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Sarlp belongs to a unique subfamily of the small GTPase superfamily and is essential for
the formation of vesicles that transport proteins from the endoplasmic reticulum to the
Golgi apparatus. We have obtained mutants of the yeast SARI gene, which show several
different phenotypes in cell growth and protein transport [Nakano, A., Otsuka, H.,
Yamagishi, M., Yamamoto, E., Kimura, K., Nishikawa, S., and Oka, T. (1994) J. Biochem.
116,243-247; Yamanushi, T., Hirata, A., Oka, T., and Nakano, A. (1996) ibid. 120,452-468].
In this study, we have purified five mutant Sari proteins using an Escherichia coli
expression system and characterized their biochemical properties in detail. Three of them
prefer GDP binding to GTP binding and are thus regarded as GDP-form mutants, and one
is insensitive to the GTPase-activating protein and is almost fixed in the GTP-bound state.
The GDP mutants are defective in vesicle formation in vitro, whereas the GTP mutant can
drive vesicle formation but not the overall transport to the Golgi. These mutants will be
useful for further understanding of the regulation of the GTPase cycle of Sarlp.

Key words: COPII vesicle formation, SARI, small GTPase, vesicular transport, yeast
Saccharomyces cerevisiae.

GTPases are known to regulate a variety of cellular reac-
tions by acting as molecular switches (1, 2). A huge number
of low-molecular-weight GTPases have been discovered
and are now collectively called the Ras-superfamily. One of
the very important findings in the last decade is that many
small GTPases are involved in intracellular protein
trafficking. The Rab/Ypt and Sar/Arf families are required
for the regulation of vesicular transport (3, 4), and the Ran
family is important for nuclear import and export (5).

Many biochemical data so far accumulated indicate that
the two families involved in vesicular traffic, Rab/Ypt and
Sar/Arf, play different roles in each step of transport. In
the case of the transport from the endoplasmic reticulum
(ER) to the Golgi apparatus in yeast, for example, Sarlp is
essential for the budding and formation of transport
vesicles from the ER (6-8), whereas Yptlp is needed for
the targeting and fusion of the vesicles to the Golgi
1 This work was supported by Grants-in-Aid from the Ministry of
Education, Science, Sports and Culture of Japan, by research grants
from the Human Frontier Science Program Organization and from
Inamori Foundation, and by a fund from the Biodesign Project of
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membrane (9, 10).
From the structural point of view, the Sar/Arf family of

proteins are the most distant relatives in the Ras-super-
family. Phylogenetic analysis predicts that this family
forms a quite isolated branch from other members of the
superfamily (11, 12). Furthermore, the mode of posttrans-
lational modification is totally different. Most other fam-
ilies of small GTPases, including Ras, Rho/Rac, and Rab/
Ypt, have cysteine residue(s) at their C-termini, which are
modified with lipidic moieties, farnesyl or geranylgeranyl
(23). The Sar and Arf proteins do not have such prenyl
modifications. Instead, Arf proteins commonly have a
myristoyl modification at their N-termini, which is essen-
tial for their activity (14, 15). Sarlp is quite unique in this
regard; it does not contain the sequence to be modified with
myristic acid either (7). Sarlp has no posttranslational
modification at all and is purely a simple polypeptide.

We have been studying the role of the GTPase cycle of
yeast Sarlp in terms of the regulation of vesicle budding
and protein sorting. To take advantage of the yeast genetic
system, we have constructed eight mutant versions of
Sarlp (D32G, K36M, T54A, D73V, H77L, E112K, N132I,
and C171S). Numerous mutational studies have been
performed on Ras proteins, and now it is widely believed
that particular types of mutations cause alteration of GDP/
GTP binding and GTPase activities in common (11, 12). In
fact, most of the mutations we introduced into Sarlp were
designed based on the knowledge on Ras (see Table HI).
However, great care should be taken if one wants to study
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a unique subfamily of proteins. There is no assurance that
a similar mutation gives a similar outcome if the proteins
are quite diverged. In the case of the Sar/Arf family, the
work on yeast Arflp by Kahn et al. (16) is the only
biochemical analysis made so far on a purified protein. To
address this problem, we purified the wild-type and five
mutant versions of Sarlp, and performed detailed charac-
terization of them: guanine nucleotide binding, GTPase
activity, and the ability to promote ER-to-Golgi transport
in a cell-free reaction. The usability of the mutations we
constructed will be discussed.

MATERIALS AND METHODS

Strains—The yeast Saccharomyces cerevisiae strains
used in this study were X2180-1A (MA T& mal gal2 CUP1)
(Yeast Genetic Stock Center, Berkeley, CA), MBY10-7A
(MATa secl2-4 uro3-52 leu2-3, 112 trpl-289 his3 his4
sucgol2) (17), and RSY620 (MATa. uro3-52 leu2-3, 112
ode2-l trpl-1 his3-ll, 15 conl-100 pep4::TRPl/
pTYY117 [SEC24-mSe inserted into YEp352]/pTYY121
[SEC23 inserted into YEp351]) (28). The Escherichia coli
strain used for Sarlp purification was BL21 (DE3) [F~
ompT rB-ms-]/pLysS (I9)/pMYE3-l (20).

