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Highly purified endoplasmicreticulum
fractions al. (1982),identified protein antigens unique to the endofrom rat liver and dog pancreas harbor membraneplasmic reticulum (ER)’ and the Golgi apparatus. This apassociated kinases that phosphorylate integral mem- proach has been extended in attempts
to identify markersfor
brane proteins of 90, 56,35, and 15 kDa with [y-””PI the nuclear porecomplex (Davis andBlobel, 1986), the interOf mediate compartment between the ER and the Golgi appaGTP and of 90, 56, and 35 kDa with [T-~”P]ATP.
these, only the 35-kDa phosphoprotein was N-glyco- ratus (Schweizer et al., 1988), cis (Saraste et al., 1987) and
sylated.Screening
of Golgi fractions, endosomes, medial (Gonatas et al., 1989) Golgi elements, lysosomal memplasma membranes, lysosomes, and mitochondria re- branes (Lewis et al., 1985; Reggio et al., 1984), and endosomal
vealed phosphoproteins unique to each organelle.
In subcompartments (Park et al., 1991; Tougard et al., 1985;
particular, endosomes were found to harbora 48-kDa Wilson et al., 1987).
extrinsic membrane protein and two or more integral
More recently, polyclonal antibodies raised against Triton
membrane phosphoproteins of 30-35 kDa.None of
X-114-extracted
proteins fromGolgi fractions haveidentified
these were N-glycosylated as judged by their insensia
rat liver cDNA expression library, providpositive
clones
in
tivity to digestion by N-glycosidase F and a lack of
binding to concanavalin A or wheat germ agglutinin. ing a t least one useful marker of the trans Golgi network, i e .
TGN 38 (Luzio et al., 1990). Screening of a Madin-Darby
Sincethe30-35-kDamembranephosphoproteins
canine kidney cell cDNA library with degenerate oligonuclepresent in Golgi-free endosomal fractions were not
detected in endosome-free, highly purified Golgi frac- otide probes to a domain conserved among the Yptl/sec4
tions and were found exclusively in horseradish per- subfamily has defined novel GTP-binding proteins as markers
oxidase-containing endosomes as determined by the for various subcompartments of the exocytic and endocytic
et al., 1990; Goud andMcdiaminobenzidine shift protocol, then these membrane membranesystems(Chavrier
phosphoproteins are unique toendosomes. Since mem- Caffrey,1991). This family of smallmembrane-associated
brane phosphoproteins unique to the endoplasmic re- GTP-binding proteins, homologous to ras p21, has been imticulum have been shown to have important functional
plicated in theregulation of membrane traffic along both the
significance in calcium binding and as a membrane exocytic and endocytic pathways (reviewed by Pfeffer (1992)).
chaperone(s) (Wada, I., Rindress, D., Cameron, P. H., Of these, rab3Ap has been demonstrated to function in EROu, W.-J., Doherty, J.-J., 11, Louvard, D., Bell, A. W., to-Golgi transport (Plutneret al., 1990), and rab4p and rab5p
Dignard, D., Thomas, D. Y., and Bergeron, J. J. M. have been demonstrated to function in endocytic membrane
(1991)J. Biol. Chem. 266, 19599-19610; Ahluwalia, fusion (Gorvel et al., 1991; Van der Sluijs et al., 1991).
N., Bergeron, J. J. M., Wada, I., Degen, E., and WilWe have recently attempted to identify major membrane
liams,D. B. (1992) J.Biol. Chern. 267,10914-10918),
proteins
related to the function and/or uniquenessof organthen the uniqueendosomal phosphoproteins may serve
equally important functions in addition to serving as elles. In this report,we describe a simple assay thatidentifies
unique phosphoprotein substrates
of organelle-associatedpronovel markers for the
organelle.
tein kinases. The incubation of isolated subcellular fractions
with [T-~*P]ATPor [T-~’P]GTP at0 “C has identified phosphoprotein substrates that appear to be unique to the ER,
Golgi apparatus, endosomes, lysosomes, and mitochondria.
Themarker enzyme hypothesis,elaborated by de Duve
(1975), enabledtheidentificationandisolation
of several
EXPERIMENTALPROCEDURES
organelles based on the characteristic sedimentation properties of their marker enzyme activities. However, marker enMaterials, Animals, and Protein Determination
zymes have not been identified for all organelles, and other
[Y-~’P]GTP(specific activity of 25-42 Ci/mmol) and [y-32P]ATP
methods for defining markermolecules have been elaborated. (specific activity of 3000 Ci/mmol) were purchased from NEN ReThus, animmunological approach, carried outby Louvard et search Division, DuPont Canada (Mississauga, Ontario, Canada).
* This work was supported in part by a grant from the Medical
Research Council of Canada (toJ. J. M. B.). The costs of publication
of this article were defrayed in partby the payment of page charges.
This article must therefore
be hereby marked “aduertisenent” in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
$ D. R. and X. L. contributed equally to thiswork.
Recipient of a studentship from theMedical Research Council of
Canada.
7i Recipient of a studentship from the Fonds de la Recherche en
Santi. du QuBbec.

