mutant cells over 5- to 45-min temperature shift time
courses. In pik1-83%cells, more than 50% of PAC signal is lost from
the Golgi within 5 min of temperature shift, and more than 70% is
lost within 15 min (Figure 5, A and B); this mutant is therefore appro-
priate for analysis of both immediate and longer-term consequences
of Pik1 inactivation. Notably, upon PI4P loss, Sec7 compartments do
not swell as dramatically they do upon loss of Arf1 activation, sug-
gesting that at least some cargo is able to exit the Golgi.

We found that Apl5 localized normally across the entire time
course (Figure 5, C and D; Supplemental Figure S7B), indicating that
PI4P is not required for AP-3 localization. This is consistent with our
observation that little PI4P is present at the Golgi during peak AP-3
localization (Figure 3E).

Gga2 localization was also essentially unperturbed (Figure 5, C
and E; Supplemental Figure S7C), in contrast with some previous
reports (Wang et al., 2007; Demmel et al., 2008) but in agreement
with others (Daboussi et al., 2012; Aoh et al., 2013). We did notice a
slight, albeit insignificant, decrease in Gga2 Golgi localization 5 min
post-temperature shift, suggesting that PI4P may play a minor role
in Gga2 localization, but that other signals likely exert greater influ-
ence. Vps21 distribution was normal (Supplemental Figure S7, D
and E), in contrast to the unexpected Sec7-Vps21 colocalization we
observed upon Arf1 inactivation (Supplemental Figure S6, D and E).

Conversely, we found that trafficking pathways occurring down-
stream of peak PI4P production were substantially disrupted upon
PI4P depletion. We found that significantly less AP-1 was present at
the Golgi within 5 min of temperature shift (Figure 5, C and F; Sup-
plemental Figure S7F), in agreement with previous reports of mam-
malian AP-1 PI4P dependence (Wang et al., 2003; Heldwein et al.,
2004). Thus, loss of PI4P causes a near-immediate impairment of
AP-1 localization.

Likewise, secretory vesicle formation was perturbed in the ab-
sence of PI4P. Within 15 min of temperature shift, Sec4-labeled se-
cretory vesicles disappeared, and Sec4 instead accumulated at the
Golgi (Figure 6, A and B; Supplemental Figure S8A), as did Ypt31
(Supplemental Figure S8, B and C). Given that pik1* mutants accu-
mulate secretory cargos at restrictive temperatures (Audhya et al.,
2000), we infer that our observations reflect decreased secretory
vesicle formation upon loss of Pik1 function. In support of this
interpretation, we found that Snc1, a secretory vesicle R-SNARE
that, when overexpressed, localizes both to the late Golgi/TGN and
to exocytic sites at the plasma membrane (Protopopov et al., 1993;
Lewis et al., 2000), also accumulated at the Golgi at the restrictive
temperature (Figure 6, A and C; Supplemental Figure S8D), in
agreement with a previous report (Santiago-Tirado et al., 2011). Fi-
nally, Myo2, a myosin V motor protein that transports secretory
vesicles from the Golgi to the plasma membrane (Johnston et al.,
1991; Rossanese et al., 2001) and is normally most clearly visible at
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sites of polarized secretion, became less polarized but, unlike other
secretory vesicle machinery, did not localize to the Golgi (Figure 6,
A and D; Supplemental Figure S8E). PI4P is required for Myo2 trans-
port of secretory vesicles (Santiago-Tirado et al., 2011), so we pre-
sume that the observed halt in secretory traffic is due, at least in
part, to loss of Myo2 association with nascent secretory vesicles.
Collectively, these PI4P depletion experiments establish that
PI4P production by the Pik1-Frg1 PI4K complex is required for the
final stages of Golgi maturation in S. cerevisiae, namely AP-1 vesicle
formation and formation of secretory vesicles. PI4P is not required
for AP-3 recruitment, which occurs at less mature compartments, or
for Gga2 recruitment. These experiments provide new insights and
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clarification about the physiological functions of PI4P at the late
Golgi/TGN.

