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Crystal Structure of the S. cerevisiae Exocyst
Component Exo70p
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The exocyst is an evolutionarily conserved multiprotein complex required for
the targeting and docking of post-Golgi vesicles to the plasma membrane.
Through its interactions with a variety of proteins, including small GTPases,
the exocyst is thought to integrate signals from the cell and signal that vesicles
arriving at the plasma membrane are ready for fusion. Here we describe the
three-dimensional crystal structure of one of the components of the exocyst,
Exo70p, from Saccharomyces cerevisae at 3.5 Å resolution. Exo70p binds the
small GTPase Rho3p in a GTP-dependent manner with an equilibrium
dissociation constant of approximately 70 mM. Exo70p is an extended rod
approximately 155 Å in length composed principally of alpha helices, and is a
novel fold. The structure provides a first view of the Exo70 protein family and
provides a framework to study the molecular function of this exocyst
component.

q 2005 Elsevier Ltd. All rights reserved.

Keywords: exocyst; exocytosis; membrane trafficking; protein structure
*Corresponding author
Introduction

The exocyst, also known as the Sec6/8 complex in
mammals, is an evolutionarily conserved eight-
protein complex required for the targeting and
tethering of post-Golgi vesicles to the plasma
membrane.1,2 The exocyst is composed of the proteins
Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70 and Exo84.
In yeast, mutations in the exocyst lead to defects in
exocytosis and arrest growth of the daughter cell.3,4

Exocyst mutants accumulate post-Golgi secretory
vesicles in the cytoplasm due to defects in tethering
vesicles to the plasma membrane.4,5 The exocyst
complex works upstream of the soluble NSF attach-
ment protein receptor proteins (SNAREs) required
for membrane fusion. The Saccharomyces cerevisiae
exocyst may regulate SNARE complex assembly
through its interaction with Sec9, Sro7 and Sro77.6,7

Unlike SNARE proteins, which have a relatively
uniform membrane distribution,8 the exocyst loca-
lizes to specific sites on cellular membranes.3,9–11 The
exocyst is therefore believed to target vesicles to
specific sites on the plasma membrane. In addition to
lsevier Ltd. All rights reserve
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its role in spatially restricting exocytosis, the exocyst
has also been shown to influence filpodia formation,
tubulin polymerization, protein synthesis and pre-
mRNA splicing.12–15

A number of GTPases, including members of
the Rho, Ral and Rab families, have been shown
to associate with the exocyst, leading to the
theory that the function of the exocyst is to
integrate signals from the cell that indicate that
the arriving vesicles are ready to fuse with the
plasma membrane.16,17 In particular, Rho GTPases
regulate organization of the cytoskeleton,
suggesting that the exocyst coordinates communi-
cation between vesicles and changes in the
cytoskeleton required for membrane trafficking.
In yeast, Rho3p directs delivery of transport
vesicles to sites of exocytosis by binding to
Exo70p,18,19 while Rho1 and Cdc42 direct proper
localization of the exocyst by binding to Sec3p.3,20

The Rab protein Sec4 regulates the exocyst
through its interaction with Sec15.21 In mamma-
lian cells, RalA binds to both Sec5 and Exo84.
This dual interaction is thought to regulate
assembly of the complex.22–24 Mammalian Exo70
interacts with the GTPase TC10, and translocates
to the plasma membrane in response to insulin.25

Recent work indicates that the exocyst is not found
exclusively as a single protein complex in the cell.
Sub-complexes of exocyst components, as well as
some of the individual subunits, appear to have
specific functions.5,14,26–29 For example, yeast Sec3p
d.
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directs assembly of the exocyst at sites of membrane
fusion by binding directly to the plasma membrane at
the bud tip.9,30 This interaction is independent of the
actin cytoskeleton as well as the presence of the other
members of the exocyst,3 but is dependent on
interaction with Rho proteins.20,31 Interestingly, the
Rho-binding domain is absent in mammalian Sec3
orthologs, whereas mammalian Exo70 appears to
interact with membranes, and is an important
determinant of cell polarity.32

Few biochemical data on the molecular inter-
actions of Exo70 are available. The N-terminal region
of Exo70 (residues 1–384) binds Sec8 and TC10,
whereas the C-terminal region (residues 385–653) is
important for localization to the membrane possibly
through interactions with another protein.25 The
C-terminal 385 residues of S. cerevisiae Exo70p binds
Rho3p both in yeast two-hybrid as well as in pull-
down assays.18,19 Genetic interactions between
Rho3p and Exo70p have also been identified in
Schizosaccharomyces pombe, although physical inter-
action between the two proteins has not been
confirmed in this case.33 Thus, yeast Exo70p may
be a key exocyst component required for coordinat-
ing vesicle targeting with changes in the cytoskele-
ton. Mammalian Exo70 also binds to BIG2, a guanine
Table 1. Crystallographic data processing and refinement sta

Exo70p construct 63–524 63–52

Cell dimensions aZ134.54 Å cZ

Space group P3212 P321
Wavelength 0.97950 (peak) 0.97963 (infl
Resolution 20–3.3 20–3.
No. measured refl. 93,687 93,88
No. unique refl. 18,839 18,86
Completeness (%)a 97.5 (98.3) 97.5 (98
I/s 13.2 (2.8) 19.9 (2
Rmerge

b 0.077 (0.541) 0.060 (0.
Refinement
Resolution (Å) 20.0–3
Reflections in working set 33,72
Reflections in test set 2175
Average B (Å2) 129.2

Overall anisotropic B (Å2)
B11 K11.
B13 40.7
B22 15.1
B33 K3.4
Number of non-hydrogen protein atoms 4153
Rfree (%)c 30.5
Rcryst (%)d 25.4

rms deviations from ideality
Bond lengths (Å) 0.007
Bond angles (deg.) 1.19

Ramachandran plot
% in most favored regions 83.4
% in additional allowed regions 15.8

Values in parentheses represent the highest resolution shell.
a CompleteZ(number of independent reflections)/total theoretica
b RmergeðIÞZ ðSjIðiÞKhIðhÞij=SIðiÞÞ, where I(i) is the ith observation of

multiple measurements of the h,k,l reflection.RcrystðFÞZ
P

h jjFobsðh

observed and calculated structure factor amplitudes for the h,k,l refle
c Rfree is calculated over reflections in a test set not included in th
d RcrystðFÞZ

