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We have reported that p22, an N-myristoylated EF-hand Ca2�-binding protein, associates with microtubules and plays a
role in membrane trafficking. Here, we show that p22 also associates with membranes of the early secretory pathway
membranes, in particular endoplasmic reticulum (ER). On binding of Ca2�, p22’s ability to associate with membranes
increases in an N-myristoylation-dependent manner, which is suggestive of a nonclassical Ca2�-myristoyl switch mech-
anism. To address the intracellular functions of p22, a digitonin-based “bulk microinjection” assay was developed to load
cells with anti-p22, wild-type, or mutant p22 proteins. Antibodies against a p22 peptide induce microtubule depolymer-
ization and ER fragmentation; this antibody-mediated effect is overcome by preincubation with the respective p22
peptide. In contrast, N-myristoylated p22 induces the formation of microtubule bundles, the accumulation of ER
structures along the bundles as well as an increase in ER network formation. An N-myristoylated Ca2�-binding p22
mutant, which is unable to undergo Ca2�-mediated conformational changes, induces microtubule bundling and accu-
mulation of ER structures along the bundles but does not increase ER network formation. Together, these data strongly
suggest that p22 modulates the organization and dynamics of microtubule cytoskeleton in a Ca2�-independent manner
and affects ER network assembly in a Ca2�-dependent manner.

INTRODUCTION

An intact microtubule cytoskeleton has been shown to facil-
itate the assembly of membrane-bound organelles. How-
ever, the molecular mechanisms underlying the involve-
ment of microtubules in the organization of membrane-
bound organelles are still incomplete. Much of the work in
the field has focused on how motor proteins mediate the
movement of membrane organelles along microtubules (Al-
lan and Schroer, 1999; Karcher et al., 2002), but nonmotor
microtubule-associated proteins have also been shown to be
involved in organelle assembly and organization
(Cassimeris and Spittle, 2001; Schuyler and Pellman, 2001).

A clear dependence on microtubules has been shown for
the intracellular distribution of the endoplasmic reticulum
(ER) network (Lane and Allan, 1999; Baumann and Walz,
2001), the Golgi apparatus (Thyberg and Moskalewski,
1999), mitochondria (Rappaport et al., 1998), synaptic vesi-
cles (Bauerfeind et al., 1996), lysosomes (Mithieux and Rous-

set, 1988), endosomes (Apodaca, 2001), and plasma mem-
brane (Hardham and Gunning, 1978). Several proteins, such
Rab GTPases and cytoplasmic linker proteins (CLIPs) mod-
ulate the binding of membrane vesicles to microtubules via
their interaction with motors (Hammer and Wu, 2002; Perez
et al., 2002; Howard and Hyman, 2003).

A diverse group of nonmotor-associated proteins has been
shown to mediate organelle assembly, movement, organiza-
tion, and interaction with microtubules. GMAP-210 links
Golgi membranes to microtubules, and its overexpression
induces microtubule disruption and Golgi fragmentation
(Pernet-Gallay et al., 2002). Hook3, a microtubule- and Golgi-
binding protein, is required for the organization of the Golgi
complex (Walenta et al., 2001). ch-TOG, the human homolog
of XMAP-215, and CLIMP-63, an ER integral membrane
protein, act to link microtubules to ER membranes
(Charrasse et al., 1998; Klopfenstein et al., 1998, 2001).

Ca2� controls important cellular processes, such as cell
shape and polarity, by affecting microtubule dynamics and
membrane trafficking in secretory epithelia and neuronal
growth cones (Ashby and Tepikin, 2002; Spira et al., 2001). In
particular, the early secretory pathway is affected by the
efflux of Ca2� from intracellular pools (Ivessa et al., 1995;
Porat and Elazar, 2000; Chen et al., 2002). Consistently, the
ER and the Golgi apparatus are well-known Ca2� cellular
stores that can release this ion upon stimulation (Pinton et
al., 1998; Okorokov et al., 2001; Petersen et al., 2001). How-
ever, the Ca2�-binding proteins mediating the Ca2� effects
on membrane trafficking and microtubule functions within
the secretory pathway are not well characterized.
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Regulatory EF-hand proteins undergo global conforma-
tional changes upon binding of Ca2� and can act as sensors
that transduce Ca2� signals to downstream effectors (Ikura,
1996; Nelson and Chazin, 1998). EF-hand proteins, such as
calmodulin and neuronal calcium sensor proteins, have been
shown to be involved in membrane trafficking (Porat and
Elazar, 2000; Pryor et al., 2000; Peters et al., 2001; Mora et al.,
2002; Pan et al., 2002; Koizumi et al., 2002) and to associate
with microtubules (Ivings et al., 2002; Henriquez et al., 1996;
Krueger et al., 1997).

p22, a widely expressed and evolutionary conserved
Ca2�-binding protein, is among the less well characterized
members of the EF-hand superfamily. p22 is required for
membrane traffic in a cell-free assay, which reconstitutes the
targeting/docking/fusion of membrane vesicles with
plasma membrane (Barroso et al., 1996), and associates with
microtubules during interphase and mitosis (Timm et al.,
1999). Moreover, p22 is N-myristoylated and undergoes con-
formational changes upon binding physiological concentra-
tions of Ca2� (Barroso et al., 1996). p22 has been shown to
bind NHE-1, a ubiquitous Na/H� exchanger (Lin and Bar-
ber, 1996; Pang et al., 2001), and to inhibit the phosphatase
activity of calcineurin (Lin et al., 1999), suggesting that p22
possesses multiple cellular functions, as shown for calmod-
ulin and calcineurin B.

Here, we show that p22 associates with membranes of the
early secretory pathway, predominantly with the ER net-
work. A nonclassical Ca2�-myristoyl switch is suggested to
modulate the p22–membrane association. A digitonin-based
“bulk microinjection” assay was used to show that p22 plays
a role in microtubule organization and dynamics and ER
network formation with distinct Ca2�-binding require-
ments.

MATERIALS AND METHODS

Preparation of Bacterially Expressed Wild-Type and
Mutant p22 Proteins
Several modifications have been made to the previously described bacterial
expression and purification of p22 proteins (Timm et al., 1999). To generate
N-myristoylated proteins, yeast N-myristoyl transferase and wild-type p22 or
p22-E134A, a Ca2�-binding mutant of the third EF-hand (EF-3) that cannot
undergo Ca2�-mediated conformational changes (Barroso et al., 1996; Timm et
al., 1999), were coexpressed in BL21-pLysS in the presence of myristic acid.
Nonmyristoylated p22 (p22-rec) was expressed in bacteria in the absence of
N-myristoyl transferase. After isopropyl �-d-thiogalactoside induction, bac-
teria were lysed according to manufacturer’s instructions (EMD Biosciences,
Novagen, Wisconsin, WI). To purify p22 proteins, total lysates were fraction-
ated by DEAE ion exchange chromatography using a 50–500 mM KCl gra-
dient, followed by hydrophobic phenyl-Sepharose chromatography. The N-
myristoylated wild-type p22 (myr-p22) was bound to the phenyl-Sepharose
column in the presence of 10 mM Ca2�, eluted with 10 mM EDTA, and
dialyzed against TDE (20 mM Tris-HCl pH 8.0, 1 mM dithiothreitol, 0.5 M
EDTA). Because p22-rec and N-myristoylated p22-E134A (myr-p22-E134A)
do not show strong affinity toward phenyl-Sepharose in the presence of Ca2�

(our unpublished data), these proteins were purified by binding to a phenyl-
Sepharose column in the presence of 1 M ammonium sulfate followed by
elution with a decreasing 1–0 M ammonium sulfate gradient. Then, fractions
containing p22-rec or myr-p22-E134A were dialyzed against TDE buffer and
run through a gel filtration Superdex-75 column. All bacterially expressed p22
proteins were kept in TDE and showed 80–95% purity and the expected
molecular weight by SDS-PAGE and immunoblot analysis (Figure 4B).