DISCUSSION

In this study, we definitively established that the Pik1-Frq1 PI4K
complex is a direct Arf1 effector. We identified a potential role for
membrane packing defects in this interaction, a discovery that may
explain why the Pik1-Frg1 complex is constrained to late Golgi/TGN
compartments despite the presence of activated Arf1 throughout
the Golgi complex. We also systematically assessed the immediate
impacts of PI4P depletion on vesicle formation at the late Golgi/
TGN and found that PI4P is critical for AP-1 localization and for
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AP-3 GGA

secretory trafficking but is not important for localization of either
AP-3 or GGA. Central to all these pathways is Arf1 (Figure 7).

Recruitment of the Pik1-Frq1 PI4K complex by Arf1

Before this work, it was clear that the Arf1 activation state influences
the localization and activity of mammalian PI4KIIIB: Arf1 activation
enhances PI4KIIIB association with isolated Golgi membranes in vi-
tro, and PI4KIIIB is mislocalized from the Golgi in cells treated with
the Arf-GEF inhibitor BFA (Godi et al., 1998). However, whether
PI4KIIIB and Pik1 are direct Arf1 effectors—that is, whether Arf1
directly binds these Pl-4-kinases to recruit them to the Golgi, rather
than recruiting them through an intermediary factor—had not yet
been determined. Using purified recombinant proteins, we have
shown that activated Arf1 recruits the Pik1-Frq1 complex to Golgi-
mimetic membranes.

It has been proposed that the late Golgi/TGN Arf-GEF Sec7,
rather than its substrate Arf1, binds Pik1 to recruit it to Golgi mem-
branes (Gloor et al., 2010), but our data do not support this idea: the
catalytically defective Sec7-4% mutant protein (Jones et al., 1999;
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Deitz et al., 2000; McDonold and Fromme, 2014) remains associ-
ated with the Golgi upon temperature shift, yet Pik1l becomes
mislocalized.

Our data also challenge another model in which the Arf-depen-
dent GGA adaptor proteins recruit Pik1 (Daboussi et al., 2012, 2017).
Given the strong Arf1-Pik1-Frq1 interaction in the absence of other
endogenous factors (Figure 1D) and previous evidence that Pik1 still
localizes to the Golgi in ggal4gga24 mutant cells (Daboussi et al.,
2012), we propose that the primary determinant of Pik1 localization
is direct recruitment by Arf1. Nonetheless, because Gga2 can bind
Pik1 in vitro (Daboussi et al., 2012, 2017), we cannot rule out a po-
tential role for GGA in helping to refine Pik1 localization.

Mammalian ARF1 and NCS-1 were reported to bind each other
independently of PI4KIIIB (Haynes et al., 2005, 2006), but we did not
detect a direct interaction between Arf1 and Frq1 in the absence of
Pik1. We also found that Pik1 expressed alone in P pastoris was
prone to extensive degradation, whereas coexpression of Pik1 and
Frq1 together yielded a stable protein complex, indicating that as-
sociation with Frq1 stabilizes Pik1. Further, as observed previously
(Hendricks et al., 1999), we found that endogenous S. cerevisiae co-
purifies with Frq1. Given the high conservation of all three proteins,
the conserved role of Frg1 in enhancing Pik1 activity and stability
(Hendricks et al., 1999; Rajebhosale et al., 2003; Gromada et al.,
2005; Strahl et al., 2007), and the ability of human NCS-1 to comple-
ment loss of Frq1 in S. cerevisiae (Strahl et al., 2003), we expect that
human ARF1 also recruits a PI4KIIIB/NCS-1 complex, rather than un-
accompanied PI4KIIIB, to the Golgi. However, although human
NCS-1 can strongly bind a fragment of Pik1 in vitro (Strahl et al.,
2003), PI4KIIIB lacks an equivalent to one of the two helices in Pik1
involved in its binding to Frq1 (Strahl et al., 2003, 2007; Burke et al.,
2014). As such, we cannot rule out the possibility that NCS-1 may be
less important for PI4KIIIB function than Frq1 is for Pik1 function.