Purification of Sari Proteins—Purification of the wild-
type and mutant Sarlp using an E. coli expression system
was performed as described (20). For purification of the
Sari E112K mutant protein (SarlpE112K), the induction
conditions were slightly modified. E. coli BL21 (DE3)/
pLysS cells carrying the SarlpE112K expression plasmid
(pMYE3-9) were cultured at 30'C in 1 liter LB medium
containing 50//g/ml ampicillin and 25^g/ml chloram-
phenicol to an early log phase (OD660 0.25). Synthesis of
Sarlp was induced by the addition of 1 mM isopropylth-
iogalactoside, and then incubation was continued for an
additional 3 h. Cells were harvested at a middle log phase
(OD65O 0.55). All subsequent procedures, including cell
lysis by sonication, DEAE-Sephacel column chromatog-
raphy, Sephacryl S-200 gel nitration and high-performance
liquid chromatography on a DEAE-5PW column, were
performed exactly as described (20).

Purification of the Sec23p-Sec24p Complex—Purifica-
tion of the Sec23p-Sec24p complex was performed as
previously described (18) with some modifications. Yeast
strain RSY620 was grown in 1.2 liters of MVD medium
(0.67% yeast nitrogen base, 2% glucose) containing 0.1 M
potassium phosphate buffer (pH 6.5) and appropriate
supplements to a late log growth phase (OD90o 0.4), and
then harvested and washed with distilled water. All subse-
quent steps were performed at 4"C. Cells (20 g) were
resuspended in 20 ml buffer A [50 mM HEPES-KOH, pH
6.8, 50 mM potassium acetate (KOAc), 5 mM EDTA, 0.5
mM PMSF] and then disrupted in a bead-beater chamber
with a 1/2 volume of glass beads. The crude homogenate
was centrifuged at 30,000 x g for 10 min and the super-
natant was set aside. The pellet was resuspended in 60 ml
buffer A containing 0.75 M KOAc, and the lysis procedure
was repeated to extract additional Sec23p complex. The
two supernatants were combined and centrifuged at
100,000X0 for 90 min. Solid (NR,)2SC\, was dissolved in
the lysate to 30% saturation, and the resulting precipitate
was collected by centrifugation at 30,000 Xg for 15 min.
The pellet was resuspended in 10 ml of 50 mM HEPES-

KOH, pH 6.8, and 0.2 mM EGTA. The suspension was
further made to 0.5 M KOAc and subjected to HPLC on a
TSK DEAE-5PW semi-prep column (21.5mmxl5cm,
Tosoh), which had been equilibrated with 50 mM HEPES-
KOH, pH 6.8, 0.25 M sorbitol, 0.2 mM EGTA, and 0.5 M
KOAc. The Sec23p complex was eluted with a linear
gradient of 0.5-0.8 M KOAc at the flow rate of 4.5 ml/min.
The pure Sec23p complex peak fractions were pooled based
on the results of analysis by immunoblotting with an anti-
Sec23p antibody and Coomassie Brilliant Blue staining.

Guanine-Nucleotide-Binding Assays—GTPyS- andGDP-
binding activities were measured by the procedure de-
scribed by Kimura et al. (20). Sarlp (0.15 ^M) was
incubated with 0.1-2.0//M [3BS]GTPyS or [3H]GDP
(10,000 dpm/pmol, DuPont New England Nuclear) in 40 ^1
reaction buffer (0.075% Triton X-100, 25 mM HEPES-
KOH, pH 6.8, 1 mM MgCl2, and 0.25 mg/ml bovine serum
albumin) at 20 or 30'C. The reaction was stopped by the
addition of 800//I chilled stop buffer (0.002% Triton
X-100, 25 mM HEPES-KOH, pH 6.8,100 mM NaCl, and 5
mM MgCl2), and then immediately filtrated through a
nitrocellulose filter (Millipore HA). The filter was quickly
washed four times with 2 ml of stop buffer, and then dried
and subjected to measurement of the radioactivity by
scintillation counting.

GTPase and GAP Assays—The ability of Sarlp to
hydrolyze GTP was measured by quantifying GTP and GDP
separated on thin-layer plates (7). Purified Sarlp (0.1
pmol///l of GTPyS-binding site) was incubated in 20/^1
volume with 0.2//M [>-32P] GTP (20,000 dpm/pmol,
DuPont New England Nuclear) ,0 .1% Triton X-100, 25 mM
HEPES-KOH, pH 6.8, 1 mM magnesium acetate, 0.5 mM
dithiothreitol, and 0.25 mg/ml bovine serum albumin at
30°C. The reactions were stopped by the addition of 2 fA of
200 mM EDTA, followed by placing on ice. A1 //I aliquot of
the reaction mixture was spotted onto a polyethyleneimine
cellulose plate (Sigma) and developed with 1 M LiCl/1 M
HCOOH ( 1 : 1 , v/v). The plate was dried, autoradio-
graphed on an imaging plate (BAS-SR 2040, Fuji Photo
Film), and quantitatively analyzed with a BlO-imaging
Analyzer (BAS 2500, Fuji Photo Film). For the GAP assay,
0.1 pmol///l of Sec23p-Sec24p complex was added to the
reaction.