Kodak X-Omat AR-5 x-ray film was purchased from Picker International CanadaInc. (Montreal, Quebec, Canada). Reagentsfor SDSPAGE and protein determination were from Bio-Rad (Mississauga,
Ontario), and concanavalin A-Sepharosewas from Pharmacia LKB
Biotechnology Inc. (Montreal, Quebec). All other reagents were from
Sigma andAnachemiaCanada
Inc. (Lachine, Quebec). SpragueDawley rats were obtained from Charles River Laboratory (St. Con-
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The abbreviations used are: ER, endoplasmic reticulum; PAGE,
polyacrylamide gel electrophoresis; SRM, strippedrough microsomes;
DAB, diaminobenzidine; WNG, endosome-free Golgi fraction.
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stant, Quebec). Dog pancreata were kindly provided by the laboratory
of Dr. Betty Sasyniuk (McGill University, Montreal, Quebec). Protein
content of isolated fractions was determined by the method of Bradford (1976).

Subcellular Fractionation
Translocation-competent rough microsomes and stripped rough
microsomes (SRM) from dog pancreas and rat liver were isolated as
described previously (Walter and Blobel, 1983; Paiement and Bergeron, 1983). Membranes (10-12 mg/ml) were stored frozen at -70 "C
in 20 mM HEPES/NaOH, pH 7.4, 50% glycerol, 1 mM dithiothreitol.
Rough and smooth microsomes from dog pancreas were prepared
according to a modification of the method of Tartakoff and Jamieson
(1974) in which the homogenization and centrifugation steps were
carried out in TKM buffer (0.3 M sucrose, 50 mM Tris-HC1, pH 7.4,
100 mM KCl, 5 mM MgC12) containing 1 mM dithiothreitol and the
protease inhibitors phenylmethylsulfonyl fluoride (1 mM) and aprotinin (100 kallikrein-inactivating units/ml). The resulting smooth
and rough microsomes were recovered by centrifugation through a
cushion of 0.5 M sucrose containing 50 mM Tris-HC1, pH 7.4, 100
mM KCI, 1 mM dithiothreitol at 150,000 X g for 60 min to remove
the protease inhibitors. Pellets were resuspended in 20 mM HEPES/
NaOH, pH 7.4, 50% glycerol, 1 mM dithiothreitol and used immediately for in vitro phosphorylation.
The Golgi fractions (GF1, GF,, and GF3, i.e. Golgi light, intermediate, and heavy, respectively), small vesicle fractions, and load zone
fractions were prepared by discontinuous gradient centrifugation of
rat liver microsomes as described previously by Bergeron (1979) and
Bergeron et al. (1982). An endosome-free Golgi fraction designated
WNG was isolated by a floatation method from low speed pellets of
liver homogenates.' Rat liver plasma membranes were isolated by the
method of Hubbard et al. (1983) as modified by Kay et al. (1986).
Secondary lysosomes were isolated exactly as described by Wattiaux
et al. (1978),and rat heartmitochondria were prepared freshly by Dr.
G. C. Shore as described previously (Shore et al., 1983).
Liver endosomal fractions designated Li, containing predominantly
late endosomes, and Gi, containing early endosomes and Golgi elements, were prepared from parent light mitochondrial (L) andmicrosomal (P) fractions, respectively, by the floatation method of Khan
et al. (1986). Percoll gradient subfractionation of Gi and Li fractions
was done exactly as described by Khan et ai. (1986). To remove
Percoll from subcellular fractions, pooled fractions collected from the
Percoll gradients were adjusted to 1.15 M sucrose and overlaid with
0.25 M sucrose, 4 mM imidazole, pH 7.5. Samples were centrifuged at
200,000 X g,, for 90 min, collected from the boundary, and then
pelleted prior to in uitro phosphorylation or used as is. In some
experiments, a modified diaminobenzidine (DAB) shift procedure of
Courtoy et al. (1984) was carried out on Gi fractions prior to or after
in vitro phosphorylation (see below). Briefly, rats were injected with
horseradish peroxidase (1 mg/100 g of body weight) with or without
lZ6I-insulin(100ng,100-150 pCi/pg). At 5 min post injection, the
rats were killed, and the Gi fraction was isolated as described by
Khan et al. (1986). The isolated Gi fraction was incubated in the dark
with DAB in the presence or absence ofH,O, and fractionated on
Percoll gradients (17.2% (v/v) Percoll) exactly as described by Kay
et al. (1984). Following a 30-min centrifugation at 61,000 X gav,the
gradient was further fractionated into six fractions (4 ml each) of
increasing density, and the Percoll was removed by floatation (see
above). Subsequently, fraction 1 was pooled with fraction 2, fraction
3 with fraction 4, and fraction 5 with fraction 6. Pooled fractions,
corresponding to thetop, middle, and bottom of the Percoll gradient,
were subjected to in vitro phosphorylation (see below).
Marker Enzyme Analysis and Electron Microscopy
Galactosyltransferase (EC 2.4.1.38), using ovomucoid as the exogenous substrate, and acid phosphatase (EC 3.1.3.2), using 6-glycerophosphate as the substrate, were assayed as described previously
(Khan et al., 1982). Electron microscopy of fixed filtered samples was
done as described by Khan et al. (1982).