Iodixanol Density Gradients
A freshly dissected Sprague-Dawley rat liver was homogenized in 8 ml of 10
mM Tris pH 7.4, 0.85% NaCl by using a Polytron homogenizer. Homogenate
was spun at 1,000 � g for 5 min, and the pellet was discarded. Three milliliters
of postnuclear supernatant was loaded onto a 36-ml 2.6–20% preformed
iodyxanol gradient, prepared as per manufacturer’s instructions (Optiprep;
Invitrogen, Carlsbad, CA). Sample was spun at 130,000 � g for 3 h at 4°C by
using a Ti45 rotor. Fractions (2 ml) were collected manually from top to
bottom. Equal amounts of fractions 1–18 were analyzed by 12% and 7.5%
SDS-PAGE, immunoblotted as described previously (Barroso et al., 1996), and

processed for enhanced chemiluminescence (ECL) chemiluminescence ac-
cording to the manufacturer’s instructions (Amersham Biosciences, Piscat-
away, NJ). Nonsaturated film exposures of ECL-treated immunoblots were
scanned and quantitated using NIH Image version 1.62. Protein concentration
was determined for each fraction by using the Bradford assay according to
manufacturer’s instructions (Bio-Rad, Hercules, CA).

For a better separation between Golgi and ER membranes, confluent
100-mm plates of BHK21 (hamster kidney) cells were washed with ice-cold
phosphate-buffered saline (PBS), scraped into homogenization buffer (HB; 250
mM sucrose, 130 mM KCl, 5 mM MgCl2, 25 mM Tris-HCl, pH 7.4), and
spun-down at 1500 � g for 10 min. The cell pellet was resuspended into 500
�l of HB and passed 50 times through a 25-gauge syringe. Nuclei and
unbroken cells were pelleted at 14,000 � g for 5min, and the supernatant
further centrifuged at 105,000 � g for 1 h in a tabletop centrifuge (Beckman
Coulter, Fullerton, CA) by using a TLA 100.3 rotor. The resulting pellet,
representing the total membrane fraction, was resuspended into 500 �l of HB.
The total membrane fraction was layered on top of a step gradient composed
of 1 ml of 15%, 1 ml of 17.5%, 1 ml of 20%, 1 ml of 25%, and 500 �l of 40%
iodixanol and centrifuged at 100,000 � g at 4°C for 1 h by using a SW55Ti
rotor (Beckman Coulter). Thirteen fractions (�385 �l) were collected manu-
ally from top to bottom and adjusted to 1 mg/ml total protein. Equal amounts
of fraction proteins were analyzed by 12% and 7.5% SDS-PAGE and immu-
noblotting, followed by ECL and quantitation using NIH Image version 1.62.

Preparation of Microsomal Membranes
Isolation of microsomal membrane fractions was performed as described
previously (Fullerton et al., 1998) with minor modifications. Briefly, Sprague-
Dawley rat livers were minced into small pieces with a razor blade and
homogenized by using a Polytron homogenizer at a ratio of 1 g tissue/ml 0.25
M sucrose in acetate buffer (100 mM potassium acetate, 3 mM magnesium
acetate, 5 mM EGTA, 1 mM dithiothreitol, 10 mM HEPES, pH 7.1) supple-
mented with a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). The
homogenate was spun at 2500 rpm (907 � gmax) in a SS-34 rotor for 10 min at
4°C. The supernatant was then centrifuged at 150,000 � g for 1 h at 4°C.
Microsomal pellets were resuspended in acetate buffer, assayed for protein
concentration, aliquoted, frozen on liquid nitrogen, and stored at �80°C.

Membrane Binding Assay
Microsomal membranes were centrifuged at 174,000 � g for 30 min and
resuspended in PBS to remove traces of cytosol. Then, 30 �g of the prewashed
membranes was incubated with 0.25 �g of myr-p22 in 100 �l of PEM (100 mM
PIPES pH 6.6, 1 mM EGTA, 1 mM MgSO4) plus protease inhibitor cocktail
and 0.2 mg/ml phenylmethylsulfonyl fluoride for 10 min at 37°C in the
presence or absence of different amounts of CaCl2. Free Ca2� concentrations
were calculated using the program maxC (http//www.stanford.edu/�cpat-
ton/webmaxcS.htm) by using Ca2�/Mg2�/EGTA buffers. Samples were cen-
trifuged at 174,000 � g for 30 min. Membrane pellets were resuspended in
equal amounts of SDS-PAGE loading buffer and analyzed by SDS-PAGE and
immunoblotting by using anti-p22 and anti-calnexin. ECL-treated immuno-
blots were quantitated using NIH Image version 1.62.

Microtubule–Membrane-binding Bead Assay
A previously described assay to identify molecules that could link mem-
branes to microtubules (Scheel and Kreis, 1998) was dissected into two
separated steps to distinguish between the microtubule- and membrane-
binding steps. Briefly, 6 � 107 DYNABEADS M-280 tosylactivated (DYNAL,
Lake Success, NY) were covered with 20 �g of anti-rabbit IgG, followed by the
binding of polyclonal anti-tubulin and incubation with 100 �g of taxol-
polymerized microtubules in PEMT buffer (100 mM PIPES pH 6.6, 1 mM
EGTA, 1 mM MgSO4, 20 �M taxol) for 30 min at 37°C. Microtubule-covered
beads were incubated with 500 �g of rat liver cytosol and 12 �g of myr-p22
in PEMT buffer for 30 min at 37°C. Beads were washed with PEMT buffer and
incubated for 30 min at 37°C in PEMT buffer with 100 �g of microsomal
membranes, prewashed in PBS. Then, beads were washed with PEMT buffer
and resuspended in SDS-PAGE loading buffer. Samples were assayed for
tubulin, p22, calnexin, and Rab4 by immunoblotting with 12% (tubulin, p22,
and Rab4) and 7.5% (calnexin) SDS-PAGE and quantitation by using NIH
Image version 1.62.

Cell Culture
BHK21 cells were grown in DMEM containing 10% fetal bovine serum, 1.5 g/l
sodium bicarbonate, and 100 �g/ml penicillin and streptomycin. BHK21 cells
were transiently transfected with pECFP-ER vector (Clontech, Palo Alto, CA)
by using LipofectAMINE 2000 transfection reagent as per manufacturer’s
instructions (Invitrogen). The expressed enhanced cyan fluorescent protein
(ECFP)-ER protein comprises the ECFP; the calreticulin ER targeting sequence
cloned at the 5� end; and the sequence encoding the ER retrieval sequence,
KDEL, cloned at the 3� end. Medium-expressing cells were detected by
fluorescence microscopy (BHK-ER cells).
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Bulk Microinjection
Cells were plated on 12-mm diameter glass coverslips and allowed to spread
overnight. To minimize cytosol depletion (Gravotta et al., 1990), coverslips
were incubated in 30 �l of CBS buffer (10 mM MES pH 6.1, 138 mM KCl, 3 mM
MgCl, 2 mM EGTA, 0.32 M sucrose) plus 20 �M taxol and 10 �g/ml digitonin
in the presence of 5 �g of wild-type or mutant p22 proteins or APpep2
antibodies preincubated or not with pep2 peptide. After 10 min at room
temperature, the digitonin solution was removed and coverslips transferred
to 200 �l of DMEM � 10% fetal bovine serum for 2–4 h at 37°C, to allow the
plasma membrane to recover. Then, cells were washed with PBS and fixed in
4% paraformaldehyde. Fixed cells were subjected to immunofluorescence as
described below. These conditions yield a bulk microinjection efficiency of
30–40%. LIVE/DEAD viability/cytotoxicity kit was used to determine two
parameters of cell viability, intracellular esterase activity and plasma mem-
brane integrity, as per manufacturer’s instructions (Molecular Probes, Eu-
gene, OR). As expected, treatment with high concentrations of digitonin (5
mg/ml) abolishes cell viability and plasma membrane integrity (0%; n �
160–280 cells). In contrast, low amounts of digitonin (10 �g/ml) or no
treatment have a reduced effect on cell viability and plasma membrane
integrity (100–95%; n � 100–400 cells). Percentage of viable cells � number
of bright green cells � 100/total number of cells. Percentage of cells with
intact plasma membrane � 100 � (number of bright red cells � 100/total
number of cells). Differential interference contrast microscopy was used to
determine the total number of cells.

