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he Sar1 GTPase is an essential component of COPII
vesicle coats involved in export of cargo from the ER.
We report the 1.7-Å structure of Sar1 and find that

consistent with the sequence divergence of Sar1 from Arf
family GTPases, Sar1 is structurally distinct. In particular,
we show that the Sar1 NH

 

2

 

 terminus contains two regions:
an NH

 

2

 

-terminal extension containing an evolutionary
conserved hydrophobic motif that facilitates membrane

T

 

recruitment and activation by the mammalian Sec12 guanine
nucleotide exchange factor, and an 

 

�

 

1’ amphipathic helix
that contributes to interaction with the Sec23/24 complex
that is responsible for cargo selection during ER export. We

 

propose that the hydrophobic Sar1 NH

 

2

 

-terminal activation/

 

recruitment motif, in conjunction with the 

 

�

 

1’ helix, mediates
the initial steps in COPII coat assembly for export from
the ER.

 

Introduction

 

The selective export of membrane-bound and soluble
cargo from the ER is an evolutionarily conserved function
that is central to cell development and proliferation. ER
export is regulated by the Sar1 GTPase, a member of the Ras
superfamily of small GTPases (Nakano and Muramatsu,
1989; Aridor and Balch, 1996; Barlowe, 1998; Springer et
al., 1999). The GTPase activity of Sar1 functions as a
molecular switch to control protein–protein and protein–lipid
interactions that direct vesicle budding from the ER (Springer

 

et al., 1999). Activation from the guanosine 5

 

�

 

-diphosphate
(GDP)-* to the GTP-bound form of Sar1 involves the
membrane-associated guanine nucleotide exchange factor
(GEF) Sec12, first identified in yeast (Nakano et al., 1988;
Barlowe et al., 1993; D’Enfert et al., 1991). A transmembrane

homologue of yeast Sec12 has recently been identified in
higher eukaryotes (Weissman et al., 2001). Activation of
Sar1 by Sec12 in mammalian cells is coordinated with the
selective recruitment of biosynthetic cargo and the COPII
cytosolic coat complexes Sec23/24 and Sec13/31, leading to
vesicle formation in both yeast and mammalian cells (Balch
et al., 1994; Aridor et al., 1998; Kuehn et al., 1998; Springer
et al., 1999). During or after fission of vesicles from the ER,
GTP hydrolysis is stimulated by the recruited Sec23/24
GTPase-activating protein (GAP) complex to promote coat
disassembly (Barlowe et al., 1994) and subsequent delivery of
cargo to the Golgi complex (Palade, 1975).

The molecular and structural basis by which Sar1 coordi-
nates COPII coat assembly and disassembly remains unknown.
We now report the three-dimensional structure of the Sar1
GTPase in its GDP-bound form using x-ray crystallography.
It has been assumed that Sar1 may have similar structural
and biochemical features to its closest evolutionary relatives

 

(

 

�

 

30% identity), members of the ADP-ribosylation factor
(ARF) GTPase family, that function in recruitment of both
clathrin and COPI vesicle coats (Wieland and Harter, 1999;
Jackson and Casanova, 2000). However, we find that Sar1
has a number of structurally unique features that dictate its
biological function. In particular, we illustrate that Sar1 is
unlike all Ras superfamily GTPases that use either myristoyl
or prenyl groups to direct membrane association and
function, in that Sar1 lacks such modifications. Instead, Sar1
contains a unique nine-amino-acid NH

 

2

 

-terminal extension.
We find that this extension contains an evolutionarily
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conserved cluster of bulky hydrophobic amino acids, referred
to as the Sar1–NH

 

2

 

-terminal activation recruitment (STAR)
motif. We show that the STAR motif mediates the recruit-
ment of Sar1 to ER membranes and facilitates its interaction
with the mammalian Sec12 GEF leading to activation. In ad-
dition, we show that an NH

 

2

 

-terminal amphipathic 

 

�

 

1

 

�

 

 he-
lix facilitates functional interaction with the Sec23/24 GAP
complex. Our results provide a structure-based mechanism
for understanding the first step in Sar1 function that coordi-
nates cargo selection with the recruitment of the COPII coat
to initiate ER export.

 

Results

 

Structure determination

 

His

 

6

 

-tagged full-length hamster Sar1 was expressed and pu-
rified from 

 

Escherichia coli

 

 (Rowe et al., 1996), but failed to
crystallize due to formation of higher order oligomers.
Therefore, we generated an NH

 

2

 

-terminal 

 

�

 

9-Sar1A mutant

that was monodispersed in solution. The protein had a na-
tive apparent molecular mass of 43.6 kD corresponding to a
dimer that yielded diffraction quality crystals (unpublished
data). The three-dimensional structure of 

 

�

 

9-Sar1 in the
GDP-bound form (abbreviated as Sar1-GDP) was deter-
mined by the multiwavelength anomalous diffraction (MAD)
method using data from its selenomethionine derivative to
2.0 Å resolution. Sar1 is sufficiently different than Arf GTP-
ases, such that obtaining a structure based on homology
modeling with Arf was difficult.

The structure was refined against native Sar1-GDP data
to 1.7 Å to R

 

cryst

 

 and R

 

free

 

 values of 22.2 and 24.2%, respec-
tively (Tables I and II; Fig. 1). Overall, the structure was
well defined with an average B value of 21.4 Å

 

2

 

,

 

 

 

and an esti-
mated overall coordinate error of 0.22 Å. Consistent with
dynamic light scattering measurements in aqueous solution,
two Sar1-GDP molecules (A and B) formed a dimer in the
crystallographic asymmetric unit with the noncrystallo-
graphic twofold axis running between and parallel to the 

 

�

 

2

Figure 1. Crystal structure of Sar1-GDP at 1.7 Å resolution. (A) Ribbon representation of Sar1-GDP dimer (see supplemental Materials and 
methods, available at http://www.jcb.org/cgi/content/full/200106039/DC1). The unobserved regions in the electron density are represented 
by dotted lines. The polypeptide backbone representation was generated by Molscript (Kraulis, 1991) and Raster 3D (Merritt et al., 1997) and 
is colored blue to green from the NH2 to COOH terminus for molecules A, and from green to red for molecule B. The noncrystallographic 
twofold axis between the monomers is indicated by a solid black line. The GDP is shown in stick figure representation, and the Mg ion as a 
large gray ball. Location of switch I (sw I) and switch II (sw II) regions are indicated. (B) Stereoview of the �A-weighted 2Fo-Fc omit electron 
density map, contoured at 2.0 �, showing the Sar1 NH2-terminal �1� helix (residues 13–19). (C) Stereo Molscript (Kraulis, 1991) ribbon
representation of Sar1-GDP structure at 1.7 Å. The secondary structure elements were assigned with reference to Arf1 and Ras GTPases. The 
NH2-terminal helix (�1�) is in green and the � loop (residues 156–171) unique to Sar1 is shown in magenta. The location of the Mg ion is 
shown as a yellow sphere. The bound GDP is shown in a ball and stick figure representation; gray, carbons; red, oxygens; blue, nitrogens; 
and green, phosphate. Switch I and II regions involved in guanine nucleotide exchange and hydrolysis are shown in red and cyan,
respectively. The unobserved residues in the electron density maps are represented by dotted lines. Residues reported in the Results that have 
been mutagenized as described (Kuge et al., 1994; Aridor et al., 1995) are indicated.
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Table II.