In our in vitro liposome recruitment assays, we found that the
presence of DAG was both necessary and sufficient to facilitate
Pik1-Frg1 binding to Arf1 on TGN-like liposomes. The precise role
of DAG is not clear: the best-known DAG-binding structural motif is
the C1 domain (Mérida et al., 2010), yet neither Pik1/PI4KIIIB nor
Frg1/NCS-1 possesses a C1 domain (Ames et al., 2000; Bourne
et al., 2001; Mérida et al., 2010; Burke et al., 2014). Intriguingly, hu-
man PI4KIIIB is phosphorylated and consequently stimulated by the
C1 domain—containing protein kinase D (PKD) (Maeda et al., 2001;
Hausser et al., 2005), which itself binds DAG and ARF1 at the Golgi
(Baron and Malhotra, 2002; Pusapati et al., 2010). However, there is
no known PKD homologue in S. cerevisiae and, although nearly two
dozen residues in Pik1 have been identified as phosphosites in vari-
ous proteomic studies (Soulard et al., 2010; Swaney et al., 2013;
MacGilvray et al., 2020), no stimulatory phosphorylation of Pik1 in S.
cerevisiae has been reported.

DAG is known to induce lipid packing defects and membrane
curvature that contribute to vesicle budding and fission (reviewed in
Goni and Alonso, 1999; Bigay and Antonny, 2012), but we did not
identify a role for overall membrane curvature in Arf1-Pik1-Frq1 bind-
ing. Others have shown in vitro and in silico that DAG can induce
significant perturbations to packing of nearby lipid molecules (Sou-
lages et al., 1995; Gonzalez-Rubio et al., 2011; Vanni et al., 2014), so
we suspect that packing defects introduced by DAG are responsible
for generating the biophysical state most conducive to Arf1-depen-
dent docking of Pik1-Frq1 on the membrane. We propose that Pik1-
Frq1 has an affinity for membranes with packing defects, which,
alongside activated Arf, serve as a mechanism for concentrating
Pik1-Frg1—and thus, PI4P production—at vesicle formation sites.
This scenario would not be without precedent, as targeting of the
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S. cerevisiae ArfGAP Gces1 to nascent vesicles at the late Golgi/TGN
is dependent on its packing defect-sensing ALPS (AfGAP1 lipid
packing sensor) motif (Xu et al., 2013) and may be directly linked to
DAG metabolism at the Golgi (Yanagisawa et al., 2002).

It is important to note, however, that this hypothesis does not
explain the exclusion of Pik1 from earlier Golgi compartments,
which are also rich in nascent Arf-dependent vesicles and are
thought to contain significant overall packing defects (Bigay and
Antonny, 2012). If packing defects alone are not responsible for the
confinement of the Pik1-Frq1-Arf1 interaction to the late Golgi/
TGN, another factor must contribute. After decades of study, it re-
mains unresolved how several other Arf1 effectors, such as COPI
and AP-3, achieve their localization to specific Golgi compartments,
and future studies are needed to determine precisely how Pik1-Frq1
is targeted to the late-Golgi/TGN. One possibility is that the enrich-
ment of anionic lipids at the late Golgi/TGN has a greater role in
Pik1 localization in vivo than our in vitro assays suggest; perhaps the
in vitto DAG requirement simply magnifies the most significant
membrane properties required for Arf-Pik1-Frq1 binding.

PI4P marks the beginning of the end

We found that the emergence of PI4P at late Golgi/TGN compart-
ments follows a consistent timeline: downstream of AP-3 vesicle
formation, approximately in parallel with GGA vesicle formation,
upstream of AP-1 vesicle formation, and further still upstream of
secretory vesicle formation. Although Pik1 activity has been shown
to be important for normal Golgi maturation (Hama et al., 1999;
Walch-Solimena and Novick, 1999; Audhya et al., 2000; Daboussi
etal., 2012) and regulates effectors such as the COPI adaptor Vps74
(Tu et al., 2008; Wood et al., 2009) and the lipid flippase Drs2 (Nata-
rajan et al., 2009; Zhou et al., 2013), the immediate contributions of
PI4P to vesicle formation at the late Golgi/TGN have not been en-
tirely clear.

