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The exocyst is a eukaryotic tethering complex necessary for the fusion of
exocytic vesicles with the plasma membrane. Its function in vivo is tightly
regulated by interactions with multiple small GTPases. Ex070, one of the
eight subunits of the exocyst, is important for the localization of the exocyst
to the plasma membrane. It interacts with TC10 and Rho3 GTPases in
mammals and yeast, respectively, and has been shown recently to bind to
the actin-polymerization complex Arp2/3. Here, we present the crystal
structure of Mus musculus Exo70 at 2.25 A resolution. Exo70 is composed of
a-helices in a series of right-handed helix-turn-helix motifs organized into a
long rod of length 170 A and width 35 A. Although the «-helical
organization of this molecule is similar to that in Saccharomyces cerevisiae
Ex070, major structural differences are observed on the surface of the
molecule, at the domain boundaries, and in various loop structures. In
particular, the C-terminal domain of M. musculus Exo70 adopts a new
orientation relative to the N-terminal half not seen in S. cerevisize Exo70
structures. Given the low level of sequence conservation within Exo70, this
structure provides new insights into our understanding of many species-
specific functions of the exocyst.

© 2007 Elsevier Ltd. All rights reserved.

Keywords: crystallography; membrane trafficking; exocytosis; exocyst;
Exo070

*Corresponding author

Introduction

Intracellular vesicle delivery depends upon a
series of protein complexes working in tandem to
transport, tether, and fuse vesicles to specific target
membranes. Tethering complexes are thought to
mediate the SNARE-dependent fusion of these
vesicles to the target membrane at specific sites. In
exocytosis, exocytic vesicles are transported from
the Golgi apparatus along the cytoskeleton to
specific fusion sites on the plasma membrane (PM)
by the unconventional myosin Myo2 in yeast"* and
others in mammals. The exocyst is a multi-subunit
tethering complex involved in exocytosis and
receptor recycling.”® It has been identified in most
eukaryotes” and is composed of eight protein
subunits: Sec3, Secb, Sec6, Sec8, Secl0, Secl5,

Abbreviations used: PM, plasma membrane; rmsd,
root-mean-square deviation; MAD, multi-wavelength
anomalous diffraction.
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Ex070, and Ex084.>*'" The exocyst is the first
contact between the vesicle and the PM in exocytosis
and is known to regulate exocytosis through in-
teractions with multiple small GTPases in a GTP-
dependent manner, including Rhol,'"! Rho3,'?
Cdc42,'® and Sec4'* in yeasts; and RalA, 18
TC10," Arf6,” and Rab11?° in mammals. Disruption
of the exocyst function does not affect the ability of
exocytic vesicles to reach the PM, but it does affect
the ability of these vesicles to fuse with the PM.*"*

Ex070 is the 70 kDa subunit of the exocyst and its
primary sequence is conserved only weakly among
Ex070 orthologs (16% identity and 35% similarity
between Mus musculus and Saccharomyces cerevisiae).
Within the exocyst, Exo70 is known to interact with
Sec6,2324 Sec8,2325 and Sec10;2325 and with Secl5
and Exo084 in mammals,** and Sec5 in yeast.'* More
recently, Arpcl, a subunit of the Arp2/3 complex,
has been shown to interact with Exo70, and this
interaction is important for actin network reorgani-
zation at the PM in both yeast and mammals.”
Exo070 also mediates interactions between the
exocyst and small GTPases, which appears to have
a role in the regulation and assembly of the exocyst.

0022-2836/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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Interaction with activated TC10 regulates the pre-
sence of exocytic sites at lipid rafts in insulin-
stimulated glucose transport in mammals.'”*” In
yeast, interaction with activated Rho3 controls the
fusion of exocytic vesicles with the PM,'*?® and may
be important in demarcation of exocytic sites.?”
Despite some overlapping functions, however,
interaction with these small GTPases occurs at two
separate sites on Ex070,'"* suggesting that the
functional organization of Exo70 may not be entirely
conserved. While the recently reported structures of
S. cerevisiae Exo70 (ScEx070)%330 have been used as a
general model to understand the structure and
function relationship of all Exo70 proteins, it is
essential to obtain high-resolution structural infor-
mation of mammalian Exo70 in order to address
questions specific to mammalian exocytosis.

Here, we report the crystal structure of M.
musculus Exo70 (MmExo070) at 2.25 A resolution.
Comparison with the structure of ScExo70 reveals
that while the overall fold of the protein is
conserved, there is significant structural reorganiza-
tion within the molecule that results in the reor-
ientation of the C-terminal domain relative to the
rest of the molecule. In addition, loops connecting
secondary structural elements show significant dif-
ferences in length and conformation. This, combined
with a general lack of primary sequence conserva-
tion, results in the alteration of the molecule’s
surface properties. The observed structural similar-
ity and differences are consistent with the function

Table 1. Crystallographic data statistics for MmEx070

of Exo70 as an exocyst subunit that interacts with
different sets of effector molecules in different
organisms. The structure of MmExo070 is the first
structure of a mammalian exocyst subunit and
makes Exo70 the first exocyst subunit with structural
information available in more than one organism.