Cell-Free Transport Reaction—Transport-competent
semi-intact cells and cytosol were prepared as described
(21). The strains MBY10-7A and X2180-1A were used to
prepare the secl2 semi-intact cells and the wild-type
cytosol, respectively. The transport marker, 36S-labeled
prepro- a- -factor, was prepared by in vitro transcription and
translation by the procedure of Oka et al. (22). Standard
transport reaction and vesicle formation assay were per-
formed as described (8, 22).

RESULTS

Purification of Sarlp—We have established a purifica-
tion procedure for the wild-type Sarlp, based on an E. coli
expression system (20). From the supernatant of a sonica-
tion lysate of E. coli, Sarlp can be purified to homogeneity
by three-step protocol: anion-exchange column chromatog-
raphy, gel filtration, and HPLC. This procedure has the
advantage for purifying mutant Sarlp over the method
based on overexpression in yeast (7), because most of the
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mutant Sarlp we constructed cause lethality when overpro-
duced in yeast cells (23, 24). By applying the same pro-
cedure, we could purify D32G, T54A, H77L, and C171S
mutant versions of Sarlp. For the E112K mutant, we had
to slightly optimize the induction conditions as described
under "MATERIALS AND METHODS.' Unfortunately,
K36M, D73V, and N132I mutants behaved quite differ-
ently from other versions and we were unable to purify
them by this protocol.

Guanine Nucleotide Binding—The purified Sari proteins
were subjected to analysis of the activity of guanine
nucleotide binding. Aliquots of Sarlp were mixed with
[36S]GTPyS or [3H]GDP and incubated at 20 or 30'C. The

resultant complex was trapped on a nitrocellulose filter and
washed, and then the guanine nucleotide bound to Sarlp
was quantified by scintillation counting. Figure 1 shows the
time course of the GTPyS- and GDP-binding to the wild-
type and mutant Sarlp. In the case of wild-type Sarlp
(WT), the binding of either GTPyS or GDP saturated
during the incubation for 50 min at 20"C and 20 min at
30'C. For D32G and T54A mutants, however, GTPyS
binding was much lower than GDP-binding. Even on
60-min incubation, 10% or less GTPyS could bind to Sarlp.
The binding of GDP was normal for both of these mutants.
It should be noted that the low GTPyS-binding activity of
D32G was even lower at 30'C. This is consistent with the

WT

10 20 30 40 50 60

D32G T54A
033

10 20 30 40 50 60 10 20 30 40
Time (min)

50 60

H77L E112K

0.6

a.

0.4

02f
20°C,GDP

——-JffCGDP

20*C,GlTyS

30*C,GTPiS

10 20 30 40 50
Time (min)

60

Fig. 1. Time courses of
GTP7S- and GDP-binding.
Purified Sarlp (0.15 ^M) was
mixed with 2//M ["SJGTPyS
or ['HIGDP (10,000 dpm/
pmol) at the indicated tempera-
tures. At appropriate time inter-
vals, aliquots of the reaction
mixture were filtrated through a
nitrocellulose membrane filter
and then the radioactivity of the
bound nucleotide was measured
by scintillation counting. Thin
lines show ["S] GTPyS binding
and thick lines ['HJGDP bind-
ing. Solid and broken lines indi-
cate the reactions at 20 and
30*C, respectively.
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fact that the yeast cells that depend solely on D32G are
temperature sensitive for growth (23, 24). The H77L
mutant gave a similar profile to the wild type. The satura-
tion level of GTPyS-binding appeared to be a little lower
than that of the wild-type Sarlp, but the time course itself
showed a rapid profile. C171S also showed a normal profile
almost indistinguishable from that of the wild type (data
not shown).

The E112K mutant, in contrast, showed very low gua-
nine-nucleotide-binding activities. The number of bound
nucleotide per Sarlp molecule was less than 0.1. Even with
such low guanine nucleotide binding, E112K showed pre-
ferential binding of GDP to GTPyS. Furthermore, the
initial binding of GDP was rapid like that of the wild-type
Sarlp. The GTPyS binding at 30'C showed a slow and
gradual increase with time. Because the E112K mutant is
also temperature sensitive for growth (24), this could be
due to nonspecific binding of GTPyS to the denatured
protein.

For a fixed period of time enough for saturation of the
binding, varied amounts of guanine nucleotides were in-
cubated with Sarlp and the bound fraction was quantitated
by the same filter assay. From this experiment, the
dissociation constant, Ka, and the number of nucleotide
binding sites were determined by Scatchard plot. The
results are shown in Table I. The kinetic parameters were
not determined for the cases of GTPyS binding with D32G
and T54A, because they never reached saturation in the
time scale we observed. Similarly, we were unable to obtain
these values for E112K. Perhaps more elaborate methods
such as equilibrium dialysis will be needed to assess these
parameters.