 

 Statistics of model refinement against native data set 

 

Space group and cell parameters P2

 

1

 

, a 

 

�

 

53.37 Å, b 

 

�

 

 61.69 Å, c 

 

�

 

 71.14Å, b 

 

�

 

107.5

 

	

 

Resolution 15-1.7Å 
Total reflections 46,597 (6717)

 

b

 

Protein nonhydrogen atoms 2882 
Solvent molecules (H

 

2

 

O, SO

 

4

 

) 297, 5
R

 

cryst
a

 

0.22 (0.26) 
R

 

free
a

 

0.24 (0.28) 
Residues in the model A chain: 13–48 55–78 83–198; B chain: 13–49 55–198
Overall average B-value (Å2) 21

Waters 30
Protein 20 
Sulphates 29

Rmsd of bond lengths/angles 0.006Å/1.6

 

	

 

 
Estimated coordinate error (16) 0.22Å 
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R
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F
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h

 

||F

 

obs
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h

 

)| 
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|F

 

calc

 

(

 

h

 

)||/

 




 

h

 

|F

 

obs

 

(

 

h

 

)|, where |F

 

obs

 

(

 

h

 

)| and|F

 

calc

 

(

 

h

 

)| are the observed and calculated structure factor amplitudes for the 

 

hkl 

 

reflection.
R

 

free

 

 is calculated over reflections in the test set of 1857 reflections (4%) not included in atomic refinement.

 

b

 

Numbers in parentheses are for the last resolution shell (1.81–1.7 Å).

 

strands (Fig. 1 A). The root mean square deviation (rmsd) of
0.56 Å for 166 equivalent C

 

�

 

 atoms confirmed highly simi-
lar core structures. However, the dimerization through the
parallel pairing of segments of their respective 

 

�

 

2 strands
(molecule A, 61-SEELTI-66; molecule B, 60-TSEELT-65)
is slightly asymmetric and is mediated by five main chain
hydrogen bonds and three side chain hydrogen bonds
(63E[molecule A]–46K[molecule B]; 46K[A]–61S[B]; and
60T[A]–81Q[B]). This dimerization differs from Arf1-
GDP, which forms a symmetric dimer through its unique

 

�

 

2

 

�

 

 strands (Amor et al., 1994; Greasley et al., 1995).

 

The structural core of Sar1

 

Sar1 (Fig. 1 C) has a structural core of six central 

 

�

 

 strands (5
parallel, 1 antiparallel [

 

�

 

2]; in order: 6, 5, 4, 1, 3, 2) in a rela-
tively flat 

 

�

 

 sheet that is sandwiched between three 

 

�

 

 helices
on either side. This motif forms a typical Ras superfamily gua-
nine nucleotide-binding pocket (Schweins and Wittinghofer,
1994), with the relatively flat 

 

�

 

 sheet being more characteris-
tic, but different than that of the Arf family GTPases (Amor
et al., 1994; Greasley et al., 1995) (Fig. S1, available at http://
www.jcb.org/cgi/content/full/200106039/DC1). The nucle-
otide (GDP) is partially buried in the binding pocket with the

ribose ring more exposed than the phosphate and purine moi-
eties (Fig. 1 C). The hydrophobic face of the purine ring is
sandwiched by the aliphatic side chains of Leu181 and
Lys135.

The GDP-binding site includes residues found in all of
the highly conserved binding motifs diagnostic of GTPases.
Thr39 is found in the conserved GxxxxGKT

 

39

 

 motif, and is
essential for Sar1 function. In particular, the Sar1 dominant
negative mutant Sar1[T39N] is a potent inhibitor of COPII
vesicle formation (Kuge et al., 1994; Aridor and Balch,
1996; Rowe et al., 1996). Other Ras superfamily GTPases
with mutations in the homologous residue are restricted to
their GDP-bound form and inhibit their respective GEF ac-
tivity. We have shown that Sar1[T39N] inhibits wild-type
Sar1 function in vivo and in vitro by interfering with its in-
teraction with mammalian Sec12 (mSec12), the ER-associ-
ated GEF that is required for Sar1 activation and COPII
vesicle formation (Weissman et al., 2001). Moreover, Asp34
within the GxD

 

34

 

xxGK(S/T) guanine nucleotide binding
motif is an invariant residue in the Sar1 family that aligns
with Gly12 of Ras. Mutation of Gly12 in Ras greatly re-
duces the intrinsic GTP hydrolysis rate leading to prolonged
activation and cell transformation (Wittinghofer and Pai,

 

Table I. 

 

Statistics of x-ray data collection and structural refinement for Sar1-GDP crystals

 MAD of SeMET derivative 

Crystal Native Remote Inflection Point Peak 

 

Wavelength (Å) 1.08 1.08 0.9796 0.9795
Synch. Source (SSRL) BL7-1 BL9-2 BL9-2 BL9-2 
Resolution (Å) 1.70 2.00 1.79 1.90
R

 

merge
a

 

0.050 (0.26)

 

b

 

0.071  (0.33) 0.074 (0.64) 0.095 (0.79)
I/

 

�

 

24.5 (5.4)

 

b

 

19.7 (5.0) 26.4 (3.7) 20.0 (2.6)
R

 

cullis

 

0.45 0.68
Refined f

 

�

 

,f

 

��

 

 (iso/ano)

 

�

 

24.1/4.8

 

�

 

17/3.5
Rms F

 

h

 

/E for acentric reflections

 

c

 

 dispersive 3.8 2.4
 anomalous 1.7 1.4

Overall FOM for acentric reflections 0.47 (0.26)
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I(i), where I(i) is the ith observation of the intensity of the hkl reflection and <I> is the mean intensity from multiple measure-
ments of the hkl reflection.
bNumbers in the parentheses are for the last resolution shell (1.81 � 1.70 Å for the native date set). 
cRms Fh/E represents phasing power; rms, root mean square; Fh, heavy-atom structure factor amplitude; E, residual lack of closure error. 
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1991). In contrast, mutation of Asp34 to Gly in yeast Sar1
interferes with GTP-loading in vitro and destroys its ability
to function in vesicle budding (Saito et al., 1998).