I n Vitro Phosphorylation
Membranes were incubated with 6-10 p~ [y-32P]ATPor [y-"P]
GTP (specific activity of 25-42 Ci/mmol for both radiolabeled nucleotides) in buffer containing 40 mM Tris-HC1, pH 7.4, 2.5 mMMnC12,
7.5 mM MgCl,, 40 mMKC1 in a final volume of 100 p1. Phosphorylations were carried out for 30 min on ice. Control experiments showed

'J. J. M. Bergeron, manuscript in preparation.

that phosphorylation of the proteins of interest was stronger at this
temperature rather than atroom temperature or 37 "C. The reaction
was terminated by the addition of 11pl of a 10-foldconcentrated stop
solution containing cold nucleotides to yield a final concentration of
1 mM GTP or ATP,2 mM NaF, 2 mM Na3V0,. Phosphorylated
samples were processed directly for SDS-PAGE, phospholipid analysis, or lectin chromatography.

Phospholipid Content
Phospholipids were extracted as described by Schacht (1981), and
thin-layer chromatography was carried out on Merck Silica Gel 60
plates using a solvent of chloroform, methanol, 3.3 M ammonium
hydroxide (43:38:12). Phospholipid standards werevisualizedby
spraying with rhodamine (0.05% in 95% MeOH). Radioactive spots
were visualized by autoradiography after exposure for 12 h at -70 "C.
Radioactivity was then quantified by scraping the radioactive areas
indicated by the x-ray film into scintillation vials, and radiolabel was
determined by Cerenkov counting.

SDS-PAGE
Samples were dissolved in 1.5% SDS, 10% 6-mercaptoethanol, 10%
glycerol, 0.01% bromphenol blue, 0.0625 M Tris-HC1, pH 6.8; boiled
for 5 min or heated for 15 min at 65 "C; and then applied to SDSpolyacrylamide gels containing 4% acrylamide in the stacking gel and
a 5-15% gradient of acrylamide in the resolving gel. Approximately
10-50 pg of cell fraction protein was applied to each lane. Radioactive
bands were detected by autoradiography using Kodak X-Omat AR-5
film exposed at -70 "C in cassettes with enhancing screens.

Lectin Chromatography
SRM-Integral membrane proteins of [y-32P]GTP-phosphorylated
samples (500 pg of protein) were phase-partitioned with Triton X114 according to the method of Bordier (1981). The detergent phase
was diluted with Buffer A (50 mM potassium phosphate, pH 7.5,0.15
M NaCI, 5% glycerol, 0.2% Tween 20) and added to concanavalin ASepharose beads (100 pl) in the presence or absence of0.5 M amethyl-D-mannoside. After 2 h a t 4 "C, the beads were pelleted by
centrifugation for 5 min in a Brinkmann tabletop microcentrifuge
and washed with Buffer B (50 mM potassium phosphate, pH 7.5, 1.0
M NaCl, 0.1% Tween 20). Proteins bound to beads incubated in the
absence of the competitive sugar were eluted with 50 mM potassium
phosphate, pH 7.5,0.2% Tween 20 containing 0.5 M a-methy1-Dmannoside; the beads were pelleted; and the unbound fraction (supernatant) was collected. Any protein(s) stillbound to thebeads were
eluted by boiling the beads in 1%SDS, 50 mM Tris-HC1, pH 7.5.
Proteins in both the concanavalin A-Sepharose-unbound and -eluted
fractions were precipitated by adding 4-5 volumes of ethanol/hexanes
(4:l) prior to SDS-PAGE.
Other Fractior~-[y-~~P]ATPand [y-3ZP]GTP-phosphorylated
samples ( e 5 pg of protein) were solubilized with an equal volume of
Buffer C (2% Triton X-100, 1.0% deoxycholate, 20 mM sodium
phosphate, pH 7.5, 10 mM 6-glycerophosphate, 10% glycerol) for 15
min at 4 "C. After solubilization, the samples were diluted with 5
volumes of Buffer D (1.0 M NaCl, 10 mM sodium phosphate, pH 7.5,
5 mM 6-glycerophosphate, 5% glycerol) and centrifuged at 436,000 X
g for 10 min ina TLA 100.2 rotor (Beckman Instruments). The
supernatants were incubated at 4 'C for either 2 or 4 h, as indicated,
with 50 pl of a 1:1suspension of concanavalin A-Sepharose or wheat
germ agglutinin-Sepharose and wash buffer (Buffer D, 0.2% Triton
X-100) in the presence or absence of 0.25 M a-methyl-D-mannoside
or N-acetylglucosamine, respectively. The samples were then centrifuged at top speed for 5 min in a Brinkmann microcentrifuge; and
the pellets were resuspended in 1.0 mlof wash buffer, centrifuged,
and washed twice more. The unbound proteins in the supernatants
were precipitated with 3-4 volumes of cold ethanol/hexanes (4:l). To
elute glycoproteins bound to the beads and to resuspend precipitated
unbound proteins, samples were boiled in SDS sample preparation
buffer.
RESULTS