To address this, we imaged vesicle biogenesis markers in a pik 1t
catalytic mutant (Hendricks et al., 1999), which we found is largely
devoid of Golgi PI4P within 5-15 min of shift to a restrictive tem-
perature. We reasoned that the most immediate effects of PI4P loss
would be the most direct, so we imaged cells within 5 min of
temperature shift and limited our experiments to 45-min time
courses to avoid complicating our results by compromising overall
Golgi integrity. From these analyses, we conclude that PI4P only ap-
pears to play critical, direct roles in AP-1 vesicle and secretory vesi-
cle formation, both of which occur downstream of peak Pik1 recruit-
ment to the Golgi.

Upon Pik1 inactivation, AP-1 recruitment was quickly diminished.
Mammalian AP-1 has a known PI4P-binding site (Heldwein et al.,
2004) that, alongside functional Pl4Klla, is required for AP-1 local-
ization (Wang et al., 2003; Heldwein et al., 2004). This indicates a
conserved role for PI4P in AP-1 function.

We and others (Santiago-Tirado et al., 2011) have found that
transport of the secretory cargo Snc1 out of the Golgi is completely
blocked and secretion of invertase is dramatically reduced in the
absence of PI4P (Hama et al., 1999; Audhya et al., 2000). Nascent
secretory vesicles appeared to stall at the Golgi upon PI4P loss, as
we found that Sec4, which ordinarily localizes exclusively to secre-
tory vesicles, rapidly accumulated at Sec7 compartments upon PI4P
depletion. This was initially surprising because PI4P is thought to
serve alongside Ypt31/32 as part of a dual signal for Sec2 recruit-
ment and, thus, Sec4 activation (Mizuno-Yamasaki et al., 2010).
However, we also found that Ypt31 accumulated at the Golgi, sug-
gesting that PI4P binding may be dispensable for Sec2 recruitment
in the presence of excess Ypt31/32.
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The PI4P-binding factor that is responsible for secretory vesicle
release remains unidentified, but we did find that Myo2, whose as-
sociation with secretory vesicles is regulated by PI4P (Santiago-Ti-
rado et al., 2011) and by direct binding to Sec4 (Jin et al., 2011) and
to Ypt31/32 (Lipatova et al., 2008), became depolarized upon PI4P
loss. Unlike Sec4 and Ypt31, however, Myo2 did not accumulate at
the Golgi, which indicates that Pl4P—and not Sec4 or Ypt31—is the
crucial signal for Myo2 recruitment.

Notably, in myo2-12' mutants, Sec4 becomes depolarized and
accumulates at intracellular puncta (Santiago-Tirado et al., 2011), a
phenotype remarkably similar to our observations of stalled secre-
tory vesicle machinery in pik 1-83% mutants. This suggests that failure
of Myo2 to associate with nascent secretory vesicles in the absence
of PI4P results in blocked secretion. Further work is needed to de-
termine whether Myo2 alone is the essential PI4P secretory effector,
but our results provide further insight into the mechanism by which
PI4P drives secretion.

Our observation that Gga2 localization is essentially indepen-
dent of PI4P aligns with two other pik 1 mutant studies (Daboussi
et al., 2012; Aoh et al., 2013) but differs from another (Demmel
et al., 2008). We did notice a subtle, transient decrease in Gga2
Golgi localization upon initial PI4P depletion, suggesting that PI4P
may provide some temporal regulation to S. cerevisiae GGA vesi-
cle formation but that other signals, such as protein cargo, are
more important. Indeed, maturation of carboxypeptidase Y (CPY),
a GGA-dependent cargo that undergoes proteolytic processing
as it traverses the Golgi and the late endosome before being de-
livered to the vacuole (Mullins and Bonifacino, 2001), is slowed,
but not abolished, in pik1-83* cells (Hama et al., 1999; Audhya
et al., 2000). As such, although our data indicate that Gga2 local-
ization is not PI4P-dependent, it is possible that PI4P may help
ensure efficient GGA vesicle assembly or cargo sorting in S. cere-
visiae. PI4P appears to be more crucial for GGA function in higher
eukaryotes, as PI4P-binding sites in the three human GGA pro-
teins have been identified and characterized (Wang et al., 2007),
and rapamycin-induced recruitment of the Pl 4-phosphatase Sac1
to the TGN in mammalian cell culture decreases Golgi localization
of GGA1 and GGA2, but not GGA3, by ~50% (Szentpetery et al.,
2010).