The numbers of the nucleotide binding sites were all close
to one per Sarlp molecule except for GTPyS with D32G
and T54A. The Ka values of the wild-type Sarlp were
determined to be 40 nM for GTPyS and 60 nM for GDP at
20'C. These values are in a reasonable range for small
GTPases. Both for the wild-type and mutant Sarlp, the Ka
values were higher at 30'C than at 20'C. The mutant
proteins, especially H77L and C171S, showed significantly
higher Kt values than the wild-type. Considering the
concentrations of guanine nucleotides in yeast cytosol,
which are in the range of 10~4-10~5M (12), these lower
affinities of the mutant proteins for guanine nucleotides will
not affect the proportion of functional Sarlp. Indeed, as we
reported previously (23), C171S behaves as a normal

TABLE I. Gnanine nucleotide binding of Sarlp mutants.
IQ Nucleotide binding site

Sarlp (nM) (pmol nucleotide/pmol Sarlp)

WT

D32G

T54A

H77L

cms

30'C
20'C
30'C
20'C
30'C
20#C
30'C
20'C
30'C
20'C

GTPyS
9 0 ± l
40 ±20

n.d.
n.d.
n.d.
n.d.

650+160
200 ±80
760 ±40
420±100

GDP
170±4
60±30

340±9
120±10
160±l
80 ±20

640 ±90
190±10
330 ±30
210±20

GTPyS
1.2±0.2
l.l±0.1

n.d.
n.d.
n.d.
n.d.

0.85±0.26
0.85±0.19
1.2±0.3
1.4±0.2

GDP
l.l±0.1

1.0
1.2±0.1
l.l±0.1
1.2±0.1
1.3±0.1
0.9±0.1

0.83±0.02
1.1
1.1

Sarlp in vivo. In the cases of D32G and T54A, the affinities
for GTPyS were too low to be determined by the filter
assay. In other words, D32G and T54A can be regarded as
mutants mostly fixed in the GDP-bound state.

Intrinsic GTPase Activities and Stimulation by GAP—
The GTPase activities of the wild-type and mutant Sarlp
were measured by incubating them with [a-32P]GTP and
quantifying GTP and GDP after thin-layer chromatog-
raphy. The results are shown in Table II. Among the wild
type, H77L and C171S, there was no significant difference
in the intrinsic GTPase activity. The turnover number of
GTP hydrolysis was in the range of 2-4 X 10~3 min"1. This
is in good agreement with the value previously reported for
the wild-type Sarlp purified from yeast (1.1 X10"3 min"1)
(7). D32G, T54A and E112K mutants, which do not bind
GTP efficiently, also showed some ability to hydrolyze
GTP. However, because we could not determine the
numbers of the GTP (GTPyS)-binding sites for these
mutants, reliable estimation of the turnover number was
impossible.

The effect of the addition of the Sec23p-Sec24p complex
was also examined by this GTPase assay. As reported
previously (25), Sec23p-Sec24p showed a GAP action on
Sarlp and stimulated the GTPase activity of the wild-type
Sarlp by 8.9-fold (Table II). Similar stimulation was also
observed for C171S. In contrast, the GTPase activity of
H77L was enhanced by only two-fold on the addition of
Sec23p-Sec24p. This indicates that H77L is a mutant
Sarlp that is much less sensitive to the action of GAP.

Cell-Free Assays to Assess Sarlp Activity in ER-to-Golgi
Vesicular Transport—The purified wild-type and mutant
Sarlp were further analyzed as to their abilities to promote
ER-to-Golgi vesicular transport by cell-free assays. The
system we utilized is based on the suppression of the
temperature-sensitive transport of secl2 semi-intact cells
by the addition of functional Sarlp (8, 22). The seel2
semi-intact cells were incubated at 27°C, the condition
which is unable to promote vesicular transport to the Golgi
in the absence of exogenously added Sarlp. When the
wild-type Sarlp was supplied, the transport activity was
restored and the marker protein, pro-a-factor, acquired
the cts-Golgi-specific a\—>6 mannosyl modification on the
JV-linked oligosaccharides (Fig. 2). The amount of a\—>6
mannosyl modification (1,700-2,000 cpm) upon the addi-
tion of 75 ng wild-type Sarlp was about 80-90% that for the
same reaction at the permissive temperature (20*C). The
C171S mutant also promoted transport to the Golgi. D32G
appeared to have a weak activity to recover transport but
the extent was much lower than the wild type. T54A and

TABLE II. Intrinsic GTP hydrolysis activity of Sarlp and
stimulation by Sec23p GAP.

Sarlp GTP hydrolysis
(lO-'min"1)

Stimulation by Sec23p
(fold)

WT
H77L

cms

3.5±0.1
2.1±0.5
2.4±0.4

8.9
2.0
6.2

Purified Sarlp was assayed for [MS]GTPyS- and ['H]GDP-binding
as described in 'MATERIALS AND METHODS." Values represent
the means±SD for triplicate determinations, n.d., not determined.