In Vitro Phosphorylationof Stripped and Unstripped
Microsomes
The rough ER is the majororganelle withinpancreatic
acinar cells and is readily isolated as a roughmicrosome
fraction (Tartakoff and Jamieson,1974). Thus, using a stand-
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ard protocol to purify rough microsomes, phosphorylation
conditions were established, and the distributionof phosphoMore detailed subcellular fractionation was effected on rat
protein substrates for membrane-associated protein kinases
tissue homogenates. Golgi fractions, small vesicular compowas evaluated. Protein phosphorylation was linear for 30 min
nents, smooth ER, late and
early endosomal fractions, plasma
a t 0 "C with either [-p3'P]GTP or [T-~'P]ATP as thephos- membranes, and secondary lysosomes were isolated from liver
phate donor. As evaluated by thin-layer chromatography, 13
homogenates as well as mitochondria from rat heart homogand 25% of thetotal radioactivityincorporatedin
rough
enates using established protocols. These fractions were inmicrosomes in[y-32P]ATPand
[y-"PIGTPphosphorylacubated with [y-"PIGTP (Fig. 2 A ) or [y3'P]ATP (Fig. 2 B ) ,
tions, respectively, were found within phospholipids. In both
and thedistribution of phosphopeptide substrates was evalucases, phosphatidylserine was the major lipid phosphorylated
ated by SDS-PAGEand autoradiography. Comparison of
(data notshown). The phosphorylatedprotein substrates
were
phosphorylated peptides in these fractions to the profile of
evaluated by SDS-PAGE and x-ray film autoradiography.
phosphopeptides observed for SRM (Fig. 2, A and B, lane 1 )
Comparison of 32P-labeledpolypeptides of smooth and rough indicated distinct patterns characteristicof each subcellular
microsomes phosphorylated with [y3'P]ATP or [ T - ~ ~ P J G T P
fraction, with a simpler and often stronger pattern observed
as the phosphate donor revealed distinctive profiles charac- for GTP phosphorylation than for ATP phosphorylation. In
teristic of each membrane fraction and each nucleotide (Fig.
particular, strongly phosphorylated bands at 48 and 35-30
1).In particular, a major ATP-phosphorylated polypeptide of
kDa were observed in a highly purified "late" endosomal Li
135 kDa was found after ATP phosphorylation, and four
fraction (lane 7). These bands were also found in the Golgi
phosphopeptides of 90,56,35, and 15
kDa were observed after
endosomal fractions (GF,, GF2, GF,, and Gi) (lanes 2-4 and
GTP phosphorylation of rough (but not smooth)microsomes
8, respectively). However, several of the major bands charac(Fig. 1, lanes 3 and 4 ) . When ribosomes were removed prior teristic of ER phosphorylated substrates were not observed in
to phosphorylation by treating rough microsomes with EDTA
plasma membrane, lysosomal, and mitochondrial fractions. A
(Walter and Blobel, 1983), a pattern of 32P-phosphopeptide generally more complex pattern (Fig. 2B) was observed for
labeling similar to that seen without ribosome removal was
[y-"PIATP phosphorylation, except for the Li fraction (lane
observed (data not shown), although the relative intensities
7), in which the same three phosphoproteins of 48,35, and30
of the bands differed probably due to the loss of cognate
kDa were found, albeit less intensely phosphorylated than
kinases during the ribosome stripping protocol (see Fig. 5 as with [y3'P]GTP (cf. Fig. 2 A ) . Of all the above subcellular
well).
fractions testedfor associated kinases and thecorresponding
To see if the ER pattern of phosphorylation was specific
phosphoprotein substrates, late endosomal Li (lane 7) and
only to pancreas, comparison was made with stripped rough
lysosomal (Lys,lane 1 0 ) fractions revealed the lowest number
microsomes isolated from rat liver homogenates. Although
of radiolabeled phosphoproteins (Fig. 2).
weaker labeling was observed, ,'P-labeled proteins of similar
molecular masses were found especially with [y-"PIGTP as
Phosphoproteins Unique toEndosomes and Golgi Apparatus
the phosphate donor (data notshown).
The major proteins phosphorylated by GTP and ATP in
Golgi fractions (GF,, GF2, and GF,), the late endosomal Li
SM
RM
fraction, and a Golgi endosomal fraction (Gi) were phosphoI A G"A
G'
proteins of 48 kDa and two or more phosphoproteins between
35 and 30 kDa (Fig. 2). However, the Golgi fractions studied
here have been shown previously to be highly contaminated
with endosomes (Khan et al., 1982,1986; Kay et al., 1984;
Bergeron et al., 1988). By contrast, the late endosomal Li
fraction is greatly diminished in marker enzymes for other
organelles including the Golgi apparatus (Khan et al., 1986).
T o distinguish those phosphoproteins that are common or
97.4
unique to endosomes or theGolgi apparatus, threeapproaches
were attempted.
69
Inthefirst
approach, the endosomal Li fraction was
subfractionated on Percoll gradients (Fig. 3). Li fractions
46
isolated from liver homogenates of rats injected with 1251insulin revealed endocytic componentsdistributed at p =
30
1.055-1.062 (fractions 9-12) after Percoll gradient centrifugation (Fig. 3A), similar to thedistribution of total protein in
the gradients (data notshown) (see Khan et al. (1986)). When
the parent Li fraction (Fig. 3B, lane 1 ) and Percoll gradient
"
subfractions 1-4,5-8, and 9-12 (lanes 2-4, respectively) were
evaluated for in vitro phosphorylation activity, identical phos1 2 3 4
phoprotein substrates and membrane-associated kinases in
FIG.1. Distribution of S2P-labeled proteins in smooth and
rough microsomes from dog pancreas. In vitro phosphorylation the low, intermediate, and high density regions of the gradient
with [y3*P]ATP( A ) or [y3'P]GTP (G) of smooth ( S M )and rough were observed.
In thesecond approach, the Gi fraction was subfractionated
( R M )microsomal subfractions was as described under "Experimental
Procedures." The mobilities of molecular mass markers (in kilodal- into Golgi and endosomal components by the DAB shift
tons) areshown on the left. The mobility of the 35-kDa phosphogly- protocol of Courtoy et al. (1984) as employed by us previously
copeptide characteristic of GTP phosphorylation of SRM (Wada et (Kay et al., 1984; Bergeron et dl., 1988). In control experial., 1991) is indicated by the arrowhead on the right. The mobility of ments, the Gi fraction was isolated 5 min after the administhe major protein (-135 kDa) phosphorylated by [-y-"P]ATP in rough
microsomes ( l a n e 3) is indicated by the arrow. Approximately 10 pg tration of horseradish peroxidase and '251-insulin.'251-Insulinof protein was loaded onto each lane. Exposure time was 40 h a t containing components ( p > 1.06) were separated completely
from galactosyltransferase-containing Golgi components
-70 "C.
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FIG.2. Subcellular distribution ofin vitro phosphorylated proteins of defined subcellularfractions isolated from ratliver