The Mg ion involved in guanine nucleotide binding in
molecule B of Sar1-GDP shows octahedral coordination ge-
ometry typical for small GTPases. It is coordinated by an ox-
ygen atom of the � phosphate of GDP, the hydroxyl oxygen
of a conserved Thr residue (residue 39 in Sar1-GDP) of the
phosphate-binding GxxxxGKS/T motif (Fig. 1 C) (corre-
sponding to residues 10–17 of Ras where x is a variable resi-
due) (Wittinghofer and Pai, 1991), and four water mole-
cules with Mg-O bond distances of 2.23 Å, 2.19 Å, 2.31 Å,
2.31 Å, 2.30 Å, and 2.32 Å, respectively. Two of the water
molecules (w22 and w5) are further hydrogen bonded to
Asp75 that belongs to the highly conserved DxxG motif in
the switch II region.

Organization of switch regions in Sar1-GDP
Ras superfamily GTPases contain two switch regions (I and
II) that are involved in interaction with effectors that pro-
mote guanine nucleotide exchange and hydrolysis (Vetter
and Wittinghofer, 2001). In Sar1, both switch I and II loops
are proximal to the dimer interface (Fig. 1 A). Based on
structural alignment with other Ras superfamily GTPases,
the switch regions in Sar1 encompass residues 48–59 (switch
I) and 78–94 (switch II). The Sar1 switch I residues (55–59)
in both molecules are close to the guanine nucleotide, consis-
tent with the role of the switch I loop in mediating indirect
interaction between effector molecules and guanine nucle-
otide. In contrast, a segment of the switch I residues in Arf1-
GDP form a novel �2� strand that is distant from the gua-
nine nucleotide binding site (Amor et al., 1994; Greasley et
al., 1995). Consistent with the role of the two switch regions
in mediating Sar1 function, mutation of specific residues in
either switch I (Leu57) (Fig. 1 C) or II (Lys87) (Fig. 1 C) in-
terferes with COPII vesicle budding and ER export in vivo
and in vitro (unpublished data). The homologous mutations
in ARF1 disrupt the interaction of ARF1 with the ARF1-
specific GEF ARNO (Beraud-Dufour et al., 1998, 1999).

Residues 10–12, 49–54, and 79–81 of molecule A, and
residues 10–12 and 50–54 of molecule B that include seg-
ments in the switch regions, lack electron density and
were omitted from final model of Sar1 (Fig. 1, A and C).
A similar lack of density in the switch regions of other
GDP-bound forms of Ras superfamily members is fre-
quently observed and reflects the extensive conformational
changes that accompany interaction with effectors and
GDP/GTP exchange. Whereas switch II (79–82) is well
ordered in molecule B, the disorder in molecule A is partly
due to the loss of a hydrogen bond between His79 and
Asp34, which results in Asp34 swinging away from His79.
His79 in Sar1 corresponds to Gln61 in Ras-GTP (Wit-
tinghofer and Pai, 1991) and Gln71 in Arf1-GTP (Amor
et al., 1994; Greasley et al., 1995), both of which are im-
portant for the hydrolysis of GTP. Consistent with this
role, the Sarl[H79G] mutant is a potent inhibitor of ER
to Golgi transport that prevents the disassembly of COPII
vesicle coats as a consequence of its reduced rate of Sec23/
24 GAP-stimulated hydrolysis (Rowe et al., 1996; Aridor
et al., 1998, 1999).

Distinctive structural features of Sar1
Sar1 has a number of distinctive features that separate it
from Ras superfamily GTPases including Arf (Fig. S1, avail-
able at http://www.jcb.org/cgi/content/full/200106039/
DC1). Sar1-GDP lacks the extended COOH terminus
found in Ras, Rho/Rac/Cdc42, and Rab GTPases. Instead,
the COOH-terminal residues of Sar1-GDP are highly or-
dered, as in Arf1 and Arf6 (Amor et al., 1994; Greasley et
al., 1995; Menetrey et al., 2000), and form an amphipathic
helix (�5; residues 187–197) that covers the hydrophobic
core of the central � sheet (Fig. 1, A and C). Other features
differentiate Sar1 from Arf1. First, as indicated above, Sar1-
GDP lacks the extra � strand (�2�) found in Arf1 (Amor et
al., 1994; Greasley et al., 1995) and Arf6 (Menetrey et al.,
2000), which is adjacent to the �2 strand in the switch I re-
gion. The �2� strand plays a critical role in transition from
the GDP- to the GTP-bound state after interaction with
Arf-specific GEFs (Antonny et al., 1997; Paris et al., 1997;
Beraud-Dufour et al., 1999).

A second unique structural feature of Sar1 not observed in
Arf GTPases or other Ras superfamily members is a novel in-
sert encompassing residues 156–171, which are quite vari-
able in sequence among evolutionarily distant members of
the Sar1 family. These residues form a long surface-exposed
loop (denoted as the � loop, as their NH2 and COOH ter-
mini are adjacent to each other) connecting helix �4 and
strand �6 (Fig. 1 C). The insert loop has a relatively high B
value, 36 Å2 as compared with the overall value of 21 Å2. As
� sheet proteins have a tendency to associate with other �
sheet proteins through the pairing of their edge � strands,
the high B value and the fact that the Sar1 � loop is located
at the edge of the core � sheet suggests a potential functional
role in regulating Sar1 interactions with other components
of the COPII machinery. To test this possibility, we mutated
the highly conserved Thr158 to Ala and analyzed its ability
to support export of vesicular stomatitis virus glycoprotein
(VSV-G) from the ER using an assay that reconstitutes
COPII vesicle budding from ER microsomes in vitro (Rowe
et al., 1996). Here, VSV-G–containing ER microsomes are
incubated in the presence of Sar1(wild type and mutant)
and purified Sec23/24 and Sec13/31 components, and the
amount of VSV-G cargo recovered in the COPII vesicle frac-
tion is quantitated. Consistent with the importance of this
region in Sar1 function, we observed a complete loss activity
with the Sar1[T158A] mutant (Fig. 2 A).

Sar1 contains an NH2-terminal �1’ helix domain that 
facilitates interaction with the Sec23/24 GAP complex
The NH2-terminal residues (15-VLNFL-19) of Sar1-GDP
form an amphipathic helix (�1�) (Fig. 1 C, green). Arf1 GTP-
ases also contain an NH2-terminal �1� helix (Amor et al.,
1994; Greasley et al., 1995) that is essential for function, is
believed to facilitate binding of Arf1 to the lipid bilayer (An-
tonny et al., 1997; Beraud-Dufour et al., 1999), and is es-
sential for interaction with phospholipase D (Jones et al.,
1999). However, the orientation of the Sar1 �1� helix is very
different than that of Arf1. Whereas the NH2-terminal heli-
ces of Arf1-GDP and Arf6-GDP run parallel to the �
strands of the central � sheet (Amor et al., 1994; Greasley et
al., 1995; Menetrey et al., 2000), the Sar1-GDP NH2-ter-
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minal helix is oriented perpendicular to the � sheet (Fig. 1
C). The NH2-terminal helix is not found in other Ras super-
family GTPases, although a very short helix linked to an ex-
tended NH2-terminal loop is found in the GDP structure of
Arl3, an Arf-like GTPase of unknown function (Hillig et al.,
2000).