Double or Triple-Label Immunofluorescence Confocal
Microscopy
BHK21 or BHK-ER cells were fixed with 4% paraformaldehyde and processed
for immunofluorescence, as described previously (Timm et al., 1999), except
that Cy5-, fluorescein isothiocyanate- and/or tetramethylrhodamine B iso-
thiocyanate-labeled secondary antibodies (Jackson ImmunoResearch Labora-
tories, West Grove, PA) were used. Then, cells were washed briefly in PBS
and mounted on glass slides by using ProLong antifade kit mounting reagent
(Molecular Probes). Cells were visualized with an Axiovert S100 inverted
microscope (Carl Zeiss) coupled to a CARV confocal unit (Atto Bioscience,
Rockville, MD) and Hg vapor light source. Images were collected using
Openlab software version 3.0.9 (Improvision, Lexington, MA) with an
ORCA-ER digital camera (Hamamatsu Photonics, Hamamatsu City, Japan)
and filter sets for fluorescein isothiocyanate (484 nm), tetramethylrhodamine
B isothiocyanate (555 nm), and Cy5 (650). Image analysis of confocal images
was performed using Adobe Photoshop 5.5. To allow intensity comparisons,
we used similar conditions to collect and manipulate images within each
experiment.

Antibodies
We have produced affinity-purified antibodies against the following p22
peptides: 155–170 residues (APpep1 antibodies) and 96–113 residues (APpep2
antibodies). Both APpep1 and APpep2 antibodies can recognize bacterially
expressed and endogenous p22 by immunoblotting (Barroso et al., 1996; Timm
et al., 1999). APpep2 antibodies display a punctate distribution along micro-
tubule tracks in normal rat kidney (NRK) cells, which can be competitively
blocked by preincubation with pep2 peptides (Timm et al., 1999). Recently, we
have generated polyclonal antibodies against full-length p22 (APp22 antibod-
ies) by raising them in rabbits against purified p22-rec. APp22 antibodies
were affinity-purified on strips of nitrocellulose containing myr-p22, eluted
with 0.1 M glycine pH2.5 for 10 min, neutralized with 1 M Tris, pH 9.5,
dialyzed against PBS, and concentrated to a final volume of �75–100 �l.
APp22 antibodies recognize in vitro translated as well as endogenous p22 by
immunoblotting but we have been unable to use APp22 antibodies in immu-
nofluorescence assays due to high background levels (our unpublished data).
Here, APpep2 and APp22 antibodies were used in immunoblotting to detect
recombinant and endogenous p22, whereas APpep2 antibodies were used in
immunofluorescence assays. Antibodies against GM130 (cis-Golgi matrix) and
rab4 (endosomes) were purchased from BD Biosciences PharMingen (San
Diego, CA) and GPP130 (cis-Golgi membrane) from Covance Research Prod-
ucts (Berkeley, CA). Polyclonals antibodies against calnexin, an ER membrane
protein, were purchased from Stressgen Biotechnologies (San Diego, CA).
Polyclonal anti-tubulin antibodies were purchased from Biogenesis Inc.
(Kingston, NH) to couple taxol-stabilized microtubules to magnetic beads. For
microtubule detection, DM1� from Sigma-Aldrich was used in immunofluo-
rescence and immunoblotting assays.

RESULTS

p22 Associates with Membranes of the Early Secretory
Pathway
Because p22 has been shown to be involved in membrane
trafficking (Barroso et al., 1996), we have tested whether p22
associates with membrane-bound organelles. Rat liver post-

nuclear supernatants were resolved by centrifugation
through 2.6–20% preformed iodixanol density optiprep gra-
dients. Enrichment of rab4 (endocytic marker), GPP130 (cis-
Golgi membrane marker; Linstedt et al., 1997), calnexin (ER
membrane marker; Schrag et al., 2001), and p22 in the dif-
ferent fractions (shown as %/mg protein) was plotted in
Figure 1A. Golgi membranes, as defined by the presence of
GPP130, were recovered in fractions 9–15, peaking at frac-
tion 13, whereas ER membranes, as defined by the presence
of calnexin, were collected in fractions 14–18, peaking at
fraction 17. Rab4 was detected in two major peaks, fractions
3–4 and 7–10. Both peaks should comprise endocytic mem-
branes, because rab4 localizes to vesicular and tubular struc-
tures of early endosomes and transport vesicles, which have
been shown to fractionate at lower density fractions than
Golgi and ER membranes, under these fractionation condi-
tions (van der Sluijs et al., 1991; Sheff et al., 1999; Mohrmann
et al., 2002).

In Figure 1A, anti-p22 APpep2 antibodies recognize en-
dogenous p22 in two major peaks, fractions 11–13 and frac-
tions 15–18, representing the p22 fractions that are associ-
ated with enriched Golgi and ER membranes, respectively.
Fraction 14 may contain p22 together with a mix of Golgi
and ER membranes. Under these fractionation conditions,
only a minor fraction of p22 is found in the cytosol (�5%),
whereas the majority localizes to membranes (�15–20%
Golgi and �70–75% ER). Although the endocytic, Golgi, and
ER compartments were not completely separated under the
gradient conditions used, they were clearly resolved, dem-
onstrating that p22 associates predominantly with mem-
brane-bound organelles of the early secretory pathway, in
particular ER membranes.

To specifically address the association of p22 with ER and
Golgi membranes in BHK21 cells, microsomal membrane
pellets were fractionated on 15–40% discontinuous iodixa-
nol density optiprep gradients. Equal amounts of protein
from gradient fractions were analyzed by SDS-PAGE and
immunoblotting by using anti-p22 APp22, calnexin, and
GM130 (a cis-Golgi matrix protein; Nakamura et al., 1995)
antibodies (Figure 1B, top). Approximately 60% of p22 co-
fractionates with calnexin-containing fractions (fractions
9–11), which contain 95% of the calnexin pool and only 12%
of the GM130. These results suggest that p22 is significantly
enriched in ER membranes (Figure 1B, bottom). Approxi-
mately 30% of p22 is present in fractions 2–3, which contain
the majority of GM130 (�60%) and only 5% of the calnexin
pool. These results suggest that p22 is also enriched in Golgi
membranes (fractions 2–3). The ratio of p22 associated with
ER and Golgi membranes is slightly different in rat liver and
BHK21 cells, probably due to minor differences in the ER/
Golgi ratio and organization.

To confirm the topology of membrane-associated p22, we
subjected microsomal membranes to high salt, alkaline pH
(pH 11.5), and detergent extraction. Increasing amounts of
KCl as well as extraction with alkaline pH (pH 11.5) or
Triton X-114 lead to the release of p22 from microsomal
membrane pellets (our unpublished data). These results sug-
gest that p22 behaves as a peripheral membrane-associated
protein, tightly associated with the cytosolic surface of mi-
crosomal membranes.

Together, our results indicate that in rat liver and BHK21
cells, p22 associates predominantly with enriched ER mem-
branes with a minor p22 fraction codistributing with Golgi
membranes.

p22 Regulates Microtubules and ER
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Characterization of the Intracellular Distribution of p22
As shown previously for NRK cells (Timm et al., 1999),
BHK21 cells display a typical microtubule pattern by immu-
nofluorescence by using APpep2 antibodies (Figure 2, A–C).
Because endogenous p22 distributes to ER- and Golgi-en-
riched membrane fractions in iodixanol gradients (Figure 1)
and myr-p22 associates with microsomal membrane pellets
(see below; Figure 4), we assayed whether the staining pat-

terns of p22 and Golgi/ER markers overlap. A clear colocal-
ization between p22 and GM130, a cis-Golgi matrix marker,
is detected in the perinuclear region of BHK21 cells (Figure
2, D–F). Short tubules containing p22 and GM130 are ob-
served coming off the Golgi apparatus (Figure 2, D–F; ar-
rows). As shown in Figure 2, G–I, and at higher magnifica-
tion (J–L), the fluorescence staining of ECFP-ER, a soluble
ER reporter protein, shows the ER network as tubules that

Figure 1. p22 fractionates predominantly
with ER membrane fractions using iodixa-
nol gradients. (A) Equal amounts of subcel-
lular fractions were analyzed by SDS-PAGE
and immunoblotting by using antibodies
against calnexin, rab4, GPP130, and p22. Re-
sults were plotted as percentage of rab4,
GPP130, calnexin, and p22 per milligram of
total protein. p22 data represent mean � SD
of three experiments. (B) Equal protein
amounts were analyzed by SDS-PAGE and
immunoblotting by using antibodies against
GM130, calnexin, and p22. Results were
plotted as percentage of GM130, calnexin,
and p22 per milligram of total protein.
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form a hexagonal reticulum distributed throughout the cell
periphery. Similarly, other studies have described the ER as
a polygonal network that is anchored to microtubules at the
vertices of the polygons (Marsh et al., 2001; Voeltz et al.,
2002). Comparison between ER and p22 staining patterns
shows ER tubules crossing p22-labeled microtubules and a

partial colocalization between the ER network polygonal
vertices and p22 (Figure 2, J–L; arrowheads), suggesting that
p22 is associated with the ER network. As expected consid-
ering the subcellular fractionation results, no colocalization
was detected between p22 and rab4 staining patterns (our
unpublished data).