homogenateswith [y-"P]GTP (A) or [y-"P]ATP ( B )as phosphate donor.The phosphopeptides of dog pancreatic SRM phosphorylated
with [y3'P]GTP or [y3'P]ATP (lane 1 ) were compared to those of rat liver Golgi fractions (GFI, GF,, and GFS) (lanes 2-4, respectively),
small vesicles ( S V , lane 5), and the residual load zone (LZ,lane 6 ) freshly prepared from rat liver microsomes. In separate experiments, Li
(late endosomes) (lane 7) and Gi (Golgi endosomes) (lane 8 ) fractions, purified from parent L and P fractions, were phosphorylated with [y32P]GTP( A ) or [Y-~'P]ATP( B ) .The results of separate experiments with liver plasma membrane fractions ( E " , lane 9), liver lysosomes
(Lys, lane l o ) , or rat heart mitochondrial fractions (Mit, lane 1 1 ) are also shown. The arrowheads to the right of each series of experiments
in A denote the positions of the 15-, 35-, 56-, and 90-kDa phosphoproteins, while in B, the positions of the 35-, 56-, and 90-kDa phosphoproteins
are indicated by arrowheads as determined by the mobility of molecular mass markers and concurrently electrophoresed phosphorylated SRM
from separate experiments. Vertical arrowheads in lane 7 denote phosphopeptides of 48,35, and 30 kDa that may be unique to endosomes or
shared between Golgi components and endosomes. Approximately 10 fig of protein was loaded per lane. Exposure times a t -70 "C were as
follows: lanes 1-6,24 h; lanes 7 and 8 , 2 0 h; lane 9 , 5 h; lane IO, 10 h; and lane 11,3 days.

(peak density = 1.042) as described before (Kay et al., 1984;
Bergeron et al., 1988). When Gi fractions isolated from liver
homogenates of horseradish peroxidase-injected rats were
phosphorylated in uitro with [y3'P]GTP or [y3'P]ATP, endosomal and Golgi components became irreversibly aggregated; there was no evidence for fusion of endocytic components with Golgi elements by electron microscopy (data not
shown). Hence, after in uitro phosphorylation followedby
incubation with DAB and H202 andsubsequent Percoll gradient centrifugation, the Golgi marker (galactosyltransferase),
32P-labeledphosphoproteins, and the endosomal marker (internalized '251-insulin)all coincided in a peak fraction (frac-

tion 7) of p = 1.048 (data not shown). On the other hand,
when Gi fractions isolated from liver homogenates of rats
injected with horseradishperoxidase only were first subjected
to the DAB shift protocol followed by Percoll gradient centrifugation and thenphosphorylated in uitro with [y3'P]GTP,
the 30-35-kDa phosphoproteins were selectively shifted to the
bottom of the gradient (Fig. 44). However, two components
of the 48-kDa band became evident; the slowly migrating
component was shifted (lane 6 ) , while the faster migrating
component remained largely in the unshifted Golgi elements
(lane 4 ) .
A third approach was attempted. In uitro phosphorylation
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FIG.3. Distribution of phosphoprotein substrates and kinase(s) in endosomal fractions. A, the Li fraction was characterized for

its distribution of endosomal components by Percoll gradient centrifugation with internalized ‘2511-insulinas marker. At 10 min after the
injection of ‘251-insulin,the Li fraction was isolated fromliver homogenates and subjected toPercoll gradient centrifugation as described by
Khan et al. (1986). The contentof ’2iI-insulin wasdetermined in the resultant fractions and represented
as a fraction of the total radioactivity
recovered from the gradient. B, the Li fraction was isolated and subfractionated on Percoll, and the Percoll fractions were evaluated for in
uitro phosphorylation as described under “Experimental Procedures.” Fractions 1-4,5-8, and 9-12 were pooled separately and separated from
Percoll, and equal amounts of protein (-5 pg) were evaluated for i n uitro phosphorylation activity with [-y-”P]GTP. The parent Li fraction
(lane 1 ) reveals “P-labeled phosphopeptides of 48, 35, 32, and 30 kDa, while the fractions recovered from Percoll gradient centrifugation
revealed phosphorylation of polypeptides with similar molecular masses (lanes 2-4). The arrowhead denotes the mobility of the 48-kDa
phosphopeptide, and thearrows indicate the mobilitiesof the 35-, 32-, and 30-kDa phosphopeptides. Exposurewas for 18 h a t -70 “C.
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activity and phosphoprotein substrates were compared among
three subcellular fractions. The Li fraction (Golgi-free endosomes), the Gi fraction (composed of a mixed Golgi endosomal
fraction), and a recently isolated Golgi fraction greatly diminished in endosomal contamination2were assessed by in vitro
phosphorylation with [y3'P]GTP (Fig. 4B) or [ T - ~ ~ P I A T P
(data not shown). Phosphorylationwith either nucleotide
revealed the 30-35-kDa substrates in both the Li and Gi
fractions, but not in the endosome-depleted WNG fraction.
Substrates at 48 kDa were present in all fractions, but with
slower mobility (designated48H) in the Li fraction and a
slightly faster mobility (designated 48L) in theWNG fraction.