P
h jjFobsðhÞjKjFcalcðhÞjj=

P
h jFobsðhÞj, where jFobs(h)j a

amplitudes for the h,k,l reflection.
nucleotide-exchange protein that regulates trans-
port of proteins from the Golgi apparatus to the cell
surface.34 Exo70 has also been shown to modulate
microtubule dynamics by inducing microtubule
depolymerization, but the molecular basis of this
activity is not known.13

Here we present the crystal structure of Exo70p
from Saccharomyces cerevisae at 3.5 Å resolution.
Binding studies show a surprisingly weak, GTP-
dependent interaction between Exo70p and Rho3p.
This study provides the first molecular view of the
Exo70p protein family and provides a framework to
study the function of this exocyst component at a
molecular level.

Results and Discussion

Overall structure and domain organization

Exo70p from S. cerevisiae was expressed in Escher-
ichia coli and purified. Initial attempts to crystallize
full length Exo70p failed. Purified Exo70p that was
stored at 4 8C for several weeks degraded into two
smaller fragments. These fragments were purified
and their N and C termini identified by N-terminal
sequencing and mass spectrometry. Both fragments
tistics
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Figure 1. Crystal structure of Exo70p. (a) Stereo view of the Exo70p model superimposed on a 3.5 Å. sA weighted47

2FoKFc electron density map contoured at 1.0 s shown in blue. An anomalous Fourier map contoured at 4s and
corresponding to selenium positions is shown in orange. (b) Ribbon diagram of the structure of S. cerevisiae Exo70p.
Domain 1 is colored blue, domain 2 is colored yellow and domain 3 is colored red. Helices H1 and H2 are colored sky
blue while H3 is colored cyan to indicate that this region of Exo70p could be assigned as a separate subdomain. The helix
(H9) connecting domains 1 and 2 is colored green while the helix (H13) connecting domains 2 and 3 is colored orange.
White stars represent the kink found in these helices. N and C termini are labeled. (c) Topology diagram for Exo70p. The
same color scheme is used as in (b). Loops disordered in the crystal are represented as dotted lines.
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(continued)

S.cerevisi.: -------------------------------MPAEIDIDEADVLVLSQELQKTSKLTFEINKSLKKIAATSNQSSQLFTPILARNNVLTT :  59 
M.musculus : ------------------MIPPQEASARRREIEDKLKQEEETLSFIRDSLEKSDQLTRNMVSILSSFESRLMKLENSIIPVHKQTENLQR :  72 
R.norvegic.: ------------------MIPPQEASARRREIEDKLKQEEETLSFIRDSLEKSDQLTKNMVSILSSFESRLMKLENSIIPVHKQTENLQR :  72 
H.sapiens  : ------------------MIPPQEASARRREIEDKLKQEEETLSFIRDSLEKSDQLTKNMVSILSSFESRLMKLENSIIPVHKQTENLQR :  72 
D.melanoga.: ----------------------MNNLDSSLQAHNKLEKEATNLALLKDRVDKYHDLSTQMSSILTIFEKRLGNLEQTILPVYQETEQLQK :  68 
C.elegans  : MLVVYYFYCFPFFSVNSRIFPMASDQNAAESIAKKLAQEEEWLQNFQKNIAKSAQIRQGIEQVVEKFDQRLSSLEKNVLPMHISNGKLQK :  90 
S.pombe    : ------------------------------MSGGIFDDNKAGFETFQKNLNSVAKNVSDASNILLSMDKRLSGLEASAGILRDDVTNYNR :  60 

S.cerevisi.: LQRNIESTLNSVASVKDLANEASKYEIILQKG-INQVGLKQYTQVVHKLDDMLEDIQSGQANREENSEFHGILTHLEQLIKRSEAQLRVY : 148 
M.musculus : LQENVEKTLSCLDHVISYYHVASDTEKIIRE--GPTGRLEEYLGSMAKIQKAVEYFQDNSPDSPELNKVKLLFERGKESLESEFRSLMTR : 160 
R.norvegic.: LQENVEKTLSCLDHVISYYHVASDTEKIIRE--GPTGRLEEYLGSMAKIQKAVEYFQDNSPDSPELNKVKLLFERGKESLESEFRSLMTR : 160 
H.sapiens  : LQENVEKTLSCLDHVISYYHVASDTEKIIRE--GPTGRLEEYLGSMAKIQKAVEYFQDNSPDSPELNKVKLLFERGKEALESEFRSLMTR : 160 
D.melanoga.: RQQNLEATLNCLESVLSHYDVSQEVCQLIHQG-PVEGNISVFLDALAKLRDANDYFRHNNSQSVELENVTSLFNTGCEGLSQHYSMLLKK : 157 
C.elegans  : KQHNIQRLINTIDATLQFYGKTSTVENAINSG-NPSVDLDPYLENMESLQQAIIFFETHPNYRSQTDNMRITLDTGYTMLEKAYKNFLLK : 179 
S.pombe    : VSSNIYDTLKEMESLQVIHSHLPVLQKGLQECQNLNKSVSQNLKSVMDILKSLAEDYTSLEGSP-LQFASKSQQKVEMMLSEGCQILGAL : 149 