Purified Sarlp (0.1 //M GTPyS-binding site) was incubated with 0.2
li M [a -"P] GTP (20,000 dpm/pmol) in the absence or presence of 0.1
//M Sec23p-Sec24p complex. GTP and GDP were separated on a
polyethyleneimine thin-layer plate and analyzed by autoradiography.
The values under GTP hydrolysis indicate the intrinsic GTPase
activity in the absence of Sec23p-Sec24p. Mean values ±SD for
double or triplicate determinations are shown.
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1800

200

25 50

Sarlp(ng)

75 25 50
Sarlp (ng)

Fig. 2. The activity of Sarlp to trans-
port vesicles form the ER to the Golgi ap-
paratus in a cell-free assay. secl2 semi-
intact cells were incubated with the indicated
amounts of purified Sarlp at 27'C for 60
min. The arrival of vesicles in the Golgi ap-
paratus was assessed by the acquisition of a 1
—»6 mannose linkage on pro-<r-factor as ana-
lyzed by immunoprecipitation (22).

3500
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I
jt 2500
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1500
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3500

"I2""
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0

H77L/

/

5 10 13
S»rlpH77L(r*)

H77L

S

20 25

D32G

W T /

/

25 50
Sarlp (ng)

75
1000

Fig. 3. Vesicle formation activity of
Sarlp from the ER membrane. In a
similar assay to that in Fig. 2, the ability of
Sarlp to form vesicles was examined by
collecting slowly-sedimenting membranes
after the incubation of seel 2 semi-intact
cells with Sarlp. The supernatant of the
reaction mixture centrifuged at 20,000 x g
for 1 min was treated with trypsin and the
pro- a -factor in this vesicle fraction was
quantified by precipitation with Con A-
Sepharose (8).

25 50
Sarlp (ng)

H77L mutants showed virtually no transport activity.
In the sequential reactions of ER-to-Golgi transport,

Sarlp is known to be required for the budding and forma-
tion of vesicles from the ER (7, 8). The vesicle formation
can also be assayed using the semi-intact cell system by
adding a medium-speed centrifugation step after the
reaction to separate released vesicles (8). As shown in Fig.
3, the wild-type Sarlp promoted formation of vesicles as
estimated by Con A-precipitable pro -a- factor in the
medium-speed supernatant. T54A, on the other hand,
showed no activity of vesicle formation. D32G seemed to
retain a little activity under these conditions. Interestingly,
the H77L mutant showed a good vesicle formation activity
at low concentrations. As shown in the inset of Fig. 3,
SarlpH77L caused a dose-dependent increase of vesicle
formation up to 25 //g. At higher concentrations, however,
H77L appeared to have a rather inhibitory effect.

To summarize, C171S showed a good activity in the
overall transport from the ER to the Golgi. T54A could not
support either vesicle budding or transport to the Golgi.
D32G exhibited a very low activity to promote transport to
the Golgi but the defect was already apparent at the vesicle
formation step. The H77L mutant showed the ability to
form vesicles at lower concentrations but no activity in the
overall ER-to-Golgi transport reaction.

DISCUSSION

As described in our previous paper (23), we introduced
several point mutations into Sarlp, expecting to obtain
mutant alleles that are somehow fixed at a particular stage
of the GTPase cycle. In the case of Ras, detailed informa-
tion is available as to which residue is important for this
purpose. In fact, we designed the mutation points according
to such information. Including the E112K mutation iden-
tified by a random screen for ts mutants (24), the mutations
in Sarlp we now have are listed in Table HI.

In this study, we purified five mutant proteins (D32G,
T54A, H77L, E112K, and C171S) and examined their
biochemical properties. The results are summarized in
Table IE. Interestingly, three of them, D32G, T54A, and
E112K, showed preferential binding to GDP rather than to
GTP. D32 in Sarlp corresponds to G12 in c-Ras-H, the
position believed to be essential for the GTPase activity. In
the case of Ras, mutations from G12 to any other residues
cause the decrease of the GTPase activity and thus provide
transforming activity (26, 27). Sarlp has D instead of G at
this position to begin with, but the mutation from D to G
apparently affects the affinity toward guanine nucleotides
rather than GTP hydrolysis. In the case of yeast Arflp, the
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TABLE HI. Biochemical properties of mutant Sarlp.
Mutation
in Sarlp

Corresponding mutation
in c-Ras-H Property of Sarlp mutant

GXXXXGK
D32G

K36M
Effector domain

T54A

DXXG(Q/H)
D73V
H77L

NKXD
N132I

Others
E112K

G12
(This position

is G in Ras)
K16M

T35A

D57V
Q61L

N116I

NA"

cms NA

Prefers GDP binding
Defective in vesicle budding

NT*

Prefers GDP binding
Defective in vesicle budding

NT
Normal GDP/GTP binding
Normal intrinsic GTPase
Insensitive to GAP
Can promote vesicle budding

but not transport to the Golgi

NT

Low guanine nucleotide binding
Prefers GDP to GTP
Almost normal

*NT, not tested (mutant protein
(residue not conserved).

not purified); NA, not applicable

corresponding D26G mutant showed a defect in GTPyS
binding, too (16).