To explore the potential role of the �1�-helix in Sar1
function, we generated a mutant in which the hydrophobic
residues Val 15, Leu 16, Phe 18, and Leu 19 that principally
contribute to packing of the �1� helix to the hydrophobic
core (Fig. 1 C), were mutated to Ala (Sar1[AAAA]). We first
tested the ability of the mutant to support export of VSV-G
from the ER into COPII vesicles in vitro (Rowe et al.,
1996). Compared with wild-type Sar1 which supports effi-
cient export from the ER, Sar1[AAAA] lost all activity (Fig.
2 A). Loss of activity was not due to misfolding of the core
fold of Sar1, because the [AAAA] substitution had no effect
on nucleotide binding (Fig. S2 A, available at http://
www.jcb.org/cgi/content/full/200106039/DC1). Thus, the
NH2-terminal �1� helix is essential for Sar1 function.

We next examined whether the Sar1[AAAA] mutant
could be stably recruited to ER microsomes after activation
by the nonhydrolyzable analogue of GTP, GTPS. Whereas
wild-type Sar1 was efficiently recruited to the ER after acti-
vation with GTPS (Fig. 2 A, inset, compare a with b ) as
observed previously (Aridor et al., 1995), in the presence of
GTPS, the Sar1[AAAA] mutant failed to be recruited over
levels observed in the GDP control (Fig. 2 A, inset, compare
c with d). Thus, stable membrane recruitment to the ER
membrane is sensitive to mutation of the �1� helix.

Given the importance of the membrane-associated mam-
malian mSec12 GEF for Sar1 activation leading to COPII
vesicle formation in vitro (Weissman et al., 2001), we exam-
ined the effect of the [AAAA] substitution on interaction of
Sar1 with purified mSec12 GEF in the presence of deter-
gent. Exchange was measured by preloading Sar1 with [3H]-
GDP and incubating in the presence of 1 mM cold GTP in
the absence or presence of mSec12 (Weissman et al., 2001).
mSec12 promoted efficient nucleotide exchange on wild-
type Sar1 (Fig. 2 B). Moreover, the Sar1[AAAA] mutant had
a comparable rate of mSec12-stimulated exchange. Because
the mutation of the �1� helix did not prevent interaction
with mSec12, the inability of Sar1 to be activated by ER-
associated mSec12 is not the explanation for its inability to
support COPII vesicle budding in vitro.

The next step in COPII coat assembly from mammalian
ER microsomes following activation of Sar1 is the recruit-
ment of the cytosolic Sec23/24 coat complex to form deter-
gent-resistant, prebudding complexes (Aridor et al., 1998).
Therefore, we examined whether the �1� helix was required
for interaction with Sec23/24. As the Sec23/24 complex is a
Sar1-specific GAP (Hicke and Schekman, 1989; Yoshihisa
et al., 1993; Aridor et al., 1998), direct interaction between
these proteins can be determined by examining the ability of
purified mammalian Sec23/24 to accelerate GTP hydrolysis
of activated Sar1 (Aridor et al., 1998). Wild-type Sar1 or the
Sar1[AAAA] mutant were incubated the presence of purified
Sec23/24 GAP and �[32P]GTP, and the amount of radio-
labeled GDP formed determined (Aridor et al., 1998).
Whereas Sec23/24 promoted rapid GTP hydrolysis of wild-

Figure 2. The �1� helix is critical for recognizing the Sec23/24 GAP 
complex. (A) ER microsomes and purified, recombinant Sar1 wild-type 
and mutant proteins were prepared as described (Rowe and Balch, 
1995). COPII vesicle budding assays were performed in the presence of 
purified Sec13/31 and Sec23/24 as described (Rowe et al., 1996;
Aridor et al., 1998). (Inset) Microsomes were incubated for 10 min at 
32	C in the presence of either 1 �g Sar1, 1 �g Sar1[AAAA], 100 �M 
GDP, or GTPS as indicated. Microsomes were then pelleted and Sar1 
recovered in the pellet quantitated using immunoblotting. (B) Sec12 
mediated exchange was measured by preloading 1 �g of Sar1 with 
[3H]-GDP and incubating in the presence of 1 mM cold GTP and the 
absence or presence of mammalian Sec12 protein (2 �g) (Weissman et 
al., 2001), and the amount of [3H]-GDP remaining bound to Sar1 
quantitated as described (Nuoffer et al., 1994). Closed circles and 
squares correspond to incubations lacking mSec12 in the presence of 
Sar1[AAAA] or wild-type Sar1, respectively. (C) Wild-type Sar1 (�, �) 
or Sar1[AAAA] (�, �) were incubated alone (�, �) or with Sec23/24 
(�, �) as indicated in the presence of �[32P]GTP for various times. 
Sec23/24 incubated in the absence of Sar1 is shown by triangles. The 
amount of radiolabeled GDP and GTP were quantitated as described 
(Aridor et al., 1998).
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type Sar1, the Sar1[AAAA] mutant showed a markedly re-
duced rate and extent of Sec23/24 promoted GTP hydroly-
sis (Fig. 2 C). These results suggest that the failure of the
Sar1[AAAA] mutant to be stably recruited to ER mem-
branes (Fig. 2 A) to form COPII prebudding complexes may
be related to its inability to interact with Sec23/24. This in-
terpretation is consistent with previous results in which sta-
ble recruitment of activated Sar1 to ER membranes requires
Sec23/24, which is essential to form detergent resistant pre-
budding complexes (Aridor et al., 1998). Thus, the �1� he-
lix functions to facilitate coat assembly on ER membranes.

An NH2-terminal extension appended to the �1� helix 
of Sar1 is required for function in vitro and in vivo
The COOH-terminal extensions found in Ras, Rho/Rac/
Cdc42, and Rab-like GTPases contain prenyl-lipid modifi-
cations promoting membrane association (Seabra, 1998). In
contrast, Arf family members contain a myristoyl modifica-
tion attached to the Gly residue found at the NH2 terminus
of the �1� helix (Kahn et al., 1988) (Fig. 3 A). These lipid
modifications are essential for both membrane association
and function.