Results and Discussion

Structure determination

To obtain diffraction-quality crystals of MmExo70,
purified full-length protein was subjected to limited
proteolysis by subtilisin, which identified a major
fragment containing a deletion of the N-terminal 84
residues of the molecule. This fragment (residues 85—
653) was crystallized in the P3,21 space group with
unit cell dimensions of a=b=61.5 A, c=294.7 A and
one molecule in the asymmetric unit. The structure
was determined by the multi-wavelength anoma-
lous diffraction (MAD) method using crystals grown
from L-selenomethionine-substituted protein. The
final model was refined to a resolution of 2.25 A with
an R-factor of 23.5% and an R of 28.5% (Table 1),
which contains residues 85-179, 188-241, 275-446,
455-652, and 170 water molecules. There is no clear
electron density observable for residues 180-187,
242-274, 447-454, and 653. These residues are
presumably disordered. Of all residues in the struc-
ture, 92.8% are found in the most favored regions of

MmExo070 native

MmExo070 L-selenomethionine-substituted

A. Data collection

Space group .
Cell dimensions 4, b, ¢ (A)
Resolution (A)

P3,21
61.52, 61.52, 294.73
50.0-2.25 (2.33-2.25)

Wavelength (A) 0.97926
Completeness (%) 93.7 (77.7)
Redundancy 4.2 (3.1)
I/ol 24.6 (3.0)
Rinerge (%) 5.4 (41.6)
B. Refinement
Resolution (A) 50.0-2.25
No. reflections in working set 27,369
No. reflections in test set 1435
Ruork (%) 23.5
Reree (%) 28.5
No. of atoms

Protein 4099

Water 170
Average B-factors

Protein (A?) 54.4

Water (A% 54.8
rms deviations from ideality

Bond lengths (A) 0.006

Bond angles (deg.) 11
Ramachandran plot

Most favored regions (%) 92.8

Additionally allowed regions (%) 6.5

Generously allowed regions (%) 0.6

P3,21
61.64, 61.64, 294.68
50.0-2.5 (2.59-2.50)

Peak Inflection Remote
0.97926 0.97942 0.95660
98.6 (89.2) 97.1 (77.5) 93.4 (59.2)
6.2 (4.6) 5.7 (3.0) 54 (2.3)
34.0 (4.7) 32.0 (2.8) 29.8 (1.8)
7.9 (29.7) 6.9 (36.5) 6.9 (42.3)

Values for the highest resolution shell are shown in parentheses.
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the Ramachandran plo‘c,31 while the rest are found in
either the additionally allowed (6.5%) or the gener-
ously allowed (0.6%) regions.

Structural organization of MmExo70

MmExo070 is composed of 19 a-helices (H1-H19)
connected by loops of varying lengths (L1_»—L1s 10;
numbers identify adjoining a-helices) organized
into three distinct domains to form a 170 A long,
35 A wide rod- -shaped molecule (Figures 1 and 2).
The N domain is composed of residues 85-393,
including H1-H9 and the first half of H10. These a-
helices are organized into a series of right-handed
helix-turn-helix motifs with a_slight super-helical
twist that extends nearly 100 A. H4 is the shortest
helix in this domain and is an exception to the helix-
turn-helix motif as it is perpendicular to the other
a-helices. Most of the loops in this domain are short
(two to five residues) except for L, s, a partially
disordered loop of 16 residues, and Ls 7, which con-
tains up to 33 disordered re51dues and is predlcted
to be largely unstructured.’ The M domain is com-
posed of residues 394-538, including the second half
of H10, H11-H15, and the first half of H16. These
helices are organized into a 55 A long five-helix

Figure 1. A stereo cartoon diagram of MmExo70 is
shown. Residues are shown in color: N domain, red; M
domain, yellow; and C domain, blue. The a-helices are
drawn as coils and labeled from H1 to H19; turns and
loops, solid tubes; unobserved residues, broken lines (no 3
strands are observed in the structure).

bundle that maintains the right-handed helix-turn-
helix motif. The long axis of this domain is canted
about 40° from the long axis of the full molecule.
H12 and H15 are two short a-helices that are not
part of the a-helical bundle structure, as they both
closely follow the preceding a-helix with an ap-
proximate 90° turn. The loops of the M domain are
short except for Lyo_1; and Lj, 13, which are 15 and
ten residues long, respectively, with most of L1, 13
being disordered. The C domain is composed of
residues 539-652, including the second half of H16
and H17-H19. These helices are organized into a
55 A long four-helix bundle that continues the right-
handed helix-turn-helix motif. The boundary
between the M and C domains is defined by a
kink in H16 that orients this domain along the long
axis of the molecule.