The property of T54A was also an unexpected one. This
mutation was introduced into the PT motif, which is
conserved in the effector domain of many small GTPases.
Our results indicate that the T54A mutation fixes the Sarlp
molecule in the GDP-bound state. This appears to be a quite
unique example. It is known that the effector domain of
c-Ras-H is important for the interaction with GAP (28).
The T54A mutation in Rab3A has been shown to cause the
decrease of its intrinsic GTPase activity and the inability to
be activated by GAP and GEF (29). On the other hand,
X-ray crystallographic data of c-Ras-H have shown that the
corresponding T35 residue in Ras coordinates to Mg24 and
the y-phosphate of GTP (30, 31). The T54A mutation in
Sarlp may have affected the interaction with not only GAP
and GEF but also guanine nucleotides.

SarlpEH2K preferred GDP to GTP, but even for GDP,
the binding activity was very low. In this case, we worried
about the possibility that this mutant protein might have
been partly inactivated during purification, because the
sar2E112K mutant cells are also temperature sensitive for
growth (24). We lowered the culture temperature of E. coli
from 37 to 30'C but it did not improve the nucleotide-
binding activities. We further tried to use a partially
purified sample of this protein, which experienced a much
shorter time of purification procedure, but we found simi-
larly low activities of guanine nucleotide binding (unpub-
lished results). One explanation for this may be that E112K
has much lower affinity for GDP and GTPyS than the
wild-type, which resulted in the loss of the bound nucleo-
tide during the wash of nitrocellulose filters. The observa-
tion that E112K can hydrolyse GTP would also argue
against the possibility that the E112K protein was inac-
tivated during purification.

H77L is also an intriguing mutant. The analogous Q61L
mutation in Ras has been shown to exhibit low GTPase
activity and again makes the protein transforming (32). In

Golgi

COPII vesicle

Fig. 4. Model of the role of the GTPase cycle of Sarlp in vesicle
formation. Sarlp is depicted as shiny balls. The arrest points are
shown for the cases of two representative mutants, D32G and H77L.
12, Secl2p; 23, Sec23p; 24, Sec24p.

the cases of Sec4p, Rab3A, and Rab5, similar Q-to-L
mutations also caused the decrease of the intrinsic GTPase
activity (33-35). On the other hand, the GTP hydrolysis by
Sec4pQ79L and Rab3AQ81L was significantly stimulated
by GAP. Our results for SarlpH77L are quite different.
The intrinsic GTPase activity of SarlpH77L is comparable
to that of the wild-type Sarlp and it is the sensitivity to
GAP that is defective in this mutant. The Sec23p-Sec24p
complex has the GAP activity towards the wild-type Sarlp
and stimulates the low intrinsic activity by 8-10-fold. In
contrast, the GTPase activity of H77L, which is slightly
lower than that of the wild-type, is enhanced only by
twofold by the addition of Sec23p-Sec24p. The stimulated
GTPase activity is thus much lower than the case of the wild
type. As a result, this mutation causes the stabilization of
the GTP-bound state, which happened to be the same
property as we expected from the knowledge on Ras
proteins. A similar result, i.e. normal intrinsic GTPase
activity and insensitivity to GAP, has also been reported in
the case of yeast YptlpQ67L (36). It should be added that,
even with such similar biochemical properties, SarlpH77L
and YptlpQ67L give totally different phenotypes in trans-
port. SarlpH77L is very toxic and stops ER-to-Golgi
transport of wild-type cells in a dominant fashion (23). In
contrast, the hydolysis of GTP by Yptlp does not seem to
be required to drive the same transport step in vivo or in
vitro, and in fact YptlpQ67L can replace the wild-type
Yptlp function (36).

The C171S mutant showed almost normal properties as
compared to the wild type. It has somehow lower affinities
to guanine nucleotides, but apparently this does not affect
its in vivo phenotype. The yeast cells that depend on
SAR1C171S grow normally (23). The purpose of this
mutation was to examine the possibility of modification on
the single cysteine residue of Sarlp, which might be
important for the function. As mentioned in the introduc-
tion, we have already concluded that the answer is no.

Cell-free transport assays were performed to examine
the abilities of these mutant proteins to drive ER-to-Golgi
transport. Using a non-hydrolyzable analogue of GTP,
GTPyS, we previously demonstrated that the hydrolysis of
GTP is not required for the budding and formation of
vesicles from the ER but is essential for progress to the step
of targeting to the Golgi apparatus (8). This can now be
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interpreted as that the conversion of the active GTP- bound
Sarlp to the inactive GDP-bound Sarlp leads to the
disassembly of the coat protein complex (COPE) (18) from
the vesicles, and thus exposes the machinery required for
vesicle targeting and fusion. Our results for the H77L
mutant support this model. The H77L protein can drive
vesicle formation in our cell-free assay. However, it
showed no detectable ability to transport vesicles to the
Golgi apparatus. It should also be noted that high concen-
trations of H77L cause the inhibition of vesicle formation.
This result is similar to that we obtained previously with
the wild-type Sarlp complexed with GTPyS (8). Presum-
ably, the consumption of GTP is needed for the multiple
rounds of vesicle formation and thus its inhibition eventu-
ally causes the budding reaction to plateau.