Curiously, Sar1 lacks any known lipid modifications at ei-
ther termini (unpublished data). However, appended to the
NH2 terminus of Sar1 is a unique extension not found in
Arf family or other Ras superfamily members (Fig. 3 A). By
analogy to the proposed role of the myristoyl group in Arf1
for bilayer association (Antonny et al., 1997; Beraud-Dufour
et al., 1999), one possibility is that the NH2-terminal exten-

sion of Sar1 contains information necessary for its binding
to ER membranes to initiate COPII vesicle formation. In-
deed, whereas wild-type Sar1 or the GTPase-defective mu-
tant Sar1[H79G] support efficient COPII vesicle formation
in vitro, a deletion mutant lacking residues 2–9 (�9-Sar1) or
a �9-Sar1[H79G] double mutant (a mutant containing
both the �9 truncation and the H79G substitution), were
unable to support COPII vesicle budding in vitro (Fig. 3 B).
Moreover, whereas ER vesicle formation in the presence of
crude cytosol (which contains all three COPII components)
can be blocked with the dominant negative GDP-restricted
form of Sar1, Sar1[T39N] (Kuge et al., 1994; Aridor et al.,
1995, 1998; Weissman et al., 2001), the double mutant,
�9-Sar1[T39N] (a mutant containing both the �9 trunca-
tion and the T39N substitution), did not block vesicle for-
mation (Fig. 3 B). A similar result was observed in vivo
where the ability of the transiently expressed Sar1[T39N] to

Figure 3. Sar1 NH2 terminus is required for function in vitro. (A) 
Alignment of NH2-terminal regions of representative Ras superfamily 
GTPases showing the unique NH2-terminal extension found in Sar1. 
The �1� helix indicated is that of Sar1. The Arf1 �1� helix contains 
nine residues beginning at the NH2-terminal Gly (Amor et al., 1994; 
Greasley et al., 1995). (B) ER microsomes were incubated in the 
presence of ATP, GTP, and cytosol or purified COPII components 
Sec23/24 and Sec13/31 for 30 min at 32	C, and then the amount of 
cargo released into the COPII vesicles was determined as described 
(Rowe et al., 1996). The (�) or (�) indicates the presence or absence 
of the various indicated components in the reaction mixture. The
results are typical of three independent experiments.

Figure 4. The NH2 terminus of Sar1 is evolutionarily conserved 
and essential for function. (A) Sequence alignment of the NH2-
terminal residues of Sar1 GTPases (C.g., Cricetulus griseus [Chinese 
hamster]; C.e., Caenorhabditis elegans; D.m., Drosophila
melanogaster; A.t., Arabidopsis thalia; N.t., Nicotiana tabacum; 
S.p., Schizosaccharomyces pombe; A.n., Aspergillus niger; and S.c., 
Saccharomyces cerevisiae). (B) ER microsomes were incubated in 
the presence of ATP, GTP, and purified COPII components for 30 
min at 32	C, and then the amount of cargo released into the COPII 
vesicles was determined as described (Rowe et al., 1996). The (�) 
or (�) indicates the presence or absence of the various indicated 
components in the reaction mixture. The results are typical of three 
independent experiments. (C) Plasmids (CEN LEU2) containing
control vector, wild-type scSAR1, �6-scsar1, or �9-scsar1 were 
used to transform a sar1�::HIS3 strain containing a CEN URA3 
scSAR1 plasmid as the sole source of wild-type scSar1p. Transformed 
strains were streaked to 5-fluoroorotic acid (5FOA) plates to select 
for loss of the URA3 scSAR1 plasmid, leaving the mutant scsar1 
gene as the only source of Sar1p.
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block ER to Golgi transport was lost in the �9-Sar1[T39N]
double mutant (unpublished data). Because Sar1[T39N] is
an inhibitor of the Sar1-specific GEF (Weissman et al.,
2001), we conclude that the NH2-terminal extension partic-
ipates in the initial events of COPII vesicle budding related
to Sar1 recruitment and/or activation.

A hydrophobic patch within the NH2 terminus is 
critical for ER export
Given the importance of the NH2-terminal region in mam-
malian Sar1 function (Fig. 3 B), we examined whether the
extension was found in evolutionarily divergent Sar1 GTP-
ases. Remarkably, sequence alignment of divergent members
of the Sar1 family illustrated that they not only contained
an NH2-terminal extension, but the alignment revealed a
highly conserved bulky hydrophobic patch (Fig. 4 A).
Therefore, to accurately define the region(s) of importance
in the Sar1 NH2 terminus in function, we characterized the
activities of more limited NH2-terminal truncations on
VSV-G export into COPII vesicles in vitro (Fig. 4 B).
Whereas deletion of amino acids 1–3 or 1–4 (�3, �4-Sar1)
only weakly interfered with vesicle budding, strikingly, dele-
tion beyond residues 5 (�5-Sar1) potently blocked vesicle
formation. Thus, the hydrophobic patch appears to contrib-
ute significantly to COPII vesicle budding.

To determine whether the patch was also required for
function in lower eukaryotes, we made deletions in the Sac-
charomyces cervisiae homologue of Sar1 (scSar1p) based on
the sequence alignment of Sar1 homologs (Fig. 4 A). We fo-
cused on only two deletion mutants: �9-scSar1p corre-
sponding to the mammalian �9-Sar1 truncation that lacked
activity (Fig. 4 B), and �6-scSar1p corresponding to the
mammalian �4-Sar1 mutant that retained significant activ-
ity (Fig. 4 B). When we introduced these two yeast con-
structs into a strain that lacks the Sar1 gene (�Sar1), com-
plementation was observed with �6-scSar1p, but not with
the �9-scSar1p (Fig. 4 C). Thus, in agreement with the im-
portant role of the hydrophobic patch in ER export in vivo
and in vitro in mammalian cells, the short sequence of bulky
hydrophobic residues defines an evolutionarily conserved
function.

The hydrophobic patch serves a motif for Sar1 function
The above experiments suggest that either the overall length
of the NH2 terminus is critical for Sar1 activity, or that the
short, evolutionarily conserved patch encompassing several
bulky hydrophobic residues is important for function (Fig.
4). To disrupt function of this patch, we chose a hydrophilic
Asp residue to replace Phe 5 as deletion of 4 residues had lit-
tle effect on Sar1 function, whereas deletion of 5 residues led
to striking loss of function (Fig. 4 B). Strikingly, when we
tested the ability of the Sar1[F5D] mutant to support bud-
ding in vitro, the mutant was unable to reconstitute COPII
vesicle formation (Fig. 5 A). Moreover, it did not interfere
with vesicle formation in the presence of cytosol-containing
wild-type Sar1, demonstrating that the [F5D] mutant was
not dominant negative (Fig. 5 A) like the [T39N] or
[H79G] mutants. In addition, while Sar1[T39N] showed
dominant negative activity in preventing vesicle budding in
vitro (Fig. 5 A), the Sar1[T39N][F5D] double mutant lost

its ability to function as a dominant negative inhibitor in
vitro (Fig. 5 A) and in vivo (unpublished data). This result
raises the possibility that the [F5D] substitution may uncou-
ple the ability of the Sar1[T39N] mutant to interact with its
specific ER-localized exchange factor mSec12 (Weissman et
al., 2001).