69 -

9 7.4 -

97.4

-

69-

Characterization of Substrates
Endoplasmic Reticulum-Phase partitioning with Triton
46X-114 was used to identify integral membrane proteins, and
46concanavalin A-Sepharose chromatography was used to idenc
30tify glycoproteins in SRM fractions after invitro phosphorylc
30ation. All four major substrates (at 90, 56, 35, and 15 kDa),
characteristic of GTP phosphorylation, in SRM partitioned
into the detergent phase, while the major ATP substrate of
12.312.3 135 kDa in SRM partitioned into the
aqueous phase (Fig. 5A)
(the increased number of 32P-labeledphosphoproteins observed in Fig. 5A as compared to Fig. 1 is due to the 5-fold
1 2 3
1 2 3
4 5 6
increase inproteinapplied
tothe gel). T h e [ T - ~ ~P I G T P phosphorylated membraneproteins of the TritonX-114 phase
FIG. 4. 30-35-kDa phosphoproteins are restricted to DABwere then evaluated for binding to concanavalin A-Sepharose. shifted endosomes and are absent from endosome-depleted
As shown in Fig. 5B, none of the "P-labeled membrane Golgi fractions. A, the 30-35-kDa phosphoproteins are of endosoproteins bound concanavalin A when a-methyl-D-mannoside mal origin. At 5 min after the injection of horseradishperoxidase, the
was included as a competitive inhibitor in the incubation Gi fraction was isolated andincubated with DAB in the absence
buffer (lane 1 ). However, the binding of the 35-kDa phospho- (lanes 1-3) or presence (lanes 4-6) of H202. Subsequently, the Gi
fraction was subjected to Percoll gradient centrifugation, the Percoll
peptide to concanavalin A in the absence of the competitive was removed by floatation, and the fractions were pooled as detailed
sugar (lane 2 ) was tenacious. After binding, it could not be under "ExperimentalProcedures."Approximately 5 pg of protein was
removed with a-methyl-D-mannoside (lane 3 ) , but did elute used for each phosphorylation assay. The 30-35-kDa phosphoproteins
with SDS (lane 4 ) . Hence, only a single membrane phospho- (arrows) found throughout the Percoll gradients in the unshifted Gi
glycoprotein of 35 kDa was identified as a substrate in highly fraction (lanes 1-3) were shifted to the bottom of the gradient
following the DAB shift protocol (lane 6). The mobilities of the
purified fractions of the endoplasmic reticulum.
molecular mass standards (in kilodaltons) are indicated on the left.
Golgi Apparatus and Endosomes-Phosphoprotein
sub- Exposure was for 18 h (lanes 1-3) or 16 h (lanes 4-6) at -70 "C. B,
strates of -35 kDa were also detected inGolgi endosomal and in vitro phosphorylation of Li, Gi, and WNG fractions with [y-"P]
late endosomal fractions (Figs. 2-4). Since the 35-kDa phos- GTP. Phosphoproteins of 48 and 30-35 kDa were observed in the Li
phoglycoprotein substrate in SRM (pgp35) could be readily (lane 1 ) and Gi (lane 2 ) fractions, with the Gi fraction revealing a
separated by concanavalin A-Sepharose chromatography (Fig. greater number of substrates. The WNG fraction (lane 3 ) revealed
no substrates at 30-35 kDa, with a 48-kDa band of slightly faster
5B), itspresence in other fractions as a possible contaminant mobility (termed 48L) than that observed in the Li fraction (termed
was evaluated. Only Golgi, small vesicular, and endosomal 48H). Exposure was for 4 h at -70 "C.
fractions were assessed since no phosphopeptides a t 35 kDa
were found in plasma membrane,lysosomal, or mitochondrial tein, while proteins with higher molecular masses of 150 and
fractions (Fig. 2). Hence, Triton X-100-solubilized Golgi en- 98 kDa (preferentially phosphorylated by [ T - ~ ~ P I A T were
P)
dosomal, small vesicular, smooth ER,andlateand
early reduced to 143 and 90 kDa, respectively (data not shown).
endosomal fractions were subjected to concanavalin A-Seph- The in vitro phosphorylated proteins of the Li fraction were
arose chromatography. No 32P-labeledconcanavalin A-bind- also assessed for their binding to wheat germ agglutinin (Fig.
ing proteins corresponding to the molecular mass of pgp35 7). As for N-glycosidase F, the phosphoproteins of higher
were observed in these fractions after phosphorylation with molecular mass (i.e. 150 and 98 kDa) (lanes 3, 4, 7, and 8)
either [y3'P]GTP or [ T - ~ ~ P ] A T(data
P not shown). Hence, bound to wheat germ agglutinin in the absence of N-acetylthe 35-kDa phosphoproteins detected in these fractionswere glucosamine (lanes 3, 4 , 7, and 8),but not itspresence (lanes
not due to ERcontamination.
5 , 6, 9, and l o ) , while the proteins of 48 and 30-35 kDa did
Phase partitioning with the detergent Triton X-114 was not bind appreciably to wheat germ agglutinin (lanes 11, 12,
carried out on the endosome-enriched Li fraction after invitro 15, and 16). Hence, the major GTP-phosphorylated proteins
phosphorylationwith [ T - ~ ~ P ] G T(Fig.
P 6) or [-p3'P]ATP of endosomes (48 and30-35 kDa) were not N-glycosylated.
(data not shown). The major phosphoproteins of 30-35 kDa
DISCUSSION
were all preferentially partitioned into the detergent phase
(lane 3 ) ,thereby identifyingthem asintegral membrane phos- We have identified membrane phosphoproteins specific to
phoproteins, while that of 48 kDa was found preferentially in the endoplasmic reticulum and endosomes by analyzing orthe aqueous phase (lane 2 ) .
ganelle-associated kinase phosphoprotein substrates in in viThe proteins were also evaluated as to whether they were tro phosphorylation assays. The plasma membrane, due to its
N-glycosylated. Digestion of the in vitro phosphorylated and expected enrichment in components of cellular signaling
Triton X-100-solubilized Li fraction with N-glycosidase F did mechanisms, revealed the greatest abundance of phosphorylnot alter themobilities of the 48- or 30-35-kDa phosphopro- ated protein substrates using either [ T - ~ ~ P I A TorP [y3'P]
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FIG.5. Membrane association and concanavalin A-Sepharose chromatography of SRM phosphopeptides after in vitro
phosphorylation. A , SRM were phosphorylated in vitro with [r-"P]ATP (lanes 1-3) or [yR2P]GTP(lanes 4-6) and then partitioned using
Triton X-114into the aqueous (AQ, lanes 2 and 5) and detergent (DET, lanes 3 and 6 ) phases according to the procedure of Bordier (1981).
Samples were then processed for SDS-PAGE with 50 pg of protein (Total) loaded in lanes I and 4 . Positions of molecular mass markers (in
kilodaltons) are shown on the left, and the mobilities of pp90, pp56, pgp35, and pp15 are indicated by the arrows on the right. The mobility
of the major protein phosphorylated by [ T - ~ ~ P ] A T
isPindicated by the oblique arrow and corresponds to a molecular mass of -135 kDa. B,
SRM (500 pg) were phosphorylated in vitro with [yR2P]GTP, and theintegral membrane proteins were extracted with Triton X-114.The
detergent phase was diluted and incubated with concanavalin A-Sepharose beads in the presence (lane I ) or absence (lane 2) of a-methyl-Dmannoside (amm)and the unbound fraction (lanes I and 2) processed for SDS-PAGE. Concanavalin A beads incubated in the absence of
the competitive sugar (lane 2) were washed with 0.5 M a-methyl-D-mannoside (lane 3) followed by elution with 1% SDS (lane 4 ) . The
mobilities of pgp35 and pp15 are indicated by the arrows.
GTP