S.cerevisi.: FISILN-----SIKPFDPQINITKKMPFPYYEDQQLGALSWILDYFHGNSEG--SIIQDILVGERSKLILKCMAFLEPFAKEISTAKNAP : 231 
M.musculus : HSKVVSPVLLLDLISADDELEVQEDVVLEHLPESVLRDVVRISRWLVEYGRN--QDFMNVYYQIRSSQLDRSIKGLKEHFRKSSSSSGVP : 248 
R.norvegic.: HSKVISPVLVLDLISADDELEVQEDVVLEHLPESVLQDVIRISRWLVEYGRN--QDFMNVYYQIRSSQLDRSIKGLKEHFRKSSSSSGVP : 248 
H.sapiens  : HSKVVSPVLILDLISGDDDLEAQEDVTLEHLPESVLQDVIRISRWLVEYGRN--QDFMNVYYQIRSSQLDRSIKGLKEHFHKSSSSSGVP : 248 
D.melanoga.: HSAPLKPVELLDLIYIEDDSSDE-YTSFRQLSQTTREELYTISHWLEQNLR----EYTNIYATERGEVVLRSLQLLKDHQKSNSWGHEAL : 242 
C.elegans  : NSITVDPAPFVKNELTPRLSEIK--------IMTDEEPIIKIGVWLLKQPRVP-NNFLGYYSEIRGAQILKNIKSIAEAQKSSQLASRSK : 260 
S.pombe    : CYNILETYAASSLNKASTLLDLSIPWSFPNESLQQFIGLIQQFDADVLFPVSCSSDISNIYIKIKGECVVKLLHAVSMRTDEIKLNEGSV : 239 

S.cerevisi.: Y----------------------------------------------------------------------------------------- : 232 
M.musculus : YSPAIPNKRKDTPTKKPIKRPGTIRKAQNLLKQYSQHGLDGKKGGSNLI----------------------------------------- : 297 
R.norvegic.: YSPAIPNKRKDTPTKKPIKR---------------------------------------------------------------------- : 268 
H.sapiens  : YSPAIPNKRKDTPTKKPVKRPGTIRKAQNLLKQYSQHGLDGKKGGSNLIPLEGLLPCTPRGGLPGPWINAACVCAADISPGHEHDFRVKH : 338 
D.melanoga.: RPRHSGRQTEPKKTTSARLQQIFEKKANKLYLRATQTIEQSTGFSIKKAS---------------------------------------- : 292 
C.elegans  : LSTAVRKPVQ-------------------------------------------------------------------------------- : 270 
S.pombe    : N----------------------------------------------------------------------------------------- : 240 

S.cerevisi.: -------------------EKGSSGMNSYTEALLGFIANEKSLVDDLYSQ----------YTESKPHVLSQILSPLISAYAKLFGANLKI : 293 
M.musculus : ----------PLEGRDDMLDVETDAYIHCVSAFVKLAQSEYRLLMEIIPE--------HHQKKTFDSLIQDALDGLMLEGENIVSAARKA : 369 
R.norvegic.: ------------PGRDDMLDVETDAYIHCVSAFVRLAQSEYQLLMGIIPE--------HHQKKTFDSLIQDALDGLMLEGENIVSAARKA : 338 
H.sapiens  : LSEALNDKHGPLAGRDDMLDVETDAYIHCVSAFVKLAQSEYQLLADIIPE--------HHQKKTFDSLIQDALDGLMLEGENIVSAARKA : 420 
D.melanoga.: -----SHSDHLTSEDLMDGDQELDKYLVMLLGLQRLLNWERAIMIDIIPQ--------SKHNEVFATLAYNAIDLVVKDAEAITQRILRC : 369 
C.elegans  : ------------RSEKVDVLIDLDACHAMCSALLSLLELEEKLMVKAIPDT-------SKRAQVFRELVSRPLAYAVVQTQKVVNEKDIG : 341 
S.pombe    : ---------------FVTGKEDVSINLVALSRLLPAVASELLLLFDQVTA-----------KALYPKIVKPAINTVTNATRQLEGVYEKR : 304 

S.cerevisi.: VRSNLENFGFFSFELVESINDVKKSL----RGKELQNYNLLQDCTQEVRQVTQSLFRDAIDRIIKKANS----ISTIPSNNGVTEATVDT : 375 
M.musculus : IIRHDFSTVLTVFPILRHLKQTKPEFDQVLQGTAASTKNKLPGLITSMETIGAKALEDFADNIKNDPDK----EYNMPKDGTVHELTSNA : 455 
R.norvegic.: IIRHDFSTVLTVFPILRHLKQTKPEFDQVLQGTAASTKNKLPGLITSMETIGAKALEDFADNIKNDPDK----EYNMPKDGTVHELTSNA : 424 
H.sapiens  : IVRHDFSTVLTVFPILRHLKQTKPEFDQVLQGTAASTKNKLPGLITSMETIGAKALEDFADNIKNDPDK----EYNMPKDGTVHELTSNA : 506 
D.melanoga.: ISRKEWTSALGIFSALKRVILLQPDID---RTYDPAQREQLKKVLKKLQHTGAKALEHFLDVVKGESSTNIVGQSNVPKDATVHELTSNT : 456 
C.elegans. : I--------VPLLPLLHLLSQNYARFHN--LATNSIGDVQFDSLMRQLQVKCSSYVNEVIENLNEDTTK------FVPPDGNVHPTTAST : 415 
S.pombe    : GAAEN----FVLLSLIDCIVVTRQNMNNLMPFEDASFLGFVNGVGREMEKILISSISRLYNGTCHNNKT------VPLTTDRVSEMTHGI : 384 

S.cerevisi.: MSRLRKFSEYKNGCLGAMDNITRENWLPSNYKEKEYTLQNEALNWEDHNVLLSCFISDCIDTLAVNLERKAQIALMPNQEPDVANPNSSK : 465 
M.musculus : ILFLQQLLDFQETAGAMLASQVLGDTYNIPLDPRETSSSATSYSSEFSKRLLSTYICKVLGNLQLNLLSKSKVYEDPALSAIFLHNNYN- : 544 
R.norvegic.: ILFLQQLLDFQETAGAMLAS-------------QETSSSATSYNSEFSKRLLSTYICKVLGNLQLNLLSKSKVYEDPALSAIFLHNNYN- : 500 
H.sapiens  : ILFLQQLLDFQETAGAMLAS-------------QETSSSATSYSSEFSKRLLSTYICKVLGNLQLNLLSKSKVYEDPALSAIFLHNNYN- : 582 
D.melanoga.: IWFIEHLYDHFDVIGSILAQDVLYS-----TQLDTILMKKALPVEERNKALLAIYIKKALAELNLSIMNKCEQYNDQATKHLFRLNNIH- : 540 
C.elegans. : LNFLSSLTAHRVTVT-------------------QHVLALTAPQGSNTNLLLPKLFARILSALGSMLKKKANLYDDPTLATIFLLNNYN- : 485 
S.pombe    : MSFLNELAEHENASYLLESIGNWG---------WRHEINADLSPARSVQDITRNYVMDCMDSYLTSVQTAAQAVDTIGWKMGVMLLNIS- : 464 