Our model for the role of the GTPase cycle of Sarlp in
vesicle formation is shown in Fig. 4 together with the effects
of two representative mutations, D32G and H77L. This
model is also consistent with our in vivo observations. The
mutant cells with sariD32G are temperature sensitive for
growth. Upon a shift up to the restrictive temperature, the
cells accumulate a massive amount of ER membrane but no
appreciable vesicles (24). In contrast, when the secretion of
yeast cells is arrested by the overexpression of SAR2H77L,
some vesicular or tubular structures are observed in
addition to the exaggerated ER membrane (A. Hirata, T.
Oka, and A. Nakano, unpublished).

Knowing their biochemical properties, these mutants
will be extremely useful for identifying the regulatory
components of the Sarlp GTPase cycle. As described by
Nakano et al. (23), most of the mutations show a dominant
negative effect toward the wild type when they are overex-
pressed. D32G and E112K are also very useful because
they are recessive and temperature sensitive when they are
expressed from a single-copy plasmid. Suppressor screens
have been performed in a variety of ways and some results
will be reported elsewhere.

We are grateful to Charles Barlowe of Dartmouth University and
Randy Schekman of the University of California, Berkeley, for the
exchange of information and the supply of strains and plasmids. We
also thank the members of Nakano's laboratory for the helpful
discussions.

REFERENCES

1. Bourne, H.R., Sanders, D.A., and McCormick, F. (1990) The
GTPase superfamily: a conserved switch for diverse cell func-
tions. Nature 348, 125-132

2. Kaziro, Y., Itoh, H., Kozasa, T., Nakafuku, M., and Satoh, T.
(1991) Structure and function of signal-transducing GTP-binding
proteins. Annu, Rev. Biochem. 60, 349-400

3. Pfeffer, S.R. (1992) GTP-binding proteins in intracellular trans-
port. Trends Cell BioL 2, 41-45

4. Ferro-Novick, S. and Novick, P. (1993) The role of GTP-binding
proteins in transport along the exocytic pathway. Annu. Rev. Cell
Biol. 9, 575-599

5. GSrlich, D. (1998) Transport into and out of the cell nucleus.
EMBO J. 17, 2721-2727

6. Nakano, A. and Muramatsu, M. (1989) A novel GTP-binding
protein, Sarlp, is involved in transport from the endoplasmic
reticulum to the Golgi apparatus. J. Cell BioL 109, 2677-2691

7. Barlowe, C, d'Enfert, C, and Schekman, R. (1993) Purification
and characterization of SARlp, a small GTP-binding protein
required for transport vesicle formation from the endoplasmic
reticulum. J. BioL Chem. 268, 873-879

8. Oka, T. and Nakano, A. (1994) Inhibition of GTP hydrolysis by
Sarlp causes accumulation of vesicles that are a functional
intermediate of the EK-to-Golgi transport in yeast. J. Cell Biol.
124, 425-434

9. Segev, N. (1991) Mediation of the attachment or fusion step in
vesicular transport by the GTP-binding Yptl protein. Science
252, 1553-1556

10. Rexach, M.F. and Schekman, R.W. (1991) Distinct biochemical
requirements for the budding, targeting, and fusion of ER-
derived transport vesicles. J. Cell Biol. 114, 219-229

11. Valencia, A., Chardin, P., Wittinghofer, A., and Sander, C.
(1991) The ras protein family: evolutionary tree and role of
conserved amino acids. Biochemistry 30, 4637-4648

12. Bourne, H.R., Sanders, D.A., and McCormick, F. (1991) The
GTPase superfamily: conserved structure and molecular mecha-
nism. Nature 349, 117-127

13. Clarke, S. (1992) Protein isoprenylation and methylation at
carboxyl-terminal cysteine residues. Annu. Rev. Biochem. 61,
355-386

14. Kahn, R.A., Goddard, C, and Newkirk, M. (1988) Chemical and
immunological characterization of the 21-kDa ADP-ribosylation
factor of adenylate cyclase. J. Biol. Chem. 263, 8282-8287

15. Kahn, R.A., Randazzo, P., Serafini, T., Weiss, 0., Rulka, C,
Clark, J., Amherdt, M., Roller, P., Orci, L., and Rothman, J.E.
(1992) The amino terminus of ADP-ribosylation factor (ARF) is
a critical determinant of ARF activities and is a potent and
specific inhibitor of protein transport. J. Biol. Chem. 267,13039-
13046

16. Kahn, R.A., Clark, J., Rulka, C, Stearns, T., Zhang, C,
Randazzo, P.A., Terui, T., and Cavenagh, M. (1995) Mutational
analysis of Saccharomyces cerevisiae ARF1. J. Biol. Chem. 270,
143-150

17. Nakano, A., Brada, D., and Schekman, R. (1988) A membrane
glycoprotein, Secl2p, required for protein transport from the
endoplasmic reticulum to the Golgi apparatus in yeast. J. Cell
Biol. 107, 851-863