Similarly, we found that GGA localization is not entirely depen-
dent on Arf1. Although initially cytosolic upon Arf1 inactivation,
some Gga2 eventually returned to the Golgi. Others have reported
a similar GGA "partial sensitivity” to Arfl inactivation via BFA
(Fernandez and Payne, 2006; Hirst et al., 2007; Aoh et al., 2013).
Our interpretation of this observation is that cargo binding plays a
larger role in GGA localization than does its interaction with Arf1.
This aligns with a report that S. cerevisiae Arf1-Gga2 binding is not
required for timely CPY maturation (Boman et al., 2002).

In summary, our findings add a critical component to the sub-
stantial repertoire of factors under direct Arf1 control—regulation of
PI4P synthesis by direct recruitment of the Pik1-Frg1 Pl4K com-
plex—and more clearly distinguish PI4P-dependent from PI4P-inde-
pendent events during maturation of the late Golgi. We favor a
model in which Arf1-directed PI4P synthesis primes the Golgi for
secretory trafficking by recruiting AP-1 for a final wave of intra-Golgi
resident cargo recycling and then recruits proteins needed for secre-
tory vesicle release.

MATERIALS AND METHODS

Yeast strains and plasmids

Plasmids were constructed using conventional molecular cloning
techniques and are described in Supplemental Table S1. Genes
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were driven by endogenous promoters and terminators unless oth-
erwise noted.

Pichia pastoris protein expression strains were generated by ho-
mologous recombination of integrating plasmids in the commer-
cially available KM71H strain (Invitrogen cat #C18200). Saccharomy-
ces cerevisiae strains were generated in SEY6210 or SEY6211 by
mating or by homologous recombination of PCR-amplified pFaé
cassettes (Longtine et al., 1998) or integrating plasmids and are de-
scribed in Supplemental Table S2. All S. cerevisiae fluorescent fusion
proteins were expressed from endogenous genomic loci as single
copies, with the exceptions of GFP-Snc1, which was overexpressed
under the TPIT promoter, and GFP-Vps21 and GFP-Ypt31, which
were each expressed as duplicate copies under their endogenous
promoters. All S. cerevisiae fluorescent fusion proteins have been
previously published, and we verified their functionality by monitor-
ing cell growth and/or protein localization patterns.

Yeast growth assays

Yeast were grown to ODggg ~2 and then diluted to ODggg = 1 in
synthetic complete or selective media. Fivefold serial dilutions of
the cells were then spot-plated on the appropriate medium and
grown at the indicated temperature for 2 d.

Antibodies

Polyclonal anti-Pik1 and anti-Frg1 antibodies were gifts from Jeremy
Thorner (University of California, Berkeley, Berkeley, CA) and were
used at 1:1000 and 1:10,000 dilutions, respectively.