and the major mitochondrial proteins seen phosphorylated
here have been reported previously (Piedimonte et al., 1986,
1988), although several additional polypeptides(notably a t 19
and 72 kDa) were found in the presentstudy.
Other investigators have also studied i n uitro phosphorylation by associated kinases of ER andGolgi fractions. Dawson
et al. (1986) observed the phosphorylation of 38- and 17-kDa
phosphoproteins with [y"P]GTP in ER fractions. These
97.4mostprobablycorrespond
to pgp35 and pp15. Other sub69 strates were not detected by these investigators due most
likely to theuse of higher temperatures in theirin vitro assays
(25-30 "C), a t which phosphatases are expected to be more
active.
Golgi fractions were studied for in uitro [-pR2P]ATPphosphorylation by Capasso et al. (1985, 1989). Although they
reported the phosphorylation of a major extrinsic phosphoprotein of -48 kDa, they were unable to detect other substrates in Golgi fractions as well as ER fractions. Again, an
1 2 3
i n vitro phosphorylation temperature of 25-30 "C was likely
responsible for this observation. Furthermore, no consideraFIG.6. The 48-kDa protein phosphorylated in endosomal
fractions is a peripheral membrane protein, while 35-, 32-, tion was given to thepossibility of endosomal contamination
and 30-kDa proteins are integral membrane proteins. After in of hepatic Golgi fractions (see Bergeron et al. (1988)).
Endoplasmic Reticulum-Four
membrane proteins of 90,
uitro phosphorylation with [r-"'P]GTP of the Li fraction, the mixture
was extracted with Triton X-114.The protein of 48 kDa was mainly 56, 35, and 15 kDa were identified after i n vitro phosphorylfound in the aqueous ( A Q ) extract (arrowhead), while those of 35, ation with [y3'P]GTP, while the first three were identified
32, and 30 kDa were found in the detergent ( D E T ) phase (arrows). with [-y-"PIATP. On the basis of sensitivity to N-glycosidase
Exposure was for 16 h a t -70 "C.
F (Wada et al., 1991) and binding to concanavalin A (Fig.
5B), only a single phosphoprotein, corresponding to pgp35,
GTP and was not studied in greater detail. Highly purified
was N-glycosylated. We have subsequently gone on to purify
lysosomes (57-fold enrichment of acid phosphatase over the this membrane phosphoglycoprotein and, based on the idenhomogenate) showed the lowest number of phosphopeptides, tity of the primary sequence of two CNBr fragments, have
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FIG. 7. Lectin chromatography of endosomal proteins phosphorylated with [y3'P]ATP and [y-"PIGTP.Endosomal L fractions
(=5 pg of protein) isolated from rat liver homogenates were subjected to in vitro phosphorylation with [ Y - ~ ~ P ] A (TAP) and [y3*P]GTP(GI,
solubilized, and incubated with wheat germ agglutinin-Sepharose for 2 h (lanes 3-6 and 11-14) or 4 h (lanes 7-10 and 15-18) in the absence
(lanes 3, 4, 7,8, 1I, 12, 15, and 16) or presence (lanes 5 , 6,9, 10, 13, 14, 17,and 18) of the competitive sugar N-acetylglucosamine (GlcNAc).
Since similar phosphopeptide profiles were observed with LI, Li, and Lh fractions using either [Y-'~P]ATPor [y-'*P]GTP as the phosphate
donor (data not shown), these fractions were pooled for lectin chromatography. Half of both the lectin-bound (lanes 3-10) and -unbound
(lanes 11-18) endosomal phosphoproteins were processed for autoradiography on 5-15% linear gradient polyacrylamide gels as described
under "Experimental Procedures." I n uitro phosphorylated pooled L1, Li, and Lh fractions not subjected to extraction with the lectin (TOTAL)
are shown in lanes 1 and 2 (2.2.5 pg of protein/lane). The horizontal arrowhead denotes the mobility of the 48-kDa phosphopeptide, while the
arrows denote the mobilities of the 35-, 32-, and 30-kDa phosphoproteins. The downward and upward arrowheads indicate the major integral
membrane glvcoproteins
of 150 and 98 kDa,. respectively.
The mobilities of radioactive molecular weight markers are indicated on the left.
.
The exposure was for 26 h a t -70 "C.
"