S.cerevisi.: NKHKQRIGFFILMNLTLVEQIVEKSELNLMLAGEGHSRLERLKKRYISYMVSDWRDLTANLMDSVFIDSSGKKSKDKEQIKEKFRKFNEG : 555 
M.musculus : ---------YILKSLEKSELIQLVAVTQKTAERSYREHIEQQIQTYQRSWLKVTDYIAEKNLP-VFQPGVKLRDKERQMIKERFKGFNDG : 624 
R.norvegic.: ---------YILKSLEKSELIQLVAVTQKTAERSYREHIEQQIQTYQRSWLKVTDYIAEKNLP-VFQPGVKLRDKERQMIKERFKGFNDG : 580 
H.sapiens  : ---------YILKSLEKSELIQLVAVTQKTAERSYREHIEQQIQTYQRSWLKVTDYIAEKNLP-VFQPGVKLRDKERQIIKERFKGFNDG : 662 
D.melanoga.: ---------YILKSLQRSNLIDLVTLAEPECEHSYMEMIRELKASYQKTWSKMLVGIYSLDELPKPVAG-KVKDKDRSVLKERFSNFNKD : 620 
C.elegans. : -------YIAKTLADEQDGLLPAITEMNSNILSFYHEEIATCTNEYLKSWNGIASILKS----------VDRIGEDKQMAKQIMSTFVRD : 558 
S.pombe    : -----------VYFEAKCLESKIASFLQDVDLEKLGDRSQKYSTMYMEVWRQCSQNMLDSTYT-KSQNKSTMSAKEREITKEKFRNFNEQ : 542 

S.cerevisi.: FEDLVSKTKQYKLSDPSLKVTLKSEIISLVMPMYERFYSRYKDS--FKNPRKHIKYTPDELTTVLNQLVR----- : 623 
M.musculus : LEELCKIQKVWAIPDTEQRDKIRQAQKDIVKETYGAFLHRYGSVPFTKNPEKYIKYRVEQVGDMIDRLFDTSA-- : 697 
R.norvegic.: LEELCKIQKAWAIPDTEQRDKIRQAQKSIVKETYGAFLHRYSSVPFTKNPEKYIKYRVEQVGDMIDRLFDTSA-- : 653 
H.sapiens  : LEELCKIQKAWAIPDTEQRDRIRQAQKTIVKETYGAFLQKFGSVPFTKNPEKYIKYGVEQVGDMIDRLFDTSA-- : 735 
D.melanoga.: FEEACKIQRGISIPDVILREGIKRDNVEHILPIYNRFYEIYSGVHFSKNPDKYVKYRQHEINAMLSKLFDDSA-- : 693 
C.elegans. : FDQVLAQQMDYCISDPKISANVQTQVKSRIWKNYSQLLDTCQRLHVFPQG---IKYTENTFEMAIRNLFSSARIN : 630 
S.pombe    : VTSVVQVHRESVRFETGVATFLLQEVKKTVLPLYQRFYDKYINSDFTKNKDKYIKFTKADLDSFITSAFAPSL-- : 615 
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Figure 2 (legend on opposite page)
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were subcloned, expressed, purified, and crystal-
lized. The smaller Exo70p proteolytic fragment,
comprising residues 63–524, crystallized in the
trigonal space group P3212, with two molecules in
the asymmetric unit (Table 1). The best crystal,
grown from selenomethionine-substituted protein,
diffracted X-rays to 3.3 Å resolution. The structure
was solved by multiwavelength anomalous dis-
persion (MAD) phasing (Figure 1(a)). The longer
fragment, which also starts at residue 63 but extends
to the native C terminus (residue 623), crystallized in
the monoclinic space group C2. The monoclinic
crystals contain four independent copies in the
asymmetric unit, and diffracted X-rays to 3.5 Å
(Table 1). The relatively low-resolution diffraction
and the presence of 56 selenomethionine sites
prevented determination of the structure by MAD
phasing, and the structure was solved by molecular
replacement using the refined structure of the 63–524
fragment as a search model (Figure 1(a)). The final
model contains residues 73–223, 236–527 and 544–
623, and is therefore the most complete model of an
exocyst subunit to date. Residues 63–72, 224–235, and
528–543 are not visible in the electron density map
and are presumably disordered.

Exo70p has an elongated structure with overall
dimensions of w155 Å!35 Å!35 Å (Figure 1(b)
and (c)). The structure is composed principally of
a-helices (65%), and can be divided into three
domains (Figure 1(b)) based upon the overall
arrangement of helices, inter-domain hinge points,
and proteolytic sensitivity. Domain 1 (D1) of Exo70p
(residues 73–341) comprises helices H1–H8 and the
N-terminal portion of H9 (Figure 1(b)). This region
is a continuous set of antiparallel helices that pack
together to form an elongated structure. The last
helix, H9, is noticeably bent, with its N-terminal
portion packed against the preceding helices. Many
of the helices are staggered such that a portion of
one face that would normally pack against an
adjacent helix is instead exposed to solvent, or is
packed against extended loops. For example, the
loop spanning residues 157–176 between H3 and
H4 makes extensive, mostly hydrophobic, contacts
with H5 and H6. The residues buried between the
helices are mostly hydrophobic with a notable
exception: Arg206 of H5 forms polar interactions
with Glu253 of H6, as well as Tyr174. Residues 206
and 253 are conserved in Exo70 proteins from
different species (Figure 2) and likely play a role in
protein folding and stability.