The interface between the N and M domains,
consisting of residues from H8-H9 and H10-H12,
appears as a thin “neck” with a buried surface area
of about 740 A? (Figure 3(a)). It is composed of two
small hydrophobic patches that each contains a
cluster of mostly aromatic residues and a few
surrounding water-mediated hydrogen bonds. The
first hydrophobic patch includes Phe351 (H9) pack-
ing against Phe434 (H12). The second hydrophobic
patch, separated by 6 A from the first, consists of
Phe344 (Lso) packing against Phe397 (H10) and
Phe427 (H11). The hydrogen bonds involve the main
chain carbonyl group of 11e339 (H8) and the side-
chain of His342 (Lg_o) interacting with the side-chain
of Asn400 (H10), the side-chain of Arg355 (H9)
interacting with the main chain carbonyl group of
Asp433 (H11) and the side-chain of Glu436 (H12),
and the side-chain of Glu387 (H10) interacting with
the side-chain of GIn445 (H12).

The interface between the M and C domains
primarily involves Lio1;, H14, and H16 packing
against H17-H18 and buries about 755 A? of surface
area (Figure 3(b)). Many hydrophobic residues on
H14 and H16 interact with residues on H17-H18,
composing the core of this interface. In addition, a
number of hydrogen bond interactions also stabilize
the domain interface. These include main chain
interaction between the carbonyl group of Asp414
(L10-11) and the amide group of Ala592 (L;;_1g), side-
chain interaction between His496 (H14) and GIn598
(H18), side-chain interaction between Asn500 (H14)
and Asp595 (Li7.15), dual side-chain interactions
between GIn588 (H17) and Tyr537/Ser540 (H16),
and water-mediated dual hydrogen bonds between
the side-chain of Asn497 (H14) and the main chain
carbonyl group of Ala592/the main chain amide
group of Asp595 (Ly7_15). Interestingly, Lip_11 and
L1718 are parallel with one another for a length of
11 A but interact only through the one main chain
hydrogen bond mentioned above.