Figure 2. Characterization of the intracel-
lular distribution of p22. BHK (A–F) or
BHK-ER (G–O) cells were fixed in 4% para-
formaldehyde and processed for immuno-
fluorescence by using antibodies against
p22 (B, E, H, K, and N), tubulin (A), and
GM130 (D). BHK-ER cells were used for ER
staining (G, J, and M). J–L represent magni-
fications of the regions of interest (square)
shown in G–I. In M–O, BHK-ER cells were
treated with 5 �g/ml nocodazole for 1 h
before cell fixation. Arrows in D–F indicate
colocalization between p22 and GM130
structures. Arrowheads in J–O indicate co-
localization between p22 and ER structures.
Bars, 10 �m.
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To address the apparent contradiction between the pre-
dominant microtubule localization of p22 by immunofluo-
rescence and the mainly ER/Golgi distribution by subcellu-
lar fractionation, we have tested the effect of microtubule
depolymerization on the immunofluorescence staining pat-
tern of p22. Our working hypothesis is that the association of
p22 with ER membranes may become more evident upon
disruption of the microtubule network. BHK-ER cells were
treated with 5 �g/ml nocodazole for 1 h and assayed by
immunofluorescence by using APpep2 antibodies. Nocoda-
zole-treated BHK-ER cells show the typical retraction of the
ER network toward the perinuclear region caused by micro-
tubule depolymerization (Figure 2M). As described previ-
ously, in nocodazole-treated cells, p22 displays a diffuse
staining with clear punctate structures distributed through-
out the cell (Figure 2N; Timm et al., 1999). p22 and ER
staining patterns colocalize partially in large punctate struc-
tures (Figure 2, M–O; arrows), suggesting that at least a
fraction of p22 associates with ER membranes after micro-
tubule disruption. In summary, these immunofluorescence
results confirm the subcellular fractionation data and sug-
gest the existence of transient interactions between p22, ER,
and microtubules in vivo.

p22 Facilitates the Interactions between ER Membrane
and Microtubule
Because p22 associates with microtubules and membranes of
the early secretory pathway, an interesting hypothesis is that
p22 is involved in microtubule-membrane interactions. To
test whether p22 can facilitate microtubule–membrane inter-
actions, we have used a slightly modified membrane-micro-

tubule binding assay that was previously used to character-
ize the ability of CLIP-170 to mediate the interactions of
endocytic organelles with microtubules (Scheel and Kreis,
1998). This assay comprises two basic steps, i.e., the associ-
ation of p22 with microtubules and their subsequent binding
to microsomal membranes. The dissection of the original
assay in two different steps allows us to separate the binding
of p22 to microtubules from their association with mem-
branes. First, magnetic beads were covered with taxol-poly-
merized microtubules and incubated in the presence or ab-
sence of myr-p22 and/or cytosol (Figure 3A, first step).
Second, microtubule-covered beads were incubated with
microsomal membranes (Figure 3A, second step), washed,
and immunoblotted with p22, calnexin, and tubulin antibod-
ies to quantify the amount of p22, ER membranes, and
microtubules that are bound to the beads. The tubulin im-
munoblot confirmed the presence of similar amounts of
tubulin covering the magnetic beads in the presence or
absence of myr-p22 and/or microsomal membranes (Figure
3B, tubulin). As expected, because p22 associates with mi-
crotubules indirectly via a cytosolic factor (Timm et al.,
1999), the 1st step of the membrane-microtubule binding
assay shows a significant increase of p22 bound to microtu-
bules in the presence of cytosol, as demonstrated by p22
immunoblots (Figure 3B, p22). The binding of microsomal
membranes to microtubules, as detected by the presence of
calnexin bound to microtubule-covered beads, requires the
addition of membranes, cytosol, and microtubules, because
in the absence of any of these components membrane-mi-
crotubule interactions are dramatically reduced (Figure 3B,
lanes 1–4). Microtubules preincubated only with cytosol in

Figure 3. Role of p22 in the interactions
between ER membranes and microtubules.
(A) Schematic representation of the two-
step microtubule-membrane binding assay.
(B) Top, DYNABEADS M-280 tosylactivated
were covered with taxol-polymerized mi-
crotubules (lanes 1 and 2 and 4–6) or not
(lane 3) and incubated with or without rat
liver cytosol (lanes 1, 5, and 6) and/or myr-
p22 (lanes 1, 3, 4, 6) in the first step. Then,
beads were incubated with (lanes 2–6) or
without (lane 1) microsomal membranes in
the second step and immunoblotted with
calnexin antibodies. A value of 100% was
assigned to the relative binding of microso-
mal membranes to microtubule-covered
beads after incubation with cytosol in the
absence of myr-p22 (lane 5). Data represents
mean � SD of three experiments. (B) Bot-
tom, equal amounts of reaction mixtures
were analyzed by SDS-PAGE and immuno-
blotting by using antibodies against tubulin
(tubulin) and p22 (myr-p22). (C) Top, micro-
tubule-membrane binding bead assays were
performed in the presence of cytosol with
(lanes 3 and 4) or without (lanes 1 and 2)
myr-p22 in the first step and in the presence
(lanes 2 and 4) or absence (lanes 1 and 3) of
40 �M free Ca2� during the second step. A
value of 100% was assigned to the relative
amount of microsomal membrane binding
shown in lane 1, as described above. Data
represents mean � SD of three experiments.
(C) Bottom, equal amounts of reaction mix-
tures were analyzed by SDS-PAGE and im-
munoblotting by using antibodies against
tubulin (tubulin) and p22 (myr-p22).
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the 1st step support a basal microsomal membrane binding,
which corresponds to a relative value of 100% (Figure 3B,
lane 5). The addition of myr-p22 increased to �300% the
amount of ER membranes that are found associated with
microtubule-covered beads (Figure 3B, lane 6). Our data
suggest that p22 plays a role in the interactions of ER mem-
branes with microtubules.

Our next step was to test whether the p22-dependent
microtubule-membrane association is regulated by Ca2�.
Similar amounts of tubulin and p22 were found covering
the magnetic beads in the presence or absence of 40 �M
Ca2� (Figure 3C, tubulin and p22). As described above,
basal microsomal membrane binding in the presence of
microtubule-bound cytosolic proteins corresponds to a
relative value of 100% (Figure 3C, lane 1). In the absence
of myr-p22, 40 �M free Ca2� did not affect the amount of
microsomal membranes associated with microtubules
(Figure 3C, lane 1–2). In contrast, in the presence of p22,
addition of 40 �M free Ca2� increased to 600% the amount
of membrane associated with microtubules (Figure 3C,

lane 1 versus 4) compared with an increase to 300% ob-
tained in the absence of Ca2� (Figure 3C, lane 1 versus 3).

N-Myristoylation and Ca2�-mediated Conformational
Changes Are Required for the Ca2�-dependent Binding of
p22 to Microsomal Membranes
Although p22 facilitates the binding of microsomal mem-
branes to microtubules in a Ca2�-dependent manner, it
binds microtubules independently of Ca2� (Timm et al.,
1999), suggesting that Ca2� modulates the ability of p22 to
associate with microsomal membranes. We have assayed the
effect of Ca2� in the p22-membrane association by incubat-
ing microsomal membranes with myr-p22 (8 ng of myr-
p22/�g membrane proteins) in the presence of increasing
amounts of free Ca2� (0–40 �M). After ultracentrifugation,
membrane pellets were assayed by SDS-PAGE and immu-
noblotting by using anti-p22 and anti-calnexin (Figure 4, A
and C). Under these conditions, we were unable to detect
significant amounts of endogenous membrane-associated
p22 (our unpublished data), making this assay suitable to