The assignment of the first nine helices to a
single domain is somewhat arbitrary, and other,
equally valid divisions can be made. For
example, the first three helices of D1 form a
Figure 2. Structure-based sequence alignment of Exo70
CLUSTALX60 using secondary structure information in the
surface-exposed residues are highlighted in dark and light gre
domains and are conserved across species are highlighted in g
the interdomain interfaces. Crystallographically determine
sequences and are colored as in Figure 1(b). Loops disordere
three-helix bundle that angles away slightly from
the remainder of the domain (shown in sky blue
and cyan in Figure 1(b)), and could therefore be
considered a separate subdomain. On the other
hand, the relatively short H4 partially packs
against this bundle, and is canted away from
H5, so the first four helices could also be
considered to be a subdomain. Given that there
is no obvious dividing point and that the helices
form a continuously packed unit, we have chosen
to assign these elements to a larger, single
domain. This is also consistent with the lack of
hinge flexibility or proteolytic sensitivity within
this region (see below).

Domain 2 (D2) (residues 342–514) comprises the
portion of H9 C-terminal to the kink (green helix,
Figure 1(b) and (c)) and H10–H13. Similar to H9,
H13 is bent, and its N-terminal portion forms part of
D2, while its C-terminal portion begins the next
domain (orange helix, Figure 1(b) and (c)). D2 is an
unusual structure in which the four helices H9, H10,
H12, and H13 form a semicircular "blanket" around
the largely hydrophobic H11. The other side of H11
is buried by large loops that connect H10 to H11,
and H11 to H12. The H10-H11 loop, residues
384–423, bends back against the molecule to form
extensive hydrophobic and hydrophilic contacts
with H10, H11 and H12. The loop between H11 and
H12 (residues 451–469) forms predominantly
hydrophilic interactions with H11, H12, and H13.
Apart from a single hydrogen bond between Lys409
and Asn460, no direct bonds are found between the
two extended loops.

Proteolysis of Exo70p defines domain 3 as
residues 515–623. The structure consists of the
C-terminal end of the bent H13, and H14–16. The
four helices form a hydrophobic core, one end of
which is unusually rich in aromatic residues. This
domain can be expressed and purified as an
independent folding unit, consistent with its release
from the rest of Exo70p by proteolysis (data not
shown).

Comparison to other protein structures

Neither the complete model of Exo70p nor the
individual regions display significant similarity to
known structures, as assessed by structural simi-
larity searches in DALI.35 The top matches were the
heat shock cognate protein 71 kDa fragment (pdb
code 1hx1, ZZ6.9, rmsdZ2.5 Å, over 77 residues,
10% sequence identity); importin beta subunit (pdb
code 1qgr, ZZ6.2, rmsdZ2.6 Å, over 86 residues,
6% sequence identity); alginate lyase A1-III (pdb
code 1qaz, ZZ6.1, rmsdZ7.1 Å, over 152 residues,
. Exo70 from seven different species were aligned in
profile alignment. Strongly and moderately conserved

en, respectively. Residues that form the core of the Exo70p
ray. Yellow denotes residues that are conserved and form
d secondary structure elements are shown above the
d in the crystal are represented as dotted lines.



Figure 3. Exo70p flexibility. Ca atoms of domain 1 of
each of the four molecules in the C2 asymmetric unit were
superimposed to illustrate the flexibility seen in Exo70p.
The same color scheme is used as in Figure 1(b). The N
terminus is labeled. (a), (b), (c), (d) Refer to the four
molecules found in the asymmetric unit of the C2 crystals
(construct 63–623).
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7% sequence identity); and chromosome partition
protein mukf (pdb code 1t98, ZZ5.2, rmsdZ14.1 Å,
over 119 residues, 8% sequence identity). All of
these proteins are helical, and any local similarities
between portions of these proteins and Exo70p
likely reflect packing common to most helix–helix
interactions. Thus, it appears that Exo70p possesses
a novel fold.

Molecular flexibility and oligomeric state

The individual domains are nearly identical
among the four molecules of the asymmetric unit,
but the angle between domains 1 and 2 differs, due
to a bend in H11 at residue Gln342 (Figure 3). When
domains 1 from molecules A and D are super-
imposed, the angle formed between domain 2 of A
and domain 2 of D is 14.68. In contrast, the angle
between domains 2 of molecules B and D is 4.38, and
is 8.98 between molecules C and D. Although there
is variation in the angle between domains 1 and 2,
the surface area buried between them is very
similar amongst the four different molecules in the
asymmetric unit (1108 Å2 for molecule A, 1148 Å2

for molecule B, 1109 Å2 for molecule C and 1146 Å2

for molecule D). The surface area buried between
domains 2 and 3 is comparable, w1350 Å2 in the
four crystallographically independent copies, but
unlike the D1–D2 interface no flexibility in the
relative positions of D2 and D3 is apparent. The D1–
D2 and D2–D3 interfaces are both predominantly
hydrophobic, and are particularly rich in aromatic
amino acids.

The same dimer of Exo70p was found in both the
monoclinic and trigonal crystals. In both cases, a
crystallographic 2-fold axis relates the two proto-
mers. The dimer interface is made by the interaction
of H1 from one protomer with the extended loop
structure found in domain 1 (residues 157–176) of
the second protomer (Figure 4(a)). The Exo70p
construct 63–623 (monoclinic crystal form), which
has an expected molecular mass of 64 kDa, elutes
from a gel filtration column with an apparent
molecular mass of w80 kDa (Figure 4(b), upper
panel). The extended structure of Exo70p probably
contributes to the larger-than-expected molecular
mass observed in the gel filtration experiments. The
construct was confirmed to be monomeric in
solution using multiangle light scattering (MALS)
(data not shown). The full length Exo70p protein
(residues 1–623) is also monomeric in solution as
assessed by gel filtration chromatography. The
protein elutes with an apparent molecular mass of
w110 kDa as compared to the expected molecular
mass of 72 kDa (Figure 4(a), upper panel). Again,
the extended structure of the molecule probably
contributes to the apparent molecular mass. These
results suggest that the 2-fold symmetric dimer
present in the crystals is due to crystal packing and
is unlikely to be functionally important. However,
the 2240 Å2 of surface area buried in this interface is
significantly higher than the average surface area
buried in non-specific crystal contacts (570 Å2).36



Figure 4. Exo70p dimerization. (a) Ribbon diagram of the Exo70p dimer seen in the monoclinic crystal form. The same
color scheme is used as in Figure 1(b). N and C termini are labeled. (b) Gel filtration chromatography shows that full
length Exo70p and construct 63–623 are monomeric in solution (top panel), whereas construct 63–524 exhibits
concentration-dependent dimerization (bottom panel). (c) Ribbon diagram of the Exo70p dimers seen in the trigonal
crystal form. The same color scheme is used as in Figure 1(b). N and C termini are labeled.
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This indicates that this surface has features that are
favorable for protein–protein interactions and may
be utilized both for crystal packing as well as for
ligand binding by Exo70p.