Conserved residues of Exo70
The low level of primary sequence conservation

among Exo070 orthologs makes previous sequence
alignment, and therefore identification of conserved
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M. musculus 1 M[74] NVEKTESCLDHVISYYHVASDTEKIIREGPT------ GRLEEYLGSMAKIQKAVEYFQDNSPD------- SPELN
H. sapiens 1 M(74] NVEKTHSCLDHVISYYHVASDTEKIIREGPT------ GRLEEYLGSMAKIQKAVEYFQDNSPD------- SPELN
D. melanogaster 1 M[70] NLEATENCLESVLSHYDVSQEVCQLIHQGPV----- EGNISVFLDALAKLRDANDYFRHNNSQ------- SVELE
S. pombe 1 M[62] NIYDTHKEMESLQVIHSHLPVLOKGLQECQNLNKSVSQONLKSVMDILKSLAEDYTSLEGSPLQF - - - - - ASKSQQ
S. cerevisiae 1 M[61] NIESTENSVASVKDLANEASKYEIILQKGINQ----- VGLKQYTQVVHKLDDMLEDIQSGQANREENSEFHGILT
----— T
M. musculus 138 KVKLLFERGKESEESEFRSLMTRHSKVVSPVLLLDLISAD [09] VLEHLPESVLRDVVRISRWLVEYGR-NQDFMNVYYQ
H. sapiens 138 KVKLLFERGKEAEESEFRSLMTRHSKVVSPVLILDLISGD [09] TLEHLPESVLQDVIRISRWLVEYGR-NQDFMNVYYQ
D. melanogaster 135 NVTSLFNTGCEGHSQHYSMLLKKHSAPLKPVELLDLIYIE [08] SFRQLSQTTREELYTISHWLEQNLR---EYTNIYAT
S. pombe 134 KVEMMLSEGCQIBGALCYNILET--------cccocooonannn YAASSLNKASTLLDLSIPWSFPNESL-QQFIGLIQQ
S. cerevisiae 133 HLEQLIKRSEAQERVYFISILNSIKPFDPQINITKKM------- PFPYYEDQQLGALSWILDYFHGNSE-GSIIQDILVG
T - ---- - H7
M. musculus 222 IRSSQLDRSIKGLKEHFRKSSSSS([26] DDMLDVETDAYIHCVSAFVKLAQSEYRLLMEIIPE- - HHQKKTFDSLIQDAL
H. sapiens 222 IRSSQLDRSIKGLKEHFHKSSSSS [57] DDMLDVETDAYIHCVSAFVKLAQSEYQLLADIIPE- -HHQKKTFDSLIQDAL
D. melanogaster 216 ERGEVVLRSLQLLKDHQKSNSWGH [63] LMDGDQELDKYLVMLLGLQRL RAIMIDIIPQ- - SKHNEVFATLAYNAI
S. pombe 192 FDADVLFPVSCSSDISNIYIKIKG[25] FVTGKEDVSINLVALSRLLPAVASELLLLFDQVTA----- KALYPKIVKPAI
S. cerevisiae 205 ERSKLILKCMAFLEPFAKEISTAK- - - -NAPYEKGSSGMNSYTEALLGFI SLVDDLYSQYTESKPHVLSQILSPLI
T - - - - - - - - - - - -
HE H9 H10
M. musculus 322 DGLMLEGENIVSAARKAIIRHDFSTVLTVFPILRHLKQTKPEFDQVLQGTAASTKNKLPGLITSMETIGAKALEDFADNI
H. sapiens 353 DGLMLEGENIVSAARKAIVRHDFSTVLTVFPILRHLKQTKPEFDQVLQGTAASTKNKLPGLITSMETIGAKALEDFADNI
D. melanogaster 353 DLVVKDAEAITQRILRCISRKEWT---SALGIFSALKRVILLQPDIDRTYDPAQREQLKKVLKKLQHTGAKALEHFLDVV
S. pombe 288 NTVTNATRQLEGVYEKRG- - - -AAENFVLLSLIDCIVVTRONMNNLMPFEDASFLGFVNGVGREMEKILISSISRLYNGT
S. cerevisiae 281 SAYAKLFGANLKIVRSN- - - -LENFGFFSFELVESINDVKKSL- - - - RGKELONYNLLQDCTQEVRQVTQSLFRDAIDRI
H8 HO H10
H11 H12
M. musculus 402 KNDPDK----E -KDGT] SNAIL LDFQETAGAMLASQETSSSATSY---------m=n= SSEFSK
H. sapiens 433 KNDPDK----E -KDGT] SNAIL LDFQETAGAMLASQETSSSATSY --------===== SSEFSKR
D. melanogaster 430 KGESSTNIVGQS -KDAT SNTIWFIEHHYDHFDVIGSILAQDVLYSTQLDTILMKKALP----- VEER!
S. pombe 364 CHNN--==-=-- KTVBLTTDRNS GIMS:INE EHEN-ASYLLESIGNWGWRHEINADLS -~ = =~~~ PARSVQDIT
S. cerevisiae 353 IKKANS----ISTIB-SNN TMSRURKFSEYKNGCLGAMDNITRENWLPSNYKEKEYTLONEALNWEDHNVEN
 —
H13 H14 H15 H16
M. musculus 464 STYICKVLGNLQLNLLSKSKVY------ EDPALSAIFLH ILKSLEKSELIQLVAVTQKTAERSYREHIEQQIQTY
H. sapiens 495 STYICKVLGNLQLNLLSKSKVY------ EDPALSAIFLH ILKSLEKSELIQLVAVTQKTAERSYREHIEQQIQTY
D. melanogaster 504 AIYIKKALAELNLSIMNKCEQY------ NDQATKHLFRLNNIHYILKSLQRSNEIDLVTLAEPECEHSYMEMIRELKASY
S. pombe 428 RNYVMDCMDSYLTSVQTAAQAV----- DTIGWKMGVMLLNISVYFEAKCLESKIASFLQ- - -DVDLEKLGDRSQKYSTMY
S. cerevisiae 428 SCFISDCIDTLAVNLERKAQIAL[15] NKHKQRIGFFILMILTLVEQIVEKSE‘NLMLA- - -GEGHSRLERLKKRYISYM
M. musculus 538 QRSWLKVTDYIAEKNLPVFQPGVKLRDKERQMIKER GLEELCKIQKVWAIPDTEQRDKIRQAQKDIVKETY¥GAF
H. sapiens 569 QRSWLKVTDYIAEKNLPVFQPGVKLRDKERQIIRER GLEELCKIQKAWAIPDTEQRDRIRQAQKTIVKET¥GAF
D. melanogaster 578 QKTWSKMLVGIYSLDELPKPVAGKVKDKDRS ERES DFEEACKIQRGISIPDVILREGIKRDNVEHILPI¥NRF
S. pombe 500 MEVHRQCSQNMLDSTYTKSQNKSTMSAKEREITRKEKER QVTSVVQVHRESVRFETGVATFLLQEVKKTVLPLYEQRF
S. cerevisiae 516 VSDWRDLTANLMDSVFIDSSGKKS- - -KDKEQIKEKER GFEDLVSKTKQYKLSHPSLRVTLKSEIISLVMPMYERF
M. musculus 618 LHRYGSVP) EKY¥IKYRVEQVGDMIDRLFDTSA
H. sapiens 649 LQKFGSVP) ER¥IRYGVEQVGDMIDRLFDTSA
D. melanogaster 658 YEIYSG S RQHEINAMLSKLFDDSA
S. pombe 580 YDKYINS IKFTKADLDSFITSAFAPSL
S. cerevisiae 593 YSRYKDS-E- IKYTPDELTTVLNQLVR
 H19