In contrast to the [F5D] substitution, mutation of Phe 5
to Ala ([F5A]) had no effect on the wild-type activity of
Sar1 to support vesicle budding in vitro (Fig. 5 A), or on
the ability of the Sar1[T39N] mutant to inhibit ER to
Golgi transport in vitro (Fig. 5 A) and in vivo (unpub-
lished data). Thus, when mutated to Ala, loss of Phe5
function can be compensated by adjacent bulky hydropho-
bic residues suggesting that Phe3 and Ile4 may contribute
to the formation of a general hydrophobic patch that pro-
motes association with the lipid bilayer. Consistent with
this possibly, a triple AAA substitution for residues Phe 3,
Ile 4, and Phe 5, that would remove all of the bulky hydro-
phobic residues, had an equivalent phenotype to the
Sar1[F5D] mutant (Fig. 5 A). Surprisingly, though, when
Phe 3 was mutated to Asp (Sar1[F3D]) leaving the bulky
Ile4 and Phe5 residues, Sar1 supported efficient COPII
vesicle budding (Fig. 5 A). Thus, Phe3 and Phe5 differ in

Figure 5. The hydrophobic patch at the NH2 terminus of Sar1 is 
essential for recognition of Sec23/24. (A) ER microsomes were
incubated in the presence of ATP, GTP, and rat liver cytosol or
purified COPII components for 30 min at 32	C, and then the 
amount of cargo released into the COPII vesicles was determined as 
described (Rowe et al., 1996). The typical results of three independent 
experiments are shown. (B) Wild-type Sar1 (�, �) or Sar1[F5D] (�, 
�) were incubated alone (�, �) or with Sec23/24 (�, �, �) as
indicated in the presence of �[32P]GTP for various times. Sec23/24 
incubated in the absence of Sar1 is shown by triangles. The amount 
of radiolabeled GDP and GTP were quantitated as described (Aridor 
et al., 1998) (see supplemental Materials and methods, available at 
http://www.jcb.org/cgi/content/full/200106039/DC1).
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function. Given the symmetry of the hydrophobic residues
(FIF), this would not be expected if the two Phe residues
simply functioned similar to a lipid group (such as the
myristoyl group found in Arf) for promoting nonspecific
bilayer association. These results favor the interpretation
that the hydrophobic patch contains sequence specific in-
formation that is necessary for Sar1 activity in COP II me-
diated budding from ER microsomes.

The hydrophobic motif is not essential for nucleotide 
association or Sec23/24 promoted GTP-hydrolysis
The Phe5 to Asp substitution in the hydrophobic motif
could lead to a loss of guanine nucleotide binding, a defect
in interaction with the membrane or membrane-associated
receptors (such as the membrane-associated mSec12 GEF),
or interference with interaction with the cytosolic Sec23/24
complex. To further explore the function of the hydro-
phobic motif, we first determined that loss of activity
was not due to misfolding of the core-fold of Sar1 because
the F5D substitution had no effect on nucleotide binding
(Fig. S2 B, available at http://www.jcb.org/cgi/content/full/
200106039/DC1). To determine if Sar1[F5D] was respon-
sive to the Sar1-specific Sec23/24 GAP complex, we incu-
bated wild-type Sar1 or the Sar1[F5D] mutant with purified
Sec23/24 in the presence of �[32P]GTP. In both cases, the
Sec23/24 complex stimulated the rate of Sar1 GTP hydroly-
sis to levels previously observed for wild-type Sar1 (Fig. 5 B)
(Aridor et al., 1998). Thus, neither intrinsic GDP/GTP
binding nor Sec23/24 stimulated GTP hydrolysis, as can be
measured by the above assays, are responsible for the defect
in function of Sar1[F5D]. The latter results differ strikingly
from the effect of mutation of the �1� helix to the
Sar1[AAAA] mutant form (Fig. 2 C), suggesting that the
NH2 terminus contains at least two regions that dictate Sar1
function.

The hydrophobic motif is required for stable 
recruitment of Sar1 to ER membranes
To determine if the hydrophobic motif was involved in
Sar1 recruitment to ER membranes, we incubated purified
wild-type Sar1 and the Sar1[F5D] mutant with ER mi-
crosomes in the presence of GDP, GTP, or GTPS. Mem-
branes were then pelleted by centrifugation, and mem-
brane and soluble fractions were separated by SDS-PAGE,
immunoblotted, and quantitated for Sar1. Very little bind-
ing of wild-type Sar1 or the F5D mutant to ER mem-
branes occurs on ice (Aridor et al., 1995; Aridor and Balch,
2000) (Fig. 6 A), indicating the need for physiological acti-
vation of Sar1 by the ER-localized Sar1-specific mSec12
GEF. Upon incubation at 32	C, �50% of total wild-type
Sar1 added to the assay was stably recruited to membranes
in the presence of GTPS (Fig. 6 A). In contrast, recruit-
ment was not observed with the Sar1[F5D] mutant as �5–
10% of Sar1[F5D] was bound under the same conditions
(Fig. 6 A).

To determine whether loss of stable membrane association
by Sar1[F5D] was not simply due to the absence of Sec23/24
in the binding assay, we examined the ability of Sar1 to recruit
Sec23/24 to ER microsomes. While wild-type Sar1 was able

to efficiently recruit Sec23/24 in the presence of GTP or
GTPS, as shown previously (Aridor et al., 1995, 1998) (Fig.
6 B), incubation of ER microsomes with the Sar1[F5D] mu-
tant in the presence of Sec3/24 and GTP or GTPS only
weakly recruited Sec23/24 (Fig. 6 B). Given that the
Sar1[F5D] mutant is not defective in its interaction with the
Sec23/24 (Fig. 5 B), it is apparent that the hydrophobic motif
facilitates stable recruitment of both Sar1 and Sec23/24 to ER
membranes, and that recruitment of Sar1 through the hydro-
phobic motif precedes stable recruitment of Sec23/24.

Figure 6. Sar1[F5D] is defective in stable membrane recruitment 
and recognition of mSec12. (A and B) Microsomes were incubated 
on ice or at 32	C in the presence of ATP (lanes 1–10) or no ATP 
(lane 11), and either 1 �g Sar1, 1 �g Sar1[F5D], 1 �g Sec23–24, or 
100 �M GTP or GTPS as indicated. Microsomes were then pelleted. 
The supernatant and pellet were analyzed by SDS-PAGE,
immunoblotted, and quantitated for Sar1 (A) or Sec23 (B)
(see supplemental Materials and methods, available at
http://www.jcb.org/cgi/content/full/200106039/DC1). (C) Exchange 
activity of Sec12 on wild-type (wt) and mutant Sar1[F5D]. Exchange 
was measured by preloading Sar1 with [3H]GDP and incubating in 
the presence of 1 mM cold GTP and the absence or presence of 
mammalian Sec12 protein (2 �g) as described (Weissman et al., 
2001), and the amount of [3H]GDP remaining bound to Sar1
quantitated as described (Nuoffer et al., 1994) (see supplemental 
Materials and methods, available at http://www.jcb.org/cgi/content/
full/200106039/DC1). Closed circles and squares correspond to
incubations (2 �g) lacking mSec12 in the presence of Sar1[F5D] or 
wild-type Sar1, respectively. Closed triangles and diamonds
correspond to the level of exchange obtained with wild-type Sar1 or 
the Sar1[F5D] mutant, respectively, in the absence of detergent.
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The hydrophobic motif facilitates Sar1 activation by 
the mSec12 exchange factor
Given the inability of the Sar1[F5D] mutant to stably bind
membranes (Fig. 6 A) even though interaction with Sec23/
24 was normal (Fig. 5 C), we examined the effect of the
[F5D] substitution on activation by purified mSec12 GEF
in the presence of detergent (Weissman et al., 2001). In con-
trast to the ability of mSec12 to promote efficient exchange
on wild-type Sar1, the Sar1[F5D] mutant was significantly
reduced (75% or three- to fourfold) in its rate of exchange in
Sec12 GEF stimulated nucleotide exchange (Fig. 6 C).
Strikingly, the �5-Sar1 truncation completely lost its ability
to interact with Sec12 (Fig. 6 C, right panel).