Protein purification
GST-Pik1 and the GST-Pik1-Frq16%A complex were produced in
P. pastoris. Cells were grown, shaking, at 30°C in buffered complex
glycerol medium (2% peptone, 1% yeast extract, 1.34% yeast nitro-
gen base, 0.2% histidine, 4 x 10°% biotin, 100 mM KH,PQy,
pH 6.0, 1% glycerol) to ODggg ~5, and then collected by centrifuga-
tion and resuspended in buffered complex methanol medium (2%
peptone, 1% yeast extract, 1.34% yeast nitrogen base, 0.2% histi-
dine, 4 x 10°% biotin, 100 mM KH,PO,, pH 6.0, 1% methanol) to
induce protein expression. Importantly, following induction, cells
were kept well-aerated by limiting culture volumes to <10% flask
capacity and covering flasks with only cheesecloth. Cells were
grown, shaking, at 30°C for 24 h. Fresh methanol was added to 1%.
After an additional 24 h, cells were harvested by centrifugation and
lysed in lysis buffer (25 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM
MgCly,, 1 mM CaCly, 10% glycerol, 1 mM ATP, 0.1% B-octylglucoside,
1 mM dithiothreitol [DTT], T mM phenylmethylsulfonyl fluoride
[PMSF], 1x Roche Protease Inhibitor Cocktail) (Roche cOmplete PIC
SKU 11836145001) using a freezer mill (SPEX SamplePrep). Insolu-
ble material was collected by centrifugation and discarded. GST-
tagged protein was isolated from the remaining lysate by incuba-
tion with glutathione resin (G-Biosciences cat #786-310) for 4 h.
The resin was washed thrice with a high-salt Triton X-100-contain-
ing buffer (25 mM Tris-HCI, pH 7.5, 500 mM NaCl, T mM MgCl,,
1 mM CaCl,, 10% glycerol, T mM ATP, 0.5% Triton X-100, 1 mM
DTT) and then once with lysis buffer. Protein was then eluted from
the resin (and separated from the GST tag) by treatment with Pre-
Scission protease for ~16 h.

6xHis-Frq1 was produced in Rosetta 2 cells (Novagen cat
#71402). Cells were grown, shaking, at 37°C in terrific broth to
ODyggo ~ 3. Protein expression was then induced by the addition of
1 mM isopropy! B-b-1-thiogalactopyranoside (IPTG) and continued
at 18°C for ~16 h. Cells were lysed by sonication in lysis buffer
(40 mM Tris-HCl, pH 8.0, 300 mM NaCl, 10% glycerol, T mM CaCl,,
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10 mM imidazole, 1 mM PMSF, 10 mM B-mercaptoethanol [B-ME]).
Insoluble material was collected by centrifugation and discarded.
6xHis-Frq1 was isolated from the remaining lysate by incubation
with Ni-NTA affinity resin (Qiagen cat #30210) for 1 h and then
eluted from the resin with a high-imidazole buffer (40 mM Tris-HCI,
pH 8.0, 300 mM NaCl, 10% glycerol, 1 mM CaCly, 250 mM imidaz-
ole, 10 mM B-ME). éxHis-Frq1 was further purified by gel filtration
(Superdex 200 Increase 10/300 GL column) in 20 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 1 mM CaCly, T mM DTT). The 6xHis tag was
removed via ~16-h TEV protease treatment, and untagged Frq1 was
collected by gel filtration (Superdex 200 Increase 10/300 GL column)
in the same buffer.

The Frq1/Pik1(121-174) complex was prepared by incubating
purified Frg1 with a 3x molar excess of the Pik1(121-174) peptide
(custom synthesized by Biomatik) at 30°C for 30 min. The complex
was separated from free Frq1 and Pik1(121-174) peptide by gel fil-
tration (Superdex 200 Increase 10/300 GL column) in 20 mM Tris-
HCl, pH 7.5, T mM CaCl,, 150 mM NaCl, 1 mM DTT.

Myristoylated Arf1 (myrArf1) was purified as previously de-
scribed (Ha et al., 2005): BL21(DE3) cells (Novagen cat #69450)
coexpressing Arf1 and Nmt1 were grown, shaking, at 37°C to
ODgoo ~ 0.7 in lysogeny broth medium (LB)-Luria. Protein expres-
sion was then induced by the addition of 1 mM IPTG and my-
ristate (Sigma-Aldrich cat #M3128) and continued for ~16 h at
18°C. Cells were lysed by sonication in lysis buffer (20 mM Tris-
HCI, pH 8.0, 100 mM NaCl, T mM MgCl,, 10 mM B-ME, and
1 mM PMSF). Insoluble material was collected by centrifugation
and discarded. The remaining lysate was then cleared of major
contaminants by incubation with DEAE Sephacel (GE Healthcare
cat #17050001) for 1.5 h. The clarified lysate was brought to 3 M
NaCl by the addition of solid NaCl and then incubated with
TOYOPEARL Phenyl-650M resin (Tosoh Bioscience cat #19818)
for 1 h (DTT added to 1 mM) to isolate myrArf1. myrArf1 was then
eluted with a low-salt buffer (20 mM Tris-HCI, pH 8.0, 100 mM
NaCl, T mM MgCly, 1 mM DTT) and further purified by gel filtra-
tion (Superdex 200 Increase 10/300 GL column) in 20 mM HEPES,
pH 7.4, 100 mM NaCl, 1 mM MgCl,, 1 mM DTT.