Figure 2. Structural alignment of Exo70 in M. musculus, H. sapiens, D. melanogaster, S. pombe, and S. cerevisige. Invariant

residues are shaded purple. Similar but not identical residues are shaded pink. Secondary structural elements are
indicated above the sequence block for MmExo070 and below for ScExo70: a-helices, rectangles; other elements, continuous
lines; structurally unobserved residues, broken lines. For MmEx070: N domain, red; M domain, yellow; and C domain,
blue (same as Figure 1). For ScEx070: N domain, brown; M domain, green; and C domain, cyan. For clarity, sequences
lacking homology or unobserved in the structures have been replaced with bracketed numbers indicating the number of

residues omitted.

residues, unreliable. The structure of MmEx070
enables, for the first time, structure-based sequence
alignment to examine the role of conserved residues
in Exo70 (Figure 2). For structural comparison with
ScExo70 throughout this study, a crystal structure of

ScExo70 determined in our own laboratory was
used (see Supplementary Data). Briefly, this ScExo70
structure was determined to a resolution of 2.1 A,
which is similar to the published P2,2,2; form?® and
much higher than the published C2 form.** The
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Figure 3. Stereo cartoon diagrams showing interactions between (a) the N and M domains and (b) the M and C
domains of MmExo070. The side-chains or main chains of residues involved in domain—-domain hydrogen bonds are
shown as stick models with oxygen and nitrogen atoms colored red and blue, respectively. The rest of the protein
structure is shown as a ribbon drawing and is colored by domain as in Figure 1. Solvent molecules involved in hydrogen
bonds are shown as magenta spheres. Hydrogen bonds are depicted as red lines. Aromatic residues involved in the
hydrophobic patches are included in (a). For clarity, helices other than H8-H12 are omitted from (a) and H19 is omitted

from (b).

overall structure is nearly identical with that of the
P2,2,2, form, with a root-mean square distance
(rmsd) of 0.4 A for 532 C* atoms. Our structure,
however, is the most complete ScExo70 structure
available, including 17 additional residues not
present in the P2,2,2; form and 26 additional
residues not present in the C2 form.

Structural alignment reveals two regions with
clusters of highly conserved residues. The first region
is concentrated on Ljp4; and HI1 (Figure 4(a)).
Pro412 is located at the start of a tight turn within
L1011 and is likely to be important for this structural
feature. Asp414 is located at the end of the turn
initiated by Pro412 and its side-chain forms a
hydrogen bond with the main chain amide group of
Thr416, possibly stabilizing this turn. As mentioned
earlier, the main chain carbonyl group of Asp414

forms a hydrogen bond with the amide group of
Ala592 on Ly745. This interaction is possibly stabi-
lized by the side-chain interactions of Asp414. Asp595
is located at the end of L1715 and forms a hydrogen
bond with the amide group of Glu597 on H18,
possibly stabilizing the conformation of this loop. All
of these interactions, except the main chain hydrogen
bond between Asp414 and Ala592, appear to be
conserved in the ScExo70 structure, suggesting that
they are structurally important in supporting this part
of the structure. Glu419 is the first residue of H11 and
is completely exposed to solvent. The reason for its
conservation is not clear but it could be involved in a
conserved interaction. It is 12 A away from Asp414
and more than 22 A away from Asp595, the closest
conserved surface-exposed charged residues. Finally,
Thr421 on H11 forms a hydrogen bond with Asn498
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E582— g e V636
E583 — iemmdll

Figure 4. Conserved surface residues of MmExo70.
Completely conserved residues are colored purple, similar
residues are colored pink, and the rest of the molecule is
colored by domain as in Figure 2. (a) A cartoon diagram
of the cluster of conserved residues found on the surface
of the M domain of MmEx070. Main chain atoms are
shown for P412-V417 and D595-E597, and side-chains are
shown for the conserved residues in stick models: oxygen
atoms, red; and nitrogen atoms, blue. Hydrogen bonds are
depicted as red lines. Relevant a-helices and loops are
labeled in red. The view is the same as in Figure 1. (b)
Molecular surface diagram of the cluster of conserved
residues found on the surface of the C domain of
MmExo70. This view is rotated 45° about the long axis
from Figure 1.

on H14, which acts as a pivot point to allow

rearrangement within the M domain (see below).
The second conserved region is a large (almost

400 A?), mostly hydrophilic surface patch found on

H17, H19, and Lig 19 (Figure 4(b)). Residues par-
ticipating in this patch include Lys565, Argb67,
GIn568, Lys571, Glu572, Glu582, Glu583 (H17),
Lys628, Asn629, Lys632, Tyr633, Ile634, Lys635,
Tyr636 (Lis-19), GIn640, and Met644 (H19). Com-
pletely conserved residues appear mostly sur-
rounded by similarly conserved residues. At least
a portion of this region has been shown recently to
interact with Arpcl of the Arp2/3 complex. Muta-
tion of Lys571 and Glu572, or Lys628, Asn629, and
Pro630, abolishes the ability of Exo70 to interact
with Arpcl. 26 Presumably, all conserved residues on
the surface of the C domain either interact directly
with Arpcl or stabilize the local structure. The
hydrophobic core of the four-helix bundle is also
well conserved and highly aromatic, contributing to
the stability of this domain.