Although the sequence specificity of the FIF motif in
COPII vesicle formation suggests that it may be a targeting
motif (Fig. 5 A), it remained possible that the FIF sequence
could simply promote partitioning of Sar1 into a detergent
micelle containing mSec12 in the exchange assay, thereby fa-
cilitating efficient exchange. To address this concern, we gen-
erated a detergent-free preparation of mSec12 and analyzed
the ability of mSec12 to promote exchange in the absence of
lipid or detergent. In a detergent-free exchange reaction, we
observed no loss of activity of mSec12 in promoting efficient
exchange from wild-type Sar1 (Fig. 6 C). Importantly, the in-
ability of the [F5D] mutant to support exchange was identical
to the level observed in the presence of detergent (Fig. 6 C).
The importance of the NH2-terminal region for Sar1 activa-
tion by Sec12 was further demonstrated by generation of
�25-Sar1, a truncation mutant lacking the entire NH2 termi-
nus, including the �1� helix (equivalent to Arf1 [�17]). As ex-
pected, this truncation has lost its ability to interact with
Sec12 (Fig. S4, available at http://www.jcb.org/cgi/content/
full/200106039/DC1). Thus, Sar1 requires a conserved hy-
drophobic motif found in the NH2 terminus to provide a do-
main that facilitates activation by the ER-associated mSec12.
Given these results, we now refer to this short cluster of bulky
hydrophobic amino acids as the STAR motif reflecting its role
as a Sar1–NH2-terminal activation recruitment sequence.

Discussion
We have established a structural foundation for the first com-
mitted step in COPII vesicle formation based on the 1.7 Å reso-
lution structure of Sar1. Initiation of vesicle budding involves
activation of Sar1, a step that requires a conserved patch of
bulky hydrophobic residues found at the NH2 terminus, the
STAR motif, by the Sar1-specific exchange factor mSec12. The
hydrophobic motif is unique among modifications of the Ras
superfamily GTPases that are used to promote membrane asso-
ciation. Subsequent interactions through a conserved �1� helix
promote stable membrane recruitment. These results lead us to
propose that the STAR motif and the �1� helix confer informa-
tion that coordinates cargo selection with coat assembly and
vesicle budding from the ER for the Sar1 family of GTPases.

The STAR motif is required for recruitment and 
activation by mSec12
The STAR motif is unique to the Sar1 family and is absent
from all other Ras superfamily GTPases including Ras, Rho/

Rac/Cdc42, Rab, or Arf family members that utilize generic
lipid groups to promote membrane association. One possible
role of the NH2-terminal STAR motif could be similar to that
proposed for the Arf1 myristoyl group based on studies with
artifical liposomes to facilitate the initial interaction of Arf1
with the lipid bilayer in the GDP-bound state (Antonny et al.,
1997; Beraud-Dufour et al., 1999). Although we cannot ex-
clude a partial contribution of the STAR motif to bilayer asso-
ciation, our results favor a more physiological and specific role
of STAR motif in Sar1 recruitment given the importance of
protein–protein interactions observed in the present study. In
particular, whereas substitution of an Asp residue at Phe 3 did
not disrupt function in vesicle budding, substitution at the
Phe 5 position did, indicating the need for sequence specific
information in the motif. These results make it unlikely that
the presence of the bulky hydrophobic residues simply confers
a generic lipid-like function as observed in Arf. Importantly,
measurement of exchange using isolated full-length mSec12
established that the STAR motif facilitates the recognition of
mSec12 GEF in an as yet unknown manner. Moreover,
mSec12 must be active for recruitment to ER membranes, as
Sar1 binding is not observed on ice. Thus, unlike a truncated
form of Arf1 (Arf1[�17]) in which activation by a soluble,
truncated form of ARNO in the absence of lipid or detergent
is independent of the myristoyl group and the �1� helix (Paris
et al., 1997; Beraud-Dufour et al., 1998, 1999), Sar1 utilizes
STAR motif for interaction with mSec12 and this interaction
can facilitate specific membrane recruitment to the ER. One
possibility is that the interaction with Sec12 occurs directly
through the STAR motif; alternatively, the interaction may be
indirect as a result of the effect of the STAR motif on the
function or orientation of switch regions I and II. The re-
quirement for the STAR motif in recognition of Sec12 is con-
sistent with the requirement for the STAR motif for inhibi-
tion of COPII vesicle budding by the dominant negative
Sar1[T39N] mutant in vivo and in vitro, and the essential re-
quirement for the STAR motif in Sar1[T39N] competitive
inhibition of microsome-associated mSec12 mediated nucle-
otide exchange from wild-type Sar1 (Weissman et al., 2001).

We found that the biochemical role of the STAR motif in
the initial step in ER membrane recruitment of Sar1 can be
observed morphologically. Recently, we have shown that in-
cubation of semiintact cells with Sar1 in the absence of Sec23/
24 or Sec13/31 results in the formation of sorting intermedi-
ates that take the form of striking, elongated transitional tu-
bules (Aridor et al., 2001). These tubules are precursors to the
formation of COPII carriers, as addition of Sec23/24 and
Sec13/31 resolves the tubules into carrier vesicles. Consistent
with the inability of the [F5D] mutant to engage mSec12, tu-
bule formation does not occur in the presence the Sar1[F5D]
mutant (Fig. S3, available at http://www.jcb.org/cgi/content/
full/200106039/DC1). Thus, the first detectable event re-
flecting physiological recruitment of Sar1 to the ER is defec-
tive in the absence of a functional STAR motif.

Interaction of Sar1 on ER membranes with Sec23/24
In addition to the information provided by the STAR motif,
we found that the �1� helix is essential for Sar1 function.
The Arf1 NH2-terminal �1� helix is currently thought to
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function in concert with the myristoyl group in promoting
the transient partitioning of Arf1-GDP into the bilayer of li-
posomes (Antonny et al., 1997; Beraud-Dufour et al.,
1999). This weak association is stabilized through an un-
usual � sheet register shift reflecting GTP-dependent con-
formational changes in switch I and II after activation by
Arf1 GEF that displace the �1� helix from the surface of
Arf1 (Goldberg, 1998).