In contrast to the Exo70p constructs that extend to
residue 623, the fragment that arises from proteol-
ysis of the domain 2–3 interface, residues 63–524
(trigonal crystal form), exhibits concentration-
dependent dimerization, as shown by gel filtration
(Figure 4(b), lower panel) and MALS (data not
shown). This dimer is functionally not relevant as it
likely forms at the C-terminal region of the protein
at the hydrophobic interface between domains 2
and 3 that is exposed when domain 3 is removed
from the construct. This dimer is seen in the trigonal
crystals (Figure 4(c)).

The surface of Exo70p contains hydrophilic,
hydrophobic and charged regions that may be
important for interactions with regulatory proteins,
other exocyst components, or membranes
(Figure 5(a)). Residues Phe216, Phe220, Ile293,
Phe301 and Val622 are exposed on the surface of
Exo70p. With the exception of Val622, these
residues are generally not conserved in other
species and may be important for a function of
Exo70p specific to S. cerevisiae (Figure 2).

Comparison with other Exo70 sequences

An alignment of Exo70 amino acid sequences
from seven species, including two yeast, worm, fly,
rat, mouse and human, is presented in Figure 5.
Surface-exposed residues that are 100% conserved
are shown in dark green while less well (O80%)
conserved, surface-exposed residues are shown in
light green. Buried residues that form the core of the
three domains are for the most part conserved or
replaced with residues whose side-chains are
compatible with burial in the core (gray in Figure 5).
Residues that mediate packing between domains
are less conserved (yellow in Figure 5), suggesting
that the relative positions of the domains, and/or
the inter-domain flexibility, may vary among
Exo70p orthologs.

The conserved surface-accessible residues can be
seen in Figure 5(b). The last 100 residues of Exo70p,
corresponding to domain 3, contain a number
of highly conserved, solvent-exposed charged



Figure 5. Molecular surface representations of Exo70p.
The three views are successive 908 rotations around a
vertical axis with the N termini pointing toward the
bottom. (a) The electrostatic surface potential for Exo70p
is shown. Blue and red represent regions of positive and
negative electrostatic potential, respectively, contoured at
G8kBT/e. (b) Surface of Exo70p colored according to
sequence conservation based on an alignment from seven
organisms. Highly conserved residues are bright green
and semi-well conserved residues are light green.

16 Crystal Structure of S. cerevisiae Exo70p
residues (Figures 2(b) and 5). This region of the protein
is thought to be important for membrane localization
possibly through interaction with other proteins.25

In addition, the presence of numerous positively
charged lysine residues present in a loop at the tip of
Exo70p (toward the C-terminal side) suggests that
this region of the protein may mediate membrane
association by binding to acidic phospholipids.
GTP-dependent, weak binding to Rho3p

The interaction between Exo70p and Rho3p was
previously investigated using yeast two-hybrid
and pull-down assays.18,19 Although these tech-
niques were valuable for identifying Exo70p as an
effector for Rho3p, they did not provide infor-
mation about the affinity between the two
proteins. Surface plasmon resonance was used to
determine the binding affinity between Rho3p and
Exo70p. Rho3p, both wild-type (WT) and the
constitutively active, non-hydrolyzing mutant
Q74L,37 were expressed and purified from E. coli.
To enable higher expression levels, the C-terminal
CAAX boxes needed for fatty acylation were
removed in the Rho3p constructs. As reported,18

the interaction between Exo70p and WT-Rho3p is
GTP-dependent, as binding was greatly reduced
when GTP was replaced with GDP in the running
buffer (Figure 6(a)). In order to determine the
equilibrium dissociation constant KD for the
Exo70p–Rho3p interaction, increasing concen-
trations of Exo70p were injected over immobilized
Rho3p. During the course of the concentration
series, the GTP present in the running buffer non-
specifically hydrolyzed to GDP at room tempera-
ture, reducing the interaction and preventing
determination of an accurate KD. When fresh
GTP buffer was added back into the running
buffer, binding response immediately increased,
showing that the protein molecules were not
otherwise compromised during the experiment
(data not shown). To eliminate complications
arising from the non-specific hydrolysis of GTP,
the non-hydrolyzing Rho3p-Q74L mutant was
used to determine the KD values for various
Exo70p constructs. However, because complete
nucleotide exchange was not achieved, the
measured affinities may be slightly understimated.

Full length Exo70p binds to Rho3-Q74L with an
equilibrium dissociation constant (KD) of 70 mM
(Figure 6(b)). The KD for the binding between
Rho3p-Q74L and Exo70p construct 63–623 is
30 mM (Figure 6(c)). The Exo70p construct 63–524
also binds to Rho3p-Q74L (data not shown), but
the KD for the interaction could not be determined
because binding was not saturated at the highest
concentration of protein achievable. The inter-
action is surprisingly weak compared to other
small GTPase–substrate interactions, which typi-
cally fall in the nanomolar range of KD. There are
several possible reasons for the low affinity
observed between Exo70p and Rho3p. First, in
the cell both Exo70p and Rho3p are associated
with membranes. It is possible that the restriction
to the two dimensions of a membrane effectively
increases the interaction, which otherwise appears
exceptionally weak when studied in free solution.
Second, post-translational modifications of one or
both partners might strengthen their affinity,
although no evidence exists for this possibility.
A third, and more intriguing, scenario is that the
functional interaction of Rho3p with the exocyst
requires not only Exo70p, but also one or more
other subunits. Future experiments will be
required to assess these possibilities. Nonetheless,
the present structure provides a strong foundation