GST-CFP-P4C was produced in Rosetta2 cells (Novagen cat
#71402). Cells were grown, shaking, at 37°C in LB-Miller to ODggg
~2. Protein expression was then induced by the addition of 100 pM
IPTG and continued at 18°C for ~16 h. Cells were lysed by sonica-
tion in lysis buffer (40 mM Tris-HCI, pH 7.8, 150 mM NaCl, 1 mM
PMSF, 10 mM DTT). Insoluble material was collected by centrifuga-
tion and discarded. GST-CFP-P4C was isolated from the remaining
lysate by incubation with glutathione resin (G-Biosciences cat
#786-310) for 2.5 h and then eluted from the resin (and separated
from the GST tag) by treatment with PreScission protease for ~16 h.
CFP-P4C was collected by gel filtration (Superdex 200 Increase
10/300 GL column) in 20 mM Tris-HCI, pH 7.5, 150 mM NaCl,
1T mM DTT.

Liposome preparation

Dehydrated lipids (Avanti Polar Lipids) were dissolved in chloroform
and combined as specified in Supplemental Table S3. Lipids were
dried under vacuum for ~15 min and then rehydrated in HK buffer
(20 mM HEPES, pH 7.4, 150 mM KOAC) at 37°C for ~16 h. Lipids
were extruded through 30- or 100-nm filters using a using a miniex-
truder (Avanti Polar Lipids).

32p kinase assay

Reactions (50 pl) containing 70 pM Pik1-Frq1624, 20 mM Tris-HCl,
pH 7.5, 10 mM MgCly, 500 uM CaCl,, 10 pCi 32P-y-ATP, 50 pM ATP,
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and 70 pM TGN liposomes were incubated at room temperature for
30 min. Lipids were extracted with 2:1 vol:vol chloroform:methanol
and dried under a nitrogen stream. Dried lipids were then resus-
pended in 2:1 chloroform:methanol, separated by thin-layer chro-
matography (KoC,O4-treated silica thin-layer chromatography plate;
Millipore part #1.05715.0001) with a water/acetic acid/methanol/
acetone/chloroform (8:20:15:18:39 vol:vol:vol:vol:vol) solvent, and
visualized by phosphorimaging.

Liposome floatation assays
For PAC lipid specificity experiments, 80-pl reactions containing
250 pM liposomes and 3 ug CFP-PAC in HK buffer (+1 mM DTT) were
incubated at 30°C for 30 min. Lipids and bound proteins were sepa-
rated from free protein via a discontinuous sucrose gradient as previ-
ously described (Richardson and Fromme, 2015): reactions were
mixed with 2.5 M sucrose in HK buffer to a final sucrose concentra-
tion of T M (“Input” samples) and then transferred to 7 x 20 mm
Polycarbonate centrifuge tubes (Beckman Coulter cat #343775).
Mixtures were overlaid with a layer of 0.75 M sucrose in HK buffer
followed by a final layer of HK buffer and then centrifuged at 390,000
x g/20°C for 20 min. Lipids were collected from the top layer of the
gradient (“Membrane-bound” samples). Proteins were visualized by
SDS-PAGE/Coomassie stain; lipids were visualized by DiR dye.
Arf1-Pik1-Frq162A-binding experiments were carried out as de-
scribed above, but with the following modifications: first, 3 ug myr-
Arf1 was loaded with GDP or GMP-PNP via EDTA-mediated nucleo-
tide exchange as previously described (Richardson and Fromme,
2015) and incubated with liposomes at 30°C for 30 min before the
addition of AMP-PNP—-loaded Pik1-Frq152* and subsequent incuba-
tion at 30°C for 10 min. Second, the sucrose gradient was prepared
with HK buffer containing 2 mM MgCl; to preserve myrArf1-nucel-
otide binding. myrArf1 was visualized by SDS-PAGE/Coomassie
stain; lipids were visualized in gel by DiR dye; Pik1 and Frg19% were
visualized by Western blot. All liposome floatation assay results
shown are representative of two to five independent experiments.