Figure 4. p22 associates with microsomal
membranes in a Ca2�-dependent manner.
(A) Microsomal membranes were incubated
with myr-p22 in the presence of increasing
concentrations of free Ca2�, ranging from 0
to 40 �M, and repelleted. Equal amounts of
membrane pellets were analyzed by SDS-
PAGE and immunoblotting by using p22
(myr-p22) and calnexin (calnexin) antibod-
ies. (B) Bovine serum albumin (BSA) (lanes
1 and 2) and myr-p22 (lane 3), p22-rec (lane
4), and myr-p22-E134A (lane 5) were ana-
lyzed by SDS-PAGE and stained with Coo-
massie Blue (Coo). Equal amounts of myr-
p22, p22-rec, and myr-p22-E134A were
analyzed by immunoblotting by using anti-
bodies against p22 (IB). (C) Top, microsomal
membranes were incubated with myr-p22,
myr-p22-E134A, or p22-rec in the presence
or absence of 40 �M of free Ca2�. Equal
amounts of membrane pellets (P) were com-
pared with the total amount of myr-p22,
p22-rec, and myr-p22-E134A (10 ng) added
to the assay and analyzed by SDS-PAGE
and immunoblotting by using p22 (myr-
p22) and calnexin (calnexin) antibodies. (C)
Bottom, immunoblots were quantitated as
described in MATERIALS AND METH-
ODS. One hundred percent of p22 binding
to microsomal membranes would indicate
that 100% of the myr-p22 added to the assay
was found associated with membranes.
Data represents mean � SD of three exper-
iments.
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determine the structural requirements of p22’s association
with microsomal membrane pellets. Calnexin is detected in
all membrane pellets independently of Ca2� levels (Figure 4,
A and C, calnexin). In the absence of Ca2� and in the
presence of low amounts of free Ca2� (0.2–1 �M), p22 asso-
ciates with membrane pellets at similar levels (“constitutive”
membrane binding) (Figure 4A, myr-p22). However, in the
presence of 10 and 40 �M free Ca2�, a significantly larger
amount of p22 is found associated with membrane pellets
(Figure 4A, myr-p22). At 40 �M free Ca2�, the amount of
membrane-bound myr-p22 increased �2.0–2.5 times over its
constitutive membrane binding, suggesting that p22 binds to
microsomal membranes in a Ca2�-dependent manner.

To test whether p22 associates with membranes via a
Ca2�-myristoyl switch, we have compared the ability of
myr-p22 with that of myr-p22-E134A, an N-myristoylated
EF-3 Ca2�-binding mutant that is unable to undergo Ca2�-
mediated conformational changes (Barroso et al., 1996; Timm
et al., 1999), and p22-rec, a nonmyristoylated form of p22
(Barroso et al., 1996; Timm et al., 1999), to associate with
microsomal membranes in the absence or presence of 40 �M
free Ca2�. In Figure 4B, Coomassie Blue-stained SDS-PAGE
(Coo) and immunoblots with anti-p22 (IB) show highly pu-
rified preparations (80–95%) of myr-p22, p22-rec and myr-
p22-E134A with the expected molecular weight.

In Figure 4C, the amount of membrane-associated myr-
p22 in the absence or presence of 40 �M free Ca2� was
compared with the total amount of myr-p22 added to the
assay (100%). Thus, we determined that 44.2 � 11.2% of total
myr-p22 associates with membrane pellets in the absence of
Ca2�. In the presence of 40 �M free Ca2�, 103.3 � 9.98% of
myr-p22 associates with membrane pellets compared with
the total amount of myr-p22 added to the assay. More than
100% values may indicate an increased amount of mem-
brane-associated endogenous p22. In contrast, both myr-
p22-E134A and p22-rec show a similar ability to associate
with membrane pellets (�30–40%) in the absence or pres-
ence of 40 �M free Ca2� (Figure 4C), suggesting that the
constitutive membrane association of p22 proteins is not due
to nonspecific N-myristoylation–dependent aggregation.

In summary, these results suggest that a Ca2�-myristoyl
switch modulates the association of p22 with microsomal
membranes.

Digitonin-based Bulk Microinjection Protein Delivery
Protocol
To assay the role of p22 in vivo, we have used a bulk
microinjection protocol to deliver APpep2 antibodies, myr-
p22, and myr-p22-E134A, into digitonin-treated cells. Such
an approach is essential to analyze the intracellular func-
tions of p22 because overexpression of p22 by using tran-
sient transfection generates significant amounts of nonmyr-
istoylated p22, due to the overwhelming of the
N-myristoylation machinery (our unpublished data), and
N-myristoylation is required for the p22-microtubule asso-
ciation (Timm et al., 1999). Similar protocols have been used
to assay the intracellular distribution of neuronal calcium
sensor proteins in the presence or absence of Ca2� (McFer-
ran et al., 1999; O’Callaghan et al., 2002).

The bulk microinjection protocol takes advantage of dig-
itonin’s ability to permeabilize the plasma membrane and
allow the delivery of proteins into the cells without affecting
the remaining aspects of cellular morphology (Fiskum et al.,
1980). Under our assay conditions, low amounts of digitonin
(10 �g/ml) did not affect cell viability and plasma mem-
brane integrity and delivery of 5 �g of labeled F(ab�)2 anti-
mouse IgG fragments into digitonin-treated cells did not

affect the organization, intensity, and distribution of micro-
tubule cytoskeleton, ER, Golgi apparatus, and endosomes
(our unpublished data). These results suggest that if cytosol
leakage occurs at all, it should be minimal 2–4 h after
digitonin treatment. Here, this digitonin-based bulk micro-
injection protocol was used to deliver antibodies and recom-
binant proteins in a quick and efficient manner, without
interfering with the morphology of the microtubule cy-
toskeleton and organelles of the early secretory pathway.

Bulk Microinjection of APpep2 Antibodies Disrupts the
Organization of Microtubule Cytoskeleton
To examine the effect of APpep2 antibodies on the organi-
zation of the microtubule cytoskeleton, cells were fixed and
processed for immunofluorescence at 2 h or 4 h postdigito-
nin treatment. As shown in Figure 5, A and D, the APpep2
antibodies are found distributed throughout the cytosol at
2 h postdigitonin. Cells containing detectable amounts of
APpep2 antibodies display significant disruptions in their
microtubule array (Figures 5B and 7E). An enlarged region
of interest shows fragmented microtubules that are distrib-
uted randomly throughout the cell (Figure 5E). Cells bulk
microinjected with APpep2 antibodies also show a dramatic
decrease in the intensity of microtubules, in particular in the
perinuclear region, compared with that of non-bulk micro-
injected neighboring cells (Figure 5, A–C). Although there
was a significant decrease in microtubule polymer staining,
there was little to no tubulin staining in the cytoplasm of
cells containing detectable APpep2 antibodies at 2 h post-
digitonin, in comparison with nonmicroinjected cells (Figure
5B). A similar phenomenon was detected in cells overex-
pressing XKCM1, a microtubule-destabilizing protein
(Kline-Smith and Walczak, 2002). Furthermore, the entire
microtubule network was abolished in cells containing de-
tectable APpep2 antibodies at 4 h postdigitonin (Figure 5,
M–O).

Because only a reduced amount of soluble tubulin can be
detected in APpep2-bulk–microinjected cells, fluorescence
intensity measurements of immunostained microtubules at
2 h postdigitonin were used to estimate microtubule poly-
mer levels, as described previously (Kline-Smith and Walc-
zak, 2002). The average fluorescence intensity level of mi-
crotubules was measured by collecting three to four regions
of interest (ROIs) from nonsaturated areas of the microtu-
bule network of several cells bulk-microinjected with
APpep2 antibodies (n � 26; ROIs � 86) and compared them
with nonsaturated ROIs from non-bulk–microinjected
neighboring cells (n � 20; ROIs � 41). The fluorescence
intensity of microtubule polymers decreased to 26% in cells
bulk microinjected with APpep2 antibodies compared with
that of neighboring non-bulk–microinjected cells (p �
7.42E-19 using two-tailed t test analysis, assuming unequal
variances) (Table 1).

Previously, we have shown that preincubation of APpep2
antibodies with pep2 peptide leads to a marked reduction in
p22’s intracellular staining (Timm et al., 1999). Here, bulk
microinjection of APpep2 antibodies preincubated with
pep2 peptides results in a normal microtubule organization
(Figure 5, G–L; pep2-competition). We have assayed the two
main indicators of the APpep2-mediated effect on the mi-
crotubule cytoskeleton, i.e., microtubule disruption and
fragmentation as well as reduction in the fluorescence inten-
sity of microtubule polymers. As shown in Figure 5, J–L,
microtubules maintain their orientation and network orga-
nization in cells bulk microinjected with APpep2 antibodies
preincubated with pep2 peptides compared with those in
non-bulk–microinjected neighboring cells. Furthermore, we
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found only a decrease to 83% in the average fluorescence
intensity level of microtubule polymers in cells bulk micro-
injected with pep2-preincubated APpep2 antibodies (n � 11;
ROIs � 33) compared with that of neighboring non-bulk–
microinjected cells (n � 12; ROIs � 21) (Table 1). Signifi-
cantly, there is no statistical difference between these two
ROI populations (p � 0.2 by using two-tailed t test analysis,
assuming unequal variances). These results suggest that the
ability of APpep2 antibodies to disrupt the microtubule
cytoskeleton is mediated by p22.