Structural comparison to ScExo70

MmEx070 has an overall fold similar to ScExo70
(Figure 5(a)). 2330 Each of the 19 a-helices of MnEx070
orresponds closely to one of the 19 a-helices of
ScEx070,” although the structural differences are
significant enough that attempts to determine the
MmExo070 structure by molecular replacement using
ScEx070 as a search model were not successful. Both
molecules take the shape of a rod with similar dimen-
sions.”>* The rod of ScExo70 is somewhat more
curved and twisted than MmExo070. This curvature
appears to originate primarily from the packing of
helices H3-H5 against H6-H7, adding to the super-
helical twist of the N domain, and from the packing of
H11 and H13 against H14-H16 in the M domain,
resulting in the twisting of the C domain away from
the long axis of the molecule.

The most notable difference between the two
structures lies in the relative orientation of the
C-terminal portion of the molecule to the N-terminal
portion (Figure 5(a)). This originates from changes in
the a-helical packing within the M domain. In
support of this, the rmsd of the full MmExo070 and
ScExo070 structuresis 7.0 Afor 481 C* atoms, while the
rmsd of HI-H13 is 3.6 A for 327 C* atoms and the
rmsd of H14-H19is 2.9 A for 157 C* atoms. Structural
alignment of MmEx070 with ScEx070 based on H10-
H13 reveals that H14-H16 adopts a conformation in
which H14 and H16 are rotated 18.9° and 24.7°,
respectively, between structures (Figure 5(b)). This
alignment also reveals that the conformational
change between the two halves of the molecule
appears to pivot about Asn498 (H14), which forms a
hydrogen bond with Thr421 (H11). Both of these
residues are completely conserved and appear in a
similar location in ScEx070, suggesting that this
interaction is important to the internal packing of
the M domain.

We argue that this conformational difference in
the M domain between MmEx070 and ScExo70 is
not a reflection of structural flexibility within the M
domain. Rather, it suggests inherent structural
differences between the two molecules. The thermal
factors in this region are comparable to the rest of
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(a) MmExo70
ScExo70

Figure 5. Differences in M domain packing affect M and C domain interactions. (a) A cartoon diagram showing the
alignment of MmExo070 with ScExo70 based on alignment of the N domain. Residues are colored by domain as in Figure 2.
(b) A diagram of the M domains of Exo70 with a-helices shown as cylinders and all loops omitted. The left-hand panel
shows MmExo70 (yellow) and the right-hand panel shows ScExo70 (green). H11-H16 are labeled. The middle panel
shows the alignment of MmEx070 with ScEx070 based on H10-H13. The completely conserved hydrogen bond between
MmEx070 Thr421/ScExo70 Thr372 and MmEx070 Asn498/ScExo70 Asn479 is shown as a red line. Note the differences in
a-helical packing between the two molecules. (c) A cartoon showing the positions of Ljg1; and Lj715 in MmEx070.
Relevant a-helices and loops are labeled. (d) A cartoon showing the positions of Lig_1; and L7415 in ScEx070. Relevant

a-helices and loops are labeled.

the molecule. Most importantly, the same conforma-
tion is observed in this region in all six indepen-
dently determined ScExo70 structures.”>?° (The C2
ScEx070 crystal form contains four molecules in the
asymmetric unit.) Furthermore, the MmEx070 con-
formation is stabilized by the previously mentioned
interactions between M domain L;p_q; and C
domain L;; 5 (Figure 5(c)). This interaction repre-
sents the major structural difference in an otherwise
well-conserved region. Interestingly, the parallel
organization of these loops is observed also in
ScExo70 structures, although residues of these loops
are separated by more than 4 A (Figure 5(d)). In
comparison, the ScExo70 conformation is stabilized
by interactions of L5 13 and L3 14 with H10, H13,
and H16. The length of L3 14 may contribute to the
observed conformational differences as well. The
tight turn of the three-residue Li3 14 in MmEx070
puts spatial constraints on the location of H14 while
the 18-residue ScExo70 L1314 grants more freedom

to H14. Our structure-based sequence alignment
reveals that Schizosaccharomyces pombe and higher
eukaryotes have a nearly uniformly short Li3 14
(Figure 2), suggesting that these organisms may
share the same M domain packing and C domain
orientation as observed in MmExo70.
Conformational differences are observed also at the
interface between N and M domains. Major structural
flexibility has been described for this interface in
ScEx070,”° which contains a similarly thin “neck”
with almost 30% less buried surface area (580 A?
compared to 740 A” in MmEx070),”® and is composed
of only one hydrophobic patch and no hydrogen
bonds. Phe306 (H9), Tyr385 (Li1-12), Phe303 (H9),
Phe345 (H10), and Phe382 (H11) in ScExo70 are
structurally equivalent to Phe351 (H9), Phe434 (H12),
Phe344 (H9), Phe397 (H10), and Phe427 (H11) in
MmExo070 (Figure 3(a)). In addition, ScExo70 H10 is
kinked at the domain boundary, whereas no apparent
kink is seen in MmEx070 H10, although this does not



Crystal Structure of Mammalian Exo70

417

appear to affect the spatial relationship between the N
and M domains or the orientation of the M domain.
Currently, there is no evidence to suggest that a
similar degree of flexibility exists at the same domain
in MmEx070, and the increased surface area and
number of interactions would argue that it is more
stable than in ScExo070.