18. Barlowe, C, Orci, L., Yeung, T., Hosobuchi, M., Hamamoto, S.,
Salama, N., Rexach, M.F., Ravazzola, M., Amherdt, M., and
Schekman, R. (1994) COPE: a membrane coat formed by Sec
proteins that drive vesicle budding from the endoplasmic reti-
culum. Cell 77, 895-907

19. Studier, F.W., Rosenberg, A.H., Dunn, J.J., and Dubendorff,
J.W. (1990) Use of T7 RNA polymerase to direct expression of
cloned genes. Methods Enzymol. 185, 60-89

20. Kimura, K., Oka, T., and Nakano, A. (1995) Purification and
assay of yeast Sarlp. Methods Enzymol. 267, 41-49

21. Baker, D., Hicke, L., Rexach, M., Schleyer, M., and Schekman,
R. (1988) Reconstitution of SEC gene product-dependent inter-
compartmental protein transport. Cell 54, 335-344

22. Oka, T., Nishikawa, S., and Nanano, A. (1991) Reconstitution of
GTP-binding Sari protein function in ER to Golgi transport. J.
Cell Biol. 114, 671-679

23. Nakano, A., Otsuka, H., Yamagishi, M., Yamamoto, E., Kimura,
K., Nishikawa, S., and Oka, T. (1994) Mutational analysis of the
Sari protein, a small GTPase which is essential for vesicular
transport from the endoplasmic reticulum. J. Biochem. 116, 243-
247

24. Yamanushi, T., Hirata, A., Oka, T., and Nakano, A. (1996)
Characterization of yeast sari temperature-sensitive mutants,
which are defective in protein transport from the endoplasmic
reticulum. J. Biochem. 120, 452-458

25. Yoshihisa, T., Barlowe, C, and Schekman, R. (1993) Require-
ment for a GTPase-activating protein in vesicle budding from the
endoplasmic reticulum. Science 269, 1466-1468

26. Gibbs, J.B., Sigal, I.S., Poe, M., and Scolnick, E.M. (1984)
Intrinsic GTPase activity distinguishes normal and oncogenic ras
p21 molecules. Proc NatL Acad. Sci USA 81, 5704-5708

27. Seeburg, P.H., Colby, W.W., Capon, D.J., Goeddel, D.V., and
Levinson, A.D. (1984) Biological properties of human c-Ha- rasl
genes mutated at codon 12. Nature 312, 71-75

28. Adari, H., Lowy, D.R., Willumsen, B.M., Der, C.J., and
McCormick, F. (1988) Guanosine triphosphatase activating

J. Biochem.

 at Islam
ic A

zad U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Characterization of Sari GTPase Mutant Proteins 823

protein (GAP) interacts with the p21 ras effector binding domain. 33
Science 240, 518-521

29. Burstein, E.S., Brondyk, W.H., and Macara, I.G. (1992) Amino
acid residues in the Ras-like GTPase Rab3A that specify sensitiv-
ity to factors that regulate the GTP/GDP cycling of Rab3A. J.
BioL Chan. 267, 22715-22718 34.

30. Pai, E.F., Kabsch, W., Krengel, U., Holmes, K.C., John, J., and
Wittinghofer, A. (1989) Structure of the guanine-nucleotide-
binding domain of the Ha- ras oncogene product p21 in the
triphosphate conformation. Nature 341, 209-214

31. Krengel, U., Schlichting, I., Scherer, A., Schumann, R., Freeh, 35
M., John, J., Kabsch, W., Pai, E.F., and Wittinghofer, A. (1990)
Three-dimensional structures of H-ras p21 mutants: molecular
basis for their inability to function as signal switch molecules.
Cell 62, 539-548

32. Der, C.J., Finkel, T., and Cooper, G.M. (1986) Biological and 36
biochemical properties of human ras" genes mutated at codon 61.
Cell 44, 167-176

Walworth, N.C., Brennwald, P., Kabcenell, A.K., Garrett, M.,
and Novick, P. (1992) Hydrolysis of GTP by Sec4 protein plays
an important role in vesicular transport and is stimulated by a
GTPase-activating protein in Saccharomyces cereuisiae. MoL
Cell. BioL 12, 2017-2028
Brondyk, W.H., McKieman, C.J., Burstein, E.S., and Macara,
I.G. (1993) Mutants of Rab3A analogous to oncogenic Ras
mutants: sensitivity to Rab3A-GTPase activating protein and
Rab3A-guanine nucleotide releasing factor. J. BioL Chem. 268,
9410-9416
Hoffenberg, S., Sanford, J.C., Liu, S., Daniel, D.S., Tuvin, M.,
Knoll, B.J., Wessling-Resnick, M., and Dickey, B.F. (1995)
Biochemical and functional characterization of a recombinant
GTPase, Rab5, and two of its mutants. J. BioL Chem. 270, 5048-
5056
Richardson, C.J., Jones, S., Litt, R.J., and Segev, N. (1998) GTP
hydrolysis is not important for Yptl GTPase function in vesicular
transport. MoL CelL BioL 18, 827-838

Vol. 124, No. 4, 1998

 at Islam
ic A

zad U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