Bulk Microinjection of myr-p22 or myr-p22-E134A Induces
Microtubule Bundling
To complement the APpep2 antibody experiments, we have
examined the effect of raising the amount of myr-p22 on the
organization of the microtubule cytoskeleton using the dig-
itonin-based bulk microinjection protocol. Cells were bulk
microinjected with myr-p22 and processed for immunoflu-
orescence by using APpep2 antibodies at higher dilutions,
which were optimized to detect exogenous myr-p22 in bulk-
microinjected cells and minimize the detection of endoge-
nous p22. Cells bulk microinjected with myr-p22 display a
dramatically rearranged microtubule network, in which sev-
eral microtubule bundles are found distributed throughout
the cell (Figure 6, D–F, arrowheads). p22 is predominantly
found associated with bundled microtubules but a minor
fraction remains localized to nonbundled microtubules,
which show a disorganized pattern (Figure 6D). Non-
bundled microtubules display a significantly lower micro-
tubule and p22 staining compared with that of microtubule
bundles. As expected, mock-bulk–microinjected cells show a
typical microtubule radial organization with no detectable
microtubule bundling (Figure 6, A–C).

Figure 5. Effect of bulk microinjection of
anti-p22 APpep2 antibodies on the organi-
zation of the microtubule cytoskeleton. BHK
cells were bulk microinjected with APpep2
antibodies (APpep2: A–F and M–O) or
APpep2 previously preincubated with pep2
peptide (pep2-competition: G–L) and then
allowed to recover at 37°C for 2 h (A–L, 2 h
postdig) or 4 h (M–O, 4 h postdig) before
fixation. Cells were processed for immuno-
fluorescence by using tubulin antibodies (B,
E, H, K, and N). A, D, G, J, and M show
APpep2 staining, indicating bulk-microin-
jected cells. C, F, I, L, and O represent
merged images. D–F and J–L are magnifica-
tions of the regions of interest shown in A–C
and G–I, respectively. Bars, 10 �m.

Table 1. Fluorescence intensity of microtubule polymers

Bulk microinjection
Fluorescence

intensity
t-test non-

bM.I. vs. bM.I.

Non-bM.I. 100% N.A.
APpep2 bM.I. 26% p � 7.42E-19
pep2-competition bM.I. 83% p � 0.2

N.A., nonapplicable; bM.I., bulk microinjection.

p22 Regulates Microtubules and ER

Vol. 15, February 2004 489



Bulk microinjection of myr-p22-E134A, an EF-3 Ca2�-
binding mutant that is unable to undergo Ca2�-mediated
conformational changes but still can associate with microtu-
bule pellets (Barroso et al., 1996; Timm et al., 1999), induces
microtubule bundle formation in a similar manner to that of
myr-p22 (Figure 6, G–I). Our data suggest that p22 regulates
microtubule dynamics and stability in vivo, independently
of its ability to undergo Ca2�-induced conformational
changes.

Bulk Microinjection of anti-p22 APpep2 Antibodies
Induces ER Fragmentation and Vesiculation
Immunofluorescence, subcellular fragmentation, and mem-
brane binding assays suggest that p22 associates with ER
membranes. To test the role of p22 on the organization and
morphology of the ER network, we have assayed the effect
of bulk microinjecting APpep2 or p22 proteins into BHK-ER
cells. Cells microinjected with detectable amounts of
APpep2 antibodies show a disrupted and highly vesiculated
ER (Figure 7, A–C, APpep2). APpep2-positive cells in this
experiment also show a dramatic decrease in the intensity of
microtubules (our unpublished data). To test the specificity
of the APpep2 effect on the ER network, APpep2 antibodies
were preincubated with pep2 peptides, as described above.

BHK-ER cells bulk microinjected with pep2-preincubated
APpep2 antibodies with pep2 showed an ER morphology
and distribution undistinguishable from that of non-bulk–
microinjected BHK-ER cells (Figure 7, D–F, pep2-competi-
tion), indicating that the APpep2-mediated ER vesiculation
occurs in a p22-specific manner. These cells also show a
normal microtubule network (our unpublished data). In
summary, the APpep2 and pep2-competition data suggest a
role for p22 in the dynamics and organization of the ER
network.

Effect of Bulk Microinjection of myr-p22 and myr-p22-
E134A on the Organization of the ER Network
Previously, we have shown that bulk microinjecting myr-
p22 into cells induces the formation of microtubule bundles
that are positive for p22. To test the hypothesis that p22 is
involved in the interaction of microtubules bundles with ER
tubules, we assayed whether bulk microinjection of myr-p22
into BHK-ER cells affects the organization of the ER net-
work. As shown in Figure 8A, c and d, cell areas containing
microtubule bundles (d) display a rearranged ER network
(c), which seems retracted toward the microtubule bundles
both from the cell periphery and perinuclear regions (arrow-
heads). To specifically address the interaction of ER with

Figure 6. Effect of bulk microinjection of myr-p22 or myr-p22-E134A on the organization of the microtubule cytoskeleton. BHK cells were
mock (A–C), myr-p22 (D–F and J–L) or myr-p22-E134A (G–I) bulk microinjected. After 2 h at 37°C, cells were fixed and processed for
immunofluorescence by using APpep2 (A, D, and G) and tubulin (B, E, and H) antibodies. C, F, and I represent merged images. Bars, 10 �m.
Arrowheads in D–F indicate p22-positive microtubule bundles.
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myr-p22–induced microtubule bundles, several lines were
drawn from the cell periphery to the perinuclear region
crossing one or more myr-p22-induced microtubule bundles
(Figure 8A, c and d, lines 6–7). Lines were also drawn in
mock-bulk–microinjected cells from the cell periphery to the
perinuclear region crossing nonbundled radially organized
microtubules (Figure 8A, a and b, lines 1–2). ImageJ software
was used to produce plot profiles of these lines, i.e., two-
dimensional graphs of the intensities of pixels along the
lines within the image. After background subtraction, the
x-axis represents the distance along the line (up to 31 �m),
and the y-axis corresponds to the normalized pixel grayscale
intensity (Figure 8B). In general, for ER staining, 100% cor-
responds to the highest grayscale intensity detected at the
perinuclear region, and 0% corresponds to the lowest gray-
scale intensity in the extracellular space. For microtubule
staining, 0% represents the extracellular space and 100% the
microtubule bundles. In Figure 8B, several of these plot
profiles are shown for non-bulk–microinjected (1–5 include
lines 1 and 2 from Figure 8A and lines 3–5 from other
not-shown cells) and myr-p22 bulk microinjected (6–10 in-
clude lines 6 and 7 from Figure 8A and lines 8–10 from other
not-shown cells) BHK-ER cells. Myr-p22-positive BHK-ER
cells show ER structures accumulating at the microtubule
bundles (Figure 8B, 6–10), whereas non-bulk–microinjected
BHK-ER cells display a steady increase in intensity from the
cell periphery to the perinuclear region without significant
accumulation at specific microtubules (Figure 8B, 1–5). An
overlap between the peak intensities of ER structures and
microtubule bundles is detected in myr-p22–positive cells
(Figure 8B, 6–10).

Because Ca2�-mediated conformational changes increase
the ability of p22 to associate with microsomal membranes
(Figure 4) but not with microtubule pellets (Timm et al.,
1999), we have tested whether bulk microinjection of myr-
p22-E134A alters the organization of the ER. As shown in
Figure 8A, c–f, in areas where microtubule bundles can be

detected (d and f), there is no significant difference between
the ER network of myr-p22–positive cells and that of myr-
p22-E134A–positive cells (c and e). Several lines were drawn
from the cell periphery to the perinuclear region to cross
microtubule bundles in myr-p22-E134A–positive cells (Fig-
ure 8A, e–f, lines 11 and 12) and plot profiles were per-
formed as described above (Figure 8B, 11–15 include lines 11
and 12 from Figure 8A and lines 13–15 from other not-
shown cells). In myr-p22-E134A–positive cells, the peak in-
tensities of ER structures and microtubule bundles overlap
(Figure 8B, 11–15), as described above for myr-p22–positive
cells (Figure 8B, 6–10).