Differences in surface electrostatic potential

ScEx070 has been noted for the polarity of its
surface electrostatic potential*>*’. Tts N terminus is
strongly electronegative, resulting from an electro-
negative patch composed mostly of residues from H2,
H3 and H5 (Figure 6(a)). Its C terminus is primarily
electropositive, resulting mostly from residues on
Lyo-11, H11, L1344, H14, and H16-H19. This polarity is
not observed in MmExo70 (Figure 6(b)). The N
terminus lacks the strong electronegative patch, and
the C terminus retains only a small electropositive
patch at the extreme tip of the molecule. Despite this
difference, the C-terminal basic patch remains a
conserved feature on the surface of the molecule. In

MmExo070 it is composed of Lys561, Arg563, Lys565,
Arg567, Lys571, Lys575, Lys628, Lys632, and Lys635.
All of these residues, except Lys561, Arg563, and
Lys575, are conserved, suggesting a common biolo-
gical function. Interestingly, Lys571 and Lys628 have
been implicated in Arpcl interaction.”® The middle of
MmExo070 has an overall electronegative potential
that contrasts with the mixed potential of ScExo70 in
this region. Residues primarily from H4, L, 5 H7,
H9-H12, H14-H15, L7153, and H18 contribute to this
patch. Only a few small regions remain unchanged
between the two structures. H6, Lig_17, and Lig 19
compose two electropositive patches while H7 and
HY, and H14-H15 compose two electronegative
pockets. Therefore, it appears that Exo70 has highly
variable surface electrostatic properties suggesting
great variability in Exo70-mediated protein—protein
interactions.

Similarity to other structures

It has been noted that the N domain of ScEx070,%
the C-terminal domain of S. cerevisiae Exo84,23 the

Figure 6. Surface electrostatic potential of Exo70. The molecular surfaces of (a) ScExo70 and (b) MmExo070 are shown.
The surfaces are colored on the basis of the solvent-accessible electrostatic potential of the molecules. Blue and red depict
positive and negative electrostatic potential, respectively, with a range of +10kgT/e. Views in the left-hand panels are
similar to Figure 1 and are related to the right-hand panels by a 180° rotation about the long axis.
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C-terminal domain of S. cerevisiae Sec6 (ScSec6),>” and
the C-terminal domain of Drosophila melanogaster
Sec15 (DmSec15)%* each share a similar fold.3335 Not
surprisingly, the N domain of MmEx070 also contains
this structural feature. A search of the RCSB Protein
Data Bank™ for other proteins with a fold smular to
the MmEx070 N domain using the DALI server”” also
identifies the cargo-binding domain of S. cerevisine
Myo2 (5¢cMyo2), a myosin V motor protein (Figure
7).38 This is the first instance of this fold appearing in a
protein outside of the exocyst complex. The cargo-
binding domain of ScMyo2 is located at the C
terminus of the molecule and contains an additional
three-helix bundle at its C terminus, similar to ScSec6
and possibly DmSec15.%® Notably, Rho3 regulates the
functions of ScMyo2 and ScExo070, and the interaction
of ScMyo2 with Rho3 results in exocytlc Ve51cle
delivery that functions alongside exocytosis.'*** We
also note that of the five proteins now known to con-
tain this fold, Exo70 is unique in having this domain at
its N terminus. The function of this fold remains
unclear despite its presence in these structures.

TC10 binding

The structure of MmEx070 may reveal details
important to understanding the interaction of mam-
malian Ex070 with small GTPase TC10 that are not
available from that of ScEx070. In Homo sapiens Exo70,
residues 1-384 interact with TC10, while affinity is
reduced with residues 1-99 and 100-384 indi-
vidually." The simplest explanation is that the site
of interaction with TC10 spans both of these regions.
The first 99 residues of MmExo70 extend nearly to the
end of H1. Due to a lack of structural information for
the first 84 residues of MmEx070, it is unclear how it
might be involved in TCI10 interaction, although
secondary structure prediction suggests that these
missing residues may also adopt a similar hehx-turn—
helix motif as observed in the rest of the molecule.”
Residues 100-384 contain L, s and L¢_5, both of which

MmExo70

ScExo70 ScExo84

DmSec15

are longer in MmExo70 than in ScExo70. These
significant structural differences could play important
roles in mediating species-specific interactions with
TC10, although it is equally possible that the
strikingly different surface composition between
these molecules could also play an important role.