Fluorescence microscopy

Cells were grown to ODggg ~ 0.5 in synthetic media at 26°C and
then imaged at room temperature on glass slides or glass-bot-
tomed dishes using a CSU-X spinning-disk confocal system (Intelli-
gent Imaging Innovations) with a DMI6000 B microscope (Leica
Microsystems), 100x 1.46 NA oil immersion objective, and an
Evolve 512Delta EMCCD camera (Photometrics). Unless otherwise
specified in the figure legends, exposures (<500 ms, usually 200 ms)
were taken at single focal planes. For time-lapse imaging experi-
ments, 200-ms exposures were taken every 1 or 2 s for 4 min.
All images were captured with Slidebook é software (Intelligent
Imaging Innovations).

For temperature shift experiments, cultures were first imaged at
26°C and then transferred to water baths of the indicated tempera-
tures for the indicated times. For all experiments except those in-
volving Myo2-3xGFP, 38°C was used as the restrictive temperature.
For those involving Myo2-3xGFP, 35°C was used, as we found that
it appeared to aggregate in wild-type cells at 38°C.

For MNTC treatment experiments, cells were treated with
18 pM 6-methyl-5-nitro-2-(trifluoro-methyl)-4H-chromen-4-one
(MNTC) (MolPort-000-729-160; dissolved in dimethyl sulfoxide
[DMSQ]) or with DMSO alone for the indicated times. In most
cases, images were taken at 1-min intervals for up to 15 min,
but only time points at which we observed significant changes
in protein of interest (POI) localization are included in the
figures.
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Image analysis

Time-lapse imaging analysis was done in Slidebook 6 software (In-
telligent Imaging Innovations). Individual Golgi compartments that
remained in the same focal plane and general region of the cell
throughout their lifetimes (~50-60 s) were analyzed as regions of
interest (ROls). Green fluorescent protein (GFP) and red fluorescent
protein (RFP) fluorescence intensities within ROIs were measured
over time; intensity values were normalized to values between 0 and
1 for each channel, with the lowest value set to 0 and the highest
value set to 1. "Peak-to-peak time” values denote the time between
maximum intensities of GFP and RFP signals at individual ROls.

All other image analysis and processing was done in ImageJ
(FIJN). For Pik1-GEF colocalization experiments, Pearson correlation
coefficients were measured using the JACoP plug-in. For Apl5 Arf
inactivation and PI4P depletion experiments, Apl5-GFP puncta were
defined via Otsu automatic thresholding and then manually
counted. For Sec4 Arf inactivation experiments, GFP-Sec4 polariza-
tion in budding cells was measured by dividing the GFP signal in the
top half of daughter cells by the total GFP signal in mother and
daughter cells. For Myo2 PI4P depletion experiments, budding cells
with polarized, punctate/nonpolarized, and cytosolic Myo2-3xGFP
were manually counted. For all other imaging experiments, GFP/
RFP intensity ratios at individual Golgi compartments were calcu-
lated by first defining Sec7 (RFP) ROIs via automatic Otsu threshold-
ing and then measuring GFP and RFP fluorescence in each ROI us-
ing the Multimeasure tool.

Statistical analysis

Al statistical tests were performed using GraphPad Prism 8 soft-
ware. Significance was determined by unpaired two-tailed t test
with Welch's correction (Figure 1, C and E, Supplemental Figures S1,
B and D, S2D, S3G, S6, C and E, and Figure 4, B-E, and G, and wild-
type comparisons in Figures 5, B and F, and 6, B and C, and Supple-
mental Figure S8C) or by one-way analysis of variance with Tukey’s
(Figures 1G and 3C) or Dunnett’s (pik 1* comparisons in Figures 5, B
and D-F, and 6, B and C, and Supplemental Figures S7E and S8C)
tests for multiple comparison.
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