The remaining ER network that is localized to bundle-free
areas in myr-p22 bulk-microinjected BHK-ER cells is distrib-
uted throughout the cell periphery and perinuclear regions,
and it seems highly reticulated (Figure 9B), compared with
that of neighboring nonmicroinjected cells and of cells bulk
microinjected with myr-p22-E134A (Figure 9, A and C). This
change in ER structure suggests that raising the intracellular
amount of p22 results in an increasingly reticulated/devel-
oped ER network. To quantify the degree of ER network
formation, we have counted the number of three-way junc-
tions by using confocal microscopy (Figure 9D). The number
of three-way junctions was significantly increased by 100%
in BHK-ER cells bulk microinjected with myr-p22, compared
with nonmicroinjected BHK-ER cells (p � 7.27E-08 by using
two-tailed t test analysis, assuming unequal variances; n �
11–20). This role of p22 in ER network formation occurs in a
Ca2�-dependent manner because bulk microinjection of
myr-p22-E134A does not increase the number of three-way
junctions compared with nonmicroinjected BHK-ER cells
(Figure 9D). Actually, introducing myr-p22-E134A into
BHK-ER cells results in a slight, but significant, �15% de-
crease in the number of three-way ER junctions (p �
2.87E-03 by using two-tailed t test analysis, assuming un-
equal variances; n � 20–25). The intracellular distribution of
rab 4-positive endocytic structures is similar in cells that are

Figure 7. Effect of bulk microinjection of APpep2 antibodies on the organization of the ER network. BHK-ER cells were bulk microinjected
with APpep2 (A–C, APpep2) or APpep2 previously preincubated with pep2 (D–F, pep2-competition) and allowed to recover for 2 h at 37°C.
Then cells were fixed and processed for immunofluorescence. A and D show APpep2 staining, indicating bulk-microinjected cells. The
fluorescence pattern of ECFP-ER protein shows the ER network (B and E). C and F represent the merged images. Bars, 10 �m.
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bulk microinjected with myr-p22 and in neighboring non-
bulk–microinjected cells, suggesting that myr-p22 induced
changes concern mainly the early secretory pathway (our
unpublished data).

These results suggest that raising the intracellular amount
of p22 affects the organization of the ER network in two
distinct manners. One, independent of p22’s ability to un-
dergo Ca2�-mediated conformational changes, leads to the
retraction of the ER network toward microtubule bundles.
Another, dependent of p22’s ability to undergo Ca2�-medi-
ated conformational changes, affects the formation of the ER
network.

DISCUSSION

p22 is an EF-hand Ca2�-binding protein that has been
shown to undergo Ca2�-mediated conformational changes
(Barroso et al., 1996). Based on the results reported here and
on the general role of EF-hand proteins as Ca2� sensors, we
propose that p22 transduces Ca2� signals to downstream
partners to subsequently regulate the assembly and organi-
zation of the ER network. Here, we also show that p22
regulates microtubule organization and dynamics indepen-
dently of its ability to undergo Ca2�-dependent conforma-
tional changes.

Figure 8. ER structures accumulate at myr-p22–induced microtubule bundles. (A) BHK-ER cells were mock (a and b), myr-p22 (c and d),
or myr-p22-E134A (e and f) bulk microinjected, allowed to recover for 2 h and then processed for immunofluorescence by using tubulin
antibodies. a, c, and e show the ECFP-ER fluorescence pattern, and b, d, and f show the microtubule staining. Lines were drawn from the
periphery to the perinuclear region in mock (lines 1 and 2) and myr-p22 (lines 6 and 7) or myr-p22-E134A (lines 11 and 12) bulk-microinjected
cells, and the corresponding plot profiles are shown in B. These lines were made to cross several myr-p22 (lines 6 and 7) or myr-p22-E134A
(lines 11 and 12) induced microtubule bundles. Bars, 10 �m. (B) ImageJ software was used to produce plot profiles of the microtubule (MT:
dashed lines) and ER (solid lines) networks along the lines drawn in the cells shown in A and in other not-shown cells. ER1/MT1-ER5/MT5:
profiles for mock bulk-microinjected cells. ER6/MT6-ER10/MT10: profiles for myr-p22 bulk-microinjected cells. ER11/MT11-ER15/MT15:
profiles for myr-E134A-p22 bulk-microinjected cells.
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Role of p22 in Microtubule Organization and Dynamics
The bulk microinjection of APpep2 antibodies into BHK cells
results in the removal of p22 from microtubules, leading to
the fragmentation and depolymerization of the microtubule
network. The amount of polymerized tubulin is reduced to
�26% at 2 h, and microtubules are practically undetectable
at 4 h after APpep2 bulk microinjection. A similar phenom-
enon has been observed in cells microinjected with XKCM1,
a microtubule-destabilizing kinesin (Kline-Smith and Walc-
zak, 2002). It has been suggested that the significant reduc-
tion in intracellular tubulin staining detected in XKCM1-
microinjected cells is due to the autoregulation of tubulin
expression; increase in unpolymerized tubulin subunits
leads to suppression of tubulin transcription (Kline-Smith
and Walczak, 2002). In agreement with a role of p22 in
microtubule stability, bulk microinjection of myr-p22 in-
duces the formation of microtubule bundles positive for p22.
Overexpression of several microtubule-binding proteins, in-
cluding EB1, dynactin subunit p150Glued, and CLIP-170, has
been shown to induce the formation of microtubule bundles
(Pierre et al., 1994; Ligon et al., 2003). However, these micro-
tubule bundles are different from those induced by myr-p22,
which are medium sized and distributed throughout the
cell. Myr-p22–induced microtubule bundles are more simi-
lar to those induced by the overexpression of doublecortin,
a microtubule-binding protein, which has been implicated in
X-linked lissencephaly, a severe brain malformation affect-
ing males (Horesh et al., 1999).

Microtubule bundle formation was shown to be indepen-
dent of Ca2�-induced conformational changes, because bulk
microinjection of myr-p22-E134A also induces microtubule
bundling. These data agree with previous results showing
that myr-p22-E134A and myr-p22 bind microtubule pellets
at similar levels and that p22–microtubule association occurs
in a Ca2�-independent manner in vitro (Timm et al., 1999).
Other EF-hand proteins have also been shown to associate

with different target molecules in a Ca2�-independent man-
ner. Calmodulin interacts with the small conductance Ca2�-
activated potassium channels (Jurado et al., 1999; Keen et al.,
1999) and guanylyl cyclase-activating protein 1, a photore-
ceptor-specific Ca2�-binding protein, binds to the microtu-
bule-associated retina-specific guanylyl cyclase (Schrem et
al., 1999) in a Ca2�-independent manner.

p22 Associates with Membranes of the Early Secretory
Pathway in an N-Myristoylation- and Ca2�-dependent
Manner
The requirement for p22 in membrane traffic suggests that
p22 interacts with membrane-bound organelles (Barroso et
al., 1996). Three main criteria were used to demonstrate that
p22 associates with membranes of the early secretory path-
way, in particular with ER membranes. First, p22 is found
associated predominantly with ER (�75%) and partially
with Golgi (�15%) membrane fractions by using iodixanol
gradients. Second, the intracellular distribution of p22 over-
laps predominantly with that of the microtubule network
and partially with that of ER and Golgi apparatus. Third,
p22 and an ER marker partially colocalize in punctate struc-
tures upon microtubule depolymerization. The apparent
contradiction between p22’s subcellular localization de-
tected by subcellular fractionation and immunofluorescence
assays is probably due to the level of microtubule polymer-
ization during these methods; microtubules depolymerize
during homogenization conditions but not during cell fixa-
tion conditions. p22’s association with intracellular mem-
branes was further confirmed by its ability to bind microso-
mal membranes with 40–50% efficiency and to act as a
peripherally associated membrane protein.

Here, we report that p22 associates with ER membranes in
vitro and under artificial conditions. However, only a minor
fraction of p22 has been shown to localize to ER membranes
in normal, unperturbed cells. The difficulty to see the inter-

Figure 9. Effect of bulk microinjection of
myr-p22 or myr-p22-E134A on ER network
formation. BHK-ER cells were mock (A),
myr-p22 (B), or myr-E134A-p22 (C) bulk mi-
croinjected, allowed to recover for 2 h, pro-
cessed for immunofluorescence, and ana-
lyzed by confocal microscopy. A–C are
representative images showing ECFP-ER
fluorescence pattern in areas free of micro-
tubule bundles. Bars, 10 �m. (D) Using Im-
ageJ software, the number of three-way ER
junctions was counted by confocal micros-
copy in several 15-�m2 regions of interest
(n � 11–25) as a parameter of ER network
formation in vivo. Data represents mean �
SD (n � 11–25).
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actions between p22 and ER membranes in vivo strongly
suggests that they occur in a transient, highly regulated
manner.