Figure 6. Biosensor analyses of Rho3p binding to Exo70p. (a) Sensorgram from binding experiments in which 40 mM of
Rho3p was injected overExo70pconstruct63–623 inthe presenceofGTP(blue)orGDP(pink). (b) and(c)Equilibriumbinding
response (Req) versus the log of concentration is shown for biosensor experiments in which the activated mutant Rho3p-Q74L
was injected over full length Exo70p (b) or the Exo70p construct 63–623 (c) immobilized on a biosensor chip. Best-fit binding
curvebasedona1:1 bindingmodel is superimposedonthebindingdata.KD could notbederivedforconstruct63–524because
the binding curve could not be saturated at the highest possible concentration tested (data not shown).
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for further studies of Exo70 function and mech-
anism.
Materials and Methods

Protein expression and purification

Constructs encoding amino acid residues 1–632, 63–623
or 63–524 of Exo70p with an N-terminal six-histidine tag
followed by a linker and a tobacco etch virus (TEV)
protease site were subcloned into the pProExHTb
bacterial expression vector (Life Technologies). BL21
RILC cells transformed with the Exo70p construct were
grown in Luria-Bertani (LB) broth to an A600 of 0.6, then
induced for 2 h at 25 8C with 1 mM IPTG. Cells were
harvested by centrifugation and lysed by French press.
The six-histidine tagged Exo70p was purified by Ni-NTA
chromatography (Qiagen) followed by size-exclusion
chromatography on a Superdex 200 gel filtration column
(GE Healthcare) in 50 mM Tris (pH 8), 300 mM NaCl,
2 mM DTT, 1 mM EDTA. Peak fractions were pooled,
concentrated and subjected to TEV cleavage overnight at
4 8C. The cleaved protein was loaded onto a 2 ml Ni-NTA
column to remove uncleaved sample and then loaded
onto a Mono Q column (GE Healthcare) equilibrated with
buffer A (50 mM Tris (pH 8), 2 mM DTT, 1 mM EDTA).
A linear gradient was applied from buffer A to buffer AC
0.5 M NaCl to elute the protein from the column. Peak
fractions were pooled and loaded onto a Superdex 200 gel
filtration column (GE Healthcare) in buffer AC300 mM
NaCl. The purified Exo70p protein was concentrated to
30 mg/ml and stored at 4 8C.

Selenomethionine-substituted versions of Exo70p con-
structs 63–623 and 63–524 were produced as described38

and purified under the same conditions as the native
protein. Amino acid composition analysis showed
w100% replacement of the methionine residues by
selenomethionine (data not shown).

A construct encoding WT-Rho3p lacking the
C-terminal four residues corresponding to the CAAX
box, with an N-terminal six-histidine tag followed by a
linker and a TEV protease site was subcloned into the
pProExHTb bacterial expression vector (Life Technol-
ogies). The Rho3p-Q74L single mutant was made
subsequently using the QuikChange mutagenesis
protocol (Stratagene). BL21 RILC cells transformed
with the Rho3p constructs were grown to an A600 of 0.6
in LB and induced for 2 h at 25 8C with 1 mM IPTG. Cells
were harvested by centrifugation and lysed by French
press. The six-histidine tagged constructs were purified
by Ni-NTA chromatography (Qiagen) in the presence of
5 mM MgCl2. Size-exclusion chromatography on a Super-
dex 200 gel filtration column (GE Healthcare) in 50 mM
Hepes (pH 7.5), 150 mM NaCl, 2 mM DTT, 5 mM MgCl2
was used for further purification. Peak fractions were
pooled and the protein was concentrated to 5 mg/ml and
stored at 4 8C.

Crystallization and data collection

Selenomethionine-substituted protein crystals of the
Exo70p construct 63–524 (space group P3212, aZbZ
134.54 Å, cZ124.16 Å; two molecules per asymmetric
unit) were grown at 22 8C in sitting drops by combining
1 ml of protein solution (5 mg/ml in 50 mM Tris (pH 8),
300 mM NaCl, 2 mM DTT, 1 mM EDTA) with 1 ml of
precipitant solution (20% (w/v) PEG 3350, 0.3 M K2SO4).
Before data collection, crystals were transferred to a
cryoprotectant solution (22% PEG 3350, 0.2 M K2SO4,
20% (v/v) glycerol). A multiwavelength anomalous
dispersion (MAD) data set to 3.3 Å, using crystals from
selenomethionine substituted Exo70p, was measured
at the Advanced Light Source (ALS, Berkeley, CA)
beamline 5.0.2.

Selenomethionine substituted protein crystals of the
Exo70p construct 63–623 (space group C2, aZ415.73 Å,
bZ55.13 Å, cZ132.93 Å, bZ104.058; four molecules per
asymmetric unit) were grown at 22 8C in hanging drops
by combining 1 ml of protein solution (7 mg/ml in 50 mM
Tris (pH 8), 300 mM NaCl, 2 mM DTT, 1 mM EDTA) with
1 ml of precipitant solution (0.1 M Mes (pH 6.1), 20% PEG
20,000, 0.2 M Mg2CH3COO). Before data collection,
crystals were transferred to a cryoprotectant solution
(0.1 M Mes (pH 6.1), 20% PEG 20,000, 0.2 M Mg2CH3-
COO, 20% ethylene glycol) and cryo-preserved. A single
wavelength anomalous diffraction (SAD) data set to 3.5 Å
was measured at ALS beamline 8.3.1.
Structure determination and phasing

Data were processed and scaled with the HKL
package.39 Twenty of the potential 22 selenium sites of
the selenomethionine substituted 63–524 construct were
identified by SOLVE.40 Heavy-atom refinement and
phasing were performed with the program SHARP,41

yielding phases to 3.5 Å with a mean figure of merit of
0.445. An initial MAD electron density map was
calculated to 3.5 Å and solvent flattened using Solomon42

as implemented in SHARP.41 A skeleton of the map43

served as a starting point for model building using the
program O.44 Map interpretation was aided by an
anomalous Fourier map that allowed identification of
methionine residues that were used as markers for the
assignment of the rest of the sequence. Refinement was
carried out on the peak wavelength dataset using the
simulated annealing, energy minimization and group
temperature (B) factor protocols in CNS45 with bulk
solvent, anisotropy corrections, and NCS restraints. The
test set of reflections for calculating Rfree was generated
with the thin shell method in DATAMAN.46 The NCS
operator was broken into two operators covering domain
1 (residues 75:114, 130:220, 239:342; force constantZ
300 kcal/mol Å2) and domain 2 (residues 343:356,
372:395, 425:444, 468:513; force constantZ20 kcal/
mol Å2). In each round of model building, a combination
of sA weighted47 2jFojKjFcj and jFojKjFcj maps (calcu-
lated with model phases combined with experimental
phases or model phases alone) and simulated annealing
omit maps48 were used. B-factor sharpening of the
observed diffraction data improved electron density
maps and allowed for visualization of more side-chain
details.49,50 The formula used for applying B-factor
sharpening to the observed structure factors is:

FsharpðsÞ Z Fobs=expðK2Bsharpðsin q=lÞ2Þ

The optimum value of 20 Å2 for Bsharp was obtained by
observing improvements in the electron density maps.