identified it as signal sequence receptor a-subunit (Wada et By the DAB shift protocol of Courtoy et al. (1984), it was
al., 1991). A comparison of in uitro phosphorylated proteins conclusively demonstratedthattheendocyticcomponents
in other fractions with those in the
E R confirmed the restric- could be separated from thegalactosyltransferase-enriched
tion of pgp35 to the ER. Thus, no phosphoproteins of this Golgi components (Kay et al., 1984). Hence, GFI, GF2,GF3,
molecular mass were found in plasma membranes,lysosomes, and Gi fractions are heavily contaminated with endosomes.
By contrast, the Golgi-free endosomal Li fractionappears
or mitochondria. The phosphoproteins of 35 kDa found in
endosomes andGolgi endosomal fractionswere integral mem- relativelyhomogenousby
electron microscopy,with most
brane proteins, but were not glycosylated since their mobili- componentsharboringinternalized ligand as indicated by
ties were unaltered after digestion with N-glycosidase F and electron microscopic autoradiography of randomly sampled
since they bound neither concanavalin
A nor wheat germ (filtered)fractions (see Fig. 7 of Khan et al. (1986)). The
parent Li fraction demonstrated
a >90-fold enrichment in
agglutinin.
Golgi Apparatus and Endosomes-The major phosphopro- internalized ligand (insulin a t 5 min after injection). This
was
teins identified in common among theGolgi endosomal frac- increased further after Percoll gradient centrifugation (Khan
tions (GF,,GF2, and GFJ, theGi fraction, and the endosomal et al., 1986). After Percoll gradient centrifugation of the Li
bulk of the internalized
Li fraction corresponded tomolecular masses of 48 kDa and fraction, the fractions containing the
two or more phosphoproteins between30 and 35 kDa with in ligand demonstrated in uitro phosphorylation of the 48- and
uitro phosphorylation more active with [r-"P]GTP than with 30-35-kDa substrates with [y-"P]GTP. It was therefore concluded that these phosphoproteins and their kinases
were
[ Y - ~ ~ P I A T P . TGF,,
h e GF2, and GFa fractions are enriched in
constituents of endosomes.
activity for the Golgi marker enzyme galactosyltransferase
While the DAB shift protocol caused an irreversible
aggre(Bergeron, 1979; Bergeronet al., 1982).The Gi fraction
(nearly identical to GF2) was 61-fold enriched in galactosyl- gation of membranes if carried out prior to in uitro phostransferase activity over the homogenate,
while the Li fraction phorylation of the Gi fraction, it was effective in separating
contained negligible galactosyltransferase activity as reported endosomes from Golgi components of the unphosphorylated
revealed phospreviously (Khan et al., 1986). All of the above fractions, Gi fractions. Only the DAB-shifted endosomes
however, contained endocytic elements that concentrate in- phorylation of the 30-35-kDa phosphoprotein substrates (Fig.
DAB shift
ternalized ligands and their receptors (Josefsberg etal., 1979; 4 A , lane 6). Surprisingly, phosphorylation after the
Posner et al., 1982; Khan et al., 1986; Bergeron et al., 1985). also indicated that the 48-kDa band in the Gi fraction was
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