The inability to detect p22 in endocytic membranes may
indicate that the cell-free transport assay that was used to
demonstrate the requirement for p22 in membrane traffic
does not actually reconstitute the targeting/fusion of tran-
scytotic vesicles with apical plasma membrane (Barroso et
al., 1996). Alternatively, a different isoform of p22 may be
required in the transcytotic targeting/fusion assay. Because
p115, which was also shown to be required in the transcy-
totic targeting/fusion assay (Barroso et al., 1995), has a clear
role in ER-to-Golgi transport (Nelson et al., 1998; Alvarez et
al., 1999), it is possible that this assay preferentially measures
membrane transport steps between the ER and the Golgi
apparatus. Irrespective, the essential role of p115 in ER-to-
Golgi transport confirms the ability of the cell-free target-
ing/fusion assay to evaluate specific protein requirements in
membrane traffic, independently of its specificity.

Our results suggest that p22 interacts with membranes
and microtubules by using distinct mechanisms. Two main
lines of evidence support this hypothesis. First, N-myristoyl-
ation is required for the p22-microtubule association but not
for the constitutive p22–membrane interactions. Second,
Ca2�-mediated conformational changes are required to
stimulate p22’s association with membranes over constitu-
tive binding, but they do not lead to increased microtubule
association (Timm et al., 1999). Furthermore, these results
suggest that p22-membrane but not p22–microtubule inter-
actions are modulated by an N-myristoyl-Ca2� switch.

The N-myristoyl-Ca2� switch concept was developed to
describe the changes underwent by recoverin’s three-dimen-
sional structure upon binding of Ca2� (Ames et al., 1997). In
Ca2�-free recoverin, the N-myristoyl group is buried within
a hydrophobic pocket formed by residues from EF-1 and
other helices (Tanaka et al., 1995). In Ca2�-bound recoverin,
the N-myristoyl group “flips out” into the aqueous solution
to insert into the membranes (Ames et al., 1997). This model
does not apply to all EF-hand proteins in a stringent manner;
for example, VILIP-1, another member of the neuronal Ca2�-
sensor subfamily, associates with membranes independently
of Ca2� and undergoes a Ca2�- and myristoyl-dependent
increase of its ability to associate with membranes, which is
suggestive of a Ca2�-myristoyl switch (Lenz et al., 1996;
Spilker et al., 1997, 2000, 2002a,b).

Considering the results presented here and the similarity
between the structures of p22, recoverin, and VILIP-1, we
propose that p22 undergoes a nonclassical N-myristoyl-
Ca2� switch to modulate its association with membranes.
Exposure of the N-myristoyl group upon binding of Ca2�

and its subsequent interaction with membranes should ex-
plain the increased p22-membrane binding in the presence
of Ca2�.

p22 can undergo Ca2�-mediated conformational changes
at physiological concentrations of Ca2� (	1 �M free Ca2�)
(Barroso et al., 1996). Here, we show that the p22-membrane
association is significantly increased in the presence of 10
�M free Ca2�. Whereas other NCS proteins, such as recov-
erin and VILIP-1, show a 1–2 �M Ca2�-binding affinity for
their ability to associate with membranes, calmodulin shows
a 10-fold lower Ca2�-binding affinity (Zozulya and Stryer,
1992; Burgoyne and Weiss, 2001). Although further studies
are needed to clearly define p22’s Ca2�-binding characteris-
tics, our data suggest that p22 is closer to calmodulin’s
Ca2�-binding behavior than that to recoverin’s. p22 is found
associated with ER membranes, which can act as Ca2� stores
and have been shown to release large amounts of Ca2� upon

stimulation. Thus, we propose that p22 may be exposed to
increased Ca2� concentrations that would allow it to un-
dergo Ca2�-mediated conformational changes and trans-
duce changes in intracellular Ca2� levels.

p22 Facilitates the Interactions between ER Membranes
and Microtubules
Three lines of evidence suggest that p22 facilitates the inter-
actions between ER membranes and microtubule cytoskele-
ton. First, p22 associates with enriched ER membrane frac-
tions and with microtubules in vivo and in vitro. Second, a
two-step microtubule-membrane binding assay has shown
that p22 promotes the association of ER membranes with
microtubules. The p22-dependent increase in the amount of
membranes bound to microtubules may be underestimated,
due to the presence of endogenous p22 in the cytosol. Third,
ER membrane structures seem to accumulate at myr-p22–
induced microtubule bundles. Currently, we cannot distin-
guish whether this effect is due to ability of p22 to induce
microtubule bundling, affect the organization of the ER net-
work, or both.

Although, the formation and maintenance of the ER net-
work occurs in a microtubule-independent manner (Dreier
and Rapoport, 2000; Terasaki, 2000), ER dynamics, including
ER tubule extension, may be achieved by microtubule-based
mechanisms (Waterman-Storer and Salmon, 1998; Lane and
Allan, 1999). Because p22 facilitates ER–microtubule inter-
actions, it is a good candidate to modulate microtubule-
dependent ER dynamics.

The results obtained using the two-step membrane-micro-
tubule binding assay suggest that p22 facilitates the interac-
tions between ER membranes and microtubules in a Ca2�-
dependent manner. However, both myr-p22 and myr-p22-
E134A–induced stable microtubule bundles have been
shown to accumulate ER membrane structures. Other assays
specifically addressing the quantitative measurement of
membrane–microtubule interactions in vivo are needed to
clarify the requirement for p22’s Ca2�-mediated conforma-
tional changes in these intracellular events.

p22 Plays a Role in the Organization of the ER Network
A role for p22 in ER network formation is suggested by the
ability of APpep2 antibodies to induce the fragmentation of
ER tubules. Because APpep2 antibodies also cause microtu-
bule fragmentation and depolymerization, we have com-
pared their effect on the organization of the ER network with
that of nocodazole, a microtubule-depolymerizing agent.
Although both nocodazole and APpep2 antibodies induce
microtubule depolymerization, their effects on ER organiza-
tion are clearly distinct; whereas nocodazole treatment re-
sults in the retraction of the ER network toward the perinu-
clear region as described previously (Terasaki et al., 1986;
Lee et al., 1989; Terasaki and Reese, 1994; Voeltz et al., 2002),
introducing APpep2 antibodies into cells causes the break-
age of ER tubules into punctate structures distributed
throughout the cell periphery. Here, we propose that the
APpep2-mediated disruption of the ER network is the com-
bined/synergistic result of microtubule depolymerization
and inhibition of ER network formation. Further supporting
a Ca2�-dependent role for p22 in ER network formation, we
have shown that raising the amount of myr-p22, but not of
myr-p22-E134A, increases significantly the number of three-
way ER junctions. Several p22 functions seem to depend on
its ability to undergo Ca2�-mediated conformational
changes. The Ca2� requirement for p22’s ability to associate
with microsomal membranes and modulate ER network
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formation and membrane trafficking events, suggests that all
of these events are functionally related.

An in vitro assay for the formation of the ER has shown
that membrane tubule and network formation, quantified by
counting the number of three-way ER junctions, is depen-
dent on ATP and GTP, cytosolic factors, and Ca2�, and it is
independent of microtubules (Dreier and Rapoport, 2000;
Voeltz et al., 2002). Injection of antibodies against VCIP135,
an essential factor for p97/p47-mediated ER membrane fu-
sion causes a significant decrease in the number of three-
way ER junctions, probably by inhibiting ER homotypic
membrane fusion (Uchiyama et al., 2002). We propose that
the Ca2� dependency of p22-membrane association is in-
volved in the Ca2�-dependent ability of p22 to modulate ER
network formation, probably by affecting ER tubulation
and/or membrane fusion.

Together, these results suggest that p22 plays a role in
microtubule organization and dynamics, microtubule–ER
membrane interactions, and ER network formation. Ca2�-
binding and Ca2�-mediated conformational changes seem
to be required for p22’s role in ER network formation but not
for its ability to modulate microtubule organization and
dynamics, suggesting at least two distinct intracellular func-
tions for p22.
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