The structure of the longer construct (residues 63–623),
from data obtained from selenomethionine substituted
protein crystals, was solved by molecular replacement.
The refined dimer of the 63–524 construct was used as a
search model using the program MOLREP.51 Placement of
the first dimer gave an R value of 60.1% and a correlation
coefficient of 19.6%. Placement of the second dimer
improved the R value to 58.7% and the correlation
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coefficient to 23.8%. Rigid body refinement resulted in an
Rfree of 52.5%. The solution was confirmed by calculating
an anomalous Fourier map to check for the positions of
the known selenomethionine residues. Phases from the
model were used to calculate a sA weighted47 electron
density map to 3.5 Å. This map was improved by solvent
flattening and fourfold NCS averaging using DM.52 Two
masks per protomer were used; mask 1 for residues
74:341 and mask 2 for residues 342:513. This new map
allowed tracing of the last 100 residues of Exo70p. The
model was further refined using CNS as described
above.53 Separate NCS restraints were applied to two
parts of the molecule, one for residues 74:341 and the
other for residues 342:623; a strong force constant of
300 kcal/mol Å2 was applied in order to prevent signifi-
cant variations amongst the different NCS-related mol-
ecules. During each round of rebuilding, one molecule
was rebuilt and then transformed using the two NCS
operators to generate the other three molecules in the
asymmetric unit, so that two-domain, fourfold NCS
restraints could be imposed. With the restraints set at
300 kcal/mol Å2 the molecules were kept nearly identical
during refinement but the two separate domains were
able to move separately.

The final model includes residues 73–223, 236–527,
544–623. The overall B factor for chain A is 100 Å2, for chain
B is 138 Å2, for chain C is 148 Å2 and for chain D is 134 Å2.
Ramachandran plot statistics (Table 1) are as defined by
PROCHECK.54 Figures were generated using MOL-
SCRIPT55 and RASTER-3D.56 Molecular surfaces were
generated using ProtSkin57 and PYMOL.58 Surface poten-
tials were calculated using APBS.59 Buried surface areas
were calculated using CNS53 with a 1.4 Å probe radius.
Surface plasmon resonance measurements

The binding constants for the interaction between
Exo70p and Rho3p were obtained from surface plasmon
resonance (SPR) measurements, performed on a BIAcore
2000 instrument. Exo70p constructs containing residues
1–623 (465 RUs), 63–623 (387 RUs) and 63–524 (1417 RUs)
were immobilized on a reagent-grade CM5 sensor chip
(Biacore) using primary amine coupling as described in
the BIAcore manual. To subtract background the first flow
cell was mock coupled with buffer only. A twofold
concentration series from 0.39 mM to 200 mM of Rho3p-
Q74L (lacking the CAAX box) was injected over the
surface of the chip at 50 ml/min in 50 mM Hepes (pH 7.5),
300 mM NaCl, 10 mM MgCl2, 2 mM DTT, 0.005% (v/v)
P20, 0.5 mM GTP. The sensorgrams were processed using
the BIAevaluation software (Biacore). Equilibrium dis-
sociation constants (KDs) were derived by non-linear
regression analysis of plots of Req (equilibrium binding
response) versus the log of the injected protein concen-
tration. The data were fit to a simple 1:1 binding model.

To determine if the binding interaction is dependent on
GTP, Exo70p construct containing residues 63–623 was
coupled to a CM5 sensor chip at a density of 1144 RUs.
100 ml of the WT-Rho3p (lacking the CAAX box) at 40 mM
concentration was injected over the chip at 50 ml/min in
50 mM Hepes (pH 7.5), 300 mM NaCl, 10 mM MgCl2, 2 mM
DTT, 0.005% (v/v) P20 and 0.5 mM GTP or 0.5 mM GDP.
Protein Data Bank accession number

Atomic coordinates and structure factors have been
deposited in the RCSB Protein Data Bank with accession
code 2B7M.
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bias in macromolecular crystal structures. Acta
Crystallog. sect. A, 48, 851–858.

49. Bass, R. B., Strop, P., Barclay, M. & Rees, D. C. (2002).
Crystal structure of Escherichia coli MscS, a voltage-
modulated and mechanosensitive channel. Science,
298, 1582–1587.

50. DeLaBarre, B. & Brunger, A. T. (2003). Complete
structure of p97/valosin-containing protein reveals
communication between nucleotide domains. Nature
Struct. Biol. 10, 856–863.

51. Vagin, A. & Teplyakov, A. (1997). MOLREP: an
automated program for molecular replacement.
J. Appl. Crystallog. 30, 1022–1025.
52. Cowtan, K. (1994). dm: an automated procedure for
phase improvement by density modification. In: Joint
CCP4 and ESF-EACBM Newsletter on Protein Crystallo-
graphy, 31, 34–38.
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Note added in proof: After the submission of this manuscript, the structure of the C-terminal region of Sec15,
another exocyst component, was reported (Wu et al., Nature Struct. Mol. Biol. Sept 11, 2005, epub ahead of
print). The topology of helices in the C-terminal region of Sec15 is similar to that of Exo70p domains D1 and
D2, although relative positions of the two subdomains differ in the two proteins. The observation that a
region of Exo70p has a similar fold to that of the C-terminal region of Sec15 is surprising and may suggest
divergent evolution from a common fold.
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