In contrast to the role of the Arf1 �1� helix in promoting
association with the bilayer, we found that the interaction of
the Sar1[AAAA] mutant with the ER-associated mSec12
GEF was identical to wild-type Sar1, suggesting that this is
not the step in COPII vesicle formation that the �1� helix is
involved. These results support the observation that the
[AAAA] substitution does not effect the structural core of
Sar1 involved in nucleotide binding, and suggest that it does
not interfere with function of switch regions I and II that are
involved in recognition of Sec12 (unpublished data). In-
stead, we found that the Sar1[AAAA] mutant failed to inter-
act with the Sec23/24 coat complex. Given the importance
of recruitment of Sec23/24 in building a vesicle coat
(Springer et al., 1999) as well as stabilizing the recruitment
of Sar1 to ER membranes to promote formation of prebud-
ding complexes (Aridor et al., 1998), these data raise the
possibility that formation of the cargo containing prebud-
ding complexes is dependent on the ability of the �1� helix
to direct interaction with Sec23/24.

Structural role of the NH2-terminal region of Sar1 in 
COPII vesicle formation
Interaction with GEFs and GAPs by Ras superfamily GTP-
ases normally occurs through switch I and II domains. An
important question is how the �1� helix and STAR motifs
structurally contribute to the sequence of events leading to
COPII vesicle formation.

In the Arf1-GDP structure, the myristoyl group is
thought to be associated with a hydrophobic region on the
surface of Arf1 that is opposite to that of the switch ele-
ments I and II involved in GEF interaction (Goldberg,
1998). The distinctive orientation of the �1� helix in Sar1
makes this orientation for the STAR motif unlikely and
therefore suggests a different role in COPII vesicle assem-
bly. One possibility is that the NH2 terminus extending
from the Sar1 �1� helix occupies a site adjacent to switch I
in the GDP-bound state (Fig. 7). Indeed, a major struc-
tural difference between Arf1 and Sar1 is the lack of an ex-
tra � strand, �2�, adjacent to switch I in Arf1 (Amor et al.,
1994; Greasley et al., 1995). The �2� strand has been pro-
posed to play an important role in the structural transi-
tion from the GDP to GTP states in Arf1 (Antonny et
al., 1997; Goldberg, 1998; Beraud-Dufour et al., 1999).
Placement of the NH2 terminus of Sar1 adjacent to switch
I could facilitate, either directly or indirectly (as part of
a docking platform), recognition of Sec12 through the
STAR motif, a configuration consistent with the biochem-
ical data. In this interpretation, the NH2 terminus could be
considered as an additional switch region (III) that serves
as a sensor to monitor the activity of soluble and mem-
brane-bound states of Sar1.

The overall structural fold and topological organization of
Sar1, although different than Arf, is more homologous to
Arf family GTPases than it is to other Ras superfamily
GTPases. Such new structural insights lead us to propose
that Sar1 and Arf1 form a specialized subgroup of GTPases
involved vesicle budding, each with highly specialized func-
tion and potentially distinctive modes of interaction with
downstream effectors. By analogy to the unusual � sheet
register shift in Arf1 during GTP binding that displaces the
�1� helix, activation of Sar1 leading to conformational
changes in switch I and II may also displace the NH2 termi-
nus up to and including the �1� helix from the surface of
Sar1, thereby releasing the �1� helix residues that facilitate
interaction with Sec23/24, as suggested by the current stud-
ies (Fig. 7). This model is consistent with our ability to de-
tect only the activated form of Sar1 in stable, detergent in-
soluble, prebudding protein complexes containing both
cargo and the Sec23/24 coat component (Aridor et al.,
1998; Kuehn et al., 1998). As it is this step which is likely to
define the key event in cargo selection for ER export (Aridor
et al., 1998), we suggest that STAR motif based targeting of
Sar1 to the ER through mSec12 mediates the ability of the
GTPase to specifically coordinate Sec23/24 recruitment
with biosynthetic cargo selection at ER export sites (Aridor
and Balch, 1996; Aridor et al., 1998, 1999, 2001).

Figure 7. Model for role of the STAR motif in Sar1 function.
Illustrated is the potential role of the �1� helix and the STAR motif 
with ER membranes to promote COPII vesicle formation. In step 1 
(top panel), Sar1 is recruited to the ER membrane through participation 
of the STAR motif in recognition of mSec12. After exchange of GDP 
for GTP to generate the activated form, in step 2 (bottom panel) Sar1 
engages a larger membrane-stable, prebudding complex that
includes the Sec23/24 cytosolic component and cargo, defining the 
selection step in ER export (Kappeler et al., 1997; Aridor et al., 
1998, 2001).
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Materials and methods
Structure determination and model refinement 
A molecular replacement solution (Navaza, 1994) was obtained using the
Arf1-GDP structure (Greasley et al., 1995) as the initial model. These mo-
lecular replacement phases did not yield interpretable electron density
maps to revewal critical regions of Sar1-GDP structure, but were sufficient
to identify 8 out of total 12 selenium sites in the MAD data by cross-phas-
ing using PHASES (Furey and Swaminathan, 1996) with the selenome-
thionine-Sar1-GDP data (� � 1.08 Å) as the native dataset (Tables I and II).
These selenium sites were then refined by PHASES and SHARP (De La For-
telle and Bricogne, 1996) programs, and final MAD (Hendrickson, 1991)
phases were calculated by SHARP to 1.8 Å with a figure of merit of 0.47.
The solvent-flattened MAD electron density map by SOLOMON (Abra-
hams and Leslie, 1996) was of excellent quality and enabled a model to be
refined against the 1.7-Å dataset of wild-type Sar1-GDP crystal using the
slowcool annealing and conjugate gradient minimization protocols imple-
mented in CNS version 0.4 (Brunger et al., 1998). The high quality of the
MAD data allowed refinement to converge quickly to an Rcryst of 0.22 and
an Rfree of 0.24. Most of the residues (92%) are in most favored regions of
the Ramachandran plot (Laskowski et al., 1993), except residues, A47,
A84, B48, that are in either disallowed or generously allowed regions of
Ramachandran plot (Laskowski et al., 1993). These three residues have
poor electron density and are in the flexible switch regions. The coordi-
nates and structure factors have been deposited with the Protein Databank
with the ID code 1F6B.

Online supplemental material 
Online supplemental Fig. 1 shows the structural organization of Sar1 and
ARF1. Online supplemental Fig. 2 shows ths nucleotide binding assay.
Online supplemental Fig. 3. shows that the Sar1[F5D] mutant cannot sup-
port tubule formation in vitro. Online supplemental Fig. 4 shows that �25-
Sar1 is defective in recognition of Sec12. Supplemental material is avail-
able at http://www.jcb.org/cgi/content/full/200106039/DC1.
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