Conclusion

The structure of MmExo070 reveals that, despite the
conservation of the overall fold of Exo70, especially
of the N domain that has structural similarity to
other proteins involved in exocytosis, there are
several major structural reorganizations that result
in a different overall shape of the molecule. Packing
within the M domain is altered and positions the C
domain along the long axis of the molecule. A larger
buried surface area and additional interactions add
to the stability of the flexible hinge between N and M
domains of ScExo70. A lack of sequence conserva-
tion for surface residues results in a drastic change in
the surface electrostatic potential of the molecule.
These differences in Exo70 structure are important
to our understanding of many species-specific
functions of the exocyst as more is learned about
this fascinating molecular machinery.

Materials and Methods

MmExo70 expression and purification

The MmEx070,g4 gene (coding for residues 85-653) was
amplified from M. musculus cDNA (provided by A. Saltiel)
by PCR and subcloned into the pS]7 vector, a derivative of
pET43a (Novagen). The native protein was expressed in
Escherichia coli BL21(DE3) strain containing the expression
plasmid at 16 °C in LB medium, and the L-selenomethio-
nine variant protein was expressed in E. coli strain B834
(DE3) containing the expression plasmid at 16 °C in
minimal medium containing L-selenomethionine. Cells

ScSec6

ScMyo2

Figure 7. A common fold is found in Exo70, Myo2 and other structures. Cartoons of molecules containing structures
similar to the N domain of MmExo070. From left to right these are: MmEx070 N domain, ScExo70 N domain, ScExo84
C-terminal domain (PDB ID 2D2S), DmSec15 C-terminal domain (PDB ID 2A2F), ScSec6 C-terminal domains (PDB ID
2F]I), and ScMyo2 C-terminal domains (PDB ID 2F6H). Domains common in all these structures are colored red. ScSec6
and ScMyo2 terminate in a similar three-helix bundle (yellow) not seen in other structures.
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were induced with 0.4 mM IPTG (Calbiochem) and
protein purification was carried out at 4 °C. Cell pellets
were lysed by sonication in buffer A (50 mM Tris-HCl
(pH 8.0), 300 mM NaCl, 5 mM p-mercaptoethanol, 10 pg/
ml of PMSF), and soluble material was passed over a Ni**-
NTA column and eluted with a linear gradient of buffer B
(buffer A with 250 mM imidazole). The N-terminal NusA-
His-tag was removed by proteolysis with TEV protease
during dialysis against dialysis buffer (50 mM Tris—-HCI
(pH 8.0), 100 mM NaCl, 5 mM p-mercaptoethanol, 10 pg/
ml of PMSF). TEV protease and the tag were removed by
passage over a second Ni**-NTA column. MmExo70 was
further purified on a SourceQ column, loaded in buffer C
(50 mM Tris-HCl (pH 8.0), 1 mM dithiothreitol) and
eluted with a linear gradient of buffer D (buffer C with 1 M
NaCl). Purified protein was stored in crystallization buffer
(50 mM Tris-HCI (pH 8.0), 100 mM NaCl, 1 mM Tris[2-
carboxyethyl]phosphine) at a concentration of 14.5 mg/ml
(native) or 13.5 mg/ml (L-selenomethionine variant).

MmExo70 crystallization and data collection

Native or L-selenomethionine variant crystals appeared
in one to two days and reached full size in seven to ten
days at 20 °C using the sitting-drop method. Equal
volumes of protein and precipitant (100 mM Hepes (pH
7.5), 10% (v/v) ethylene glycol, 5% (w/v) PEG8000,
10 mM MgCl,) were mixed in a 4 pl drop and equilibrated
over 500 pl of well solution (100 mM Hepes (pH 7.5), 10%
ethylene glycol, 8% PEG8000). Streak seeding was
performed to improve the quality of crystals. Formation
of a sticky film with time necessitated prompt harvesting.
Crystals were washed in cryo-solution (100 mM Hepes
(pH 7.5), 30% ethylene glycol, 10% PEG8000, 10 mM
MgCl,) before being flash-cooled in liquid nitrogen.
Native and MAD data were collected at beamline 23-D
at the Advanced Photon Source and were processed using
HKL.2000.*

MmExo70 refinement and model building

Experimental phases were obtained using the MAD
method.* Initial heavy-atom sites were found using
CNS,*! and confirmed using Shake-N-Bake.*? Refinement
of the heavy-atom sites was carried out using
autoSHARP,** and ten of the expected 11 selenium sites
in the monomer were found (the missing selenium site is
located in a disordered portion of the molecule). MAD
phases were calculated, solvent flattening was performed,
and the initial model was built using autoSHARP. The
remainder of the model was built based on the locations of
known selenium atoms using 0, and all refinement
procedures were carried out using CNS. Initial refinement
consisted of several iterations of simulated annealing by
the maximum likelihood target function using amplitudes
and phase probability distribution (MLHL), grouped B-
factor refinement, and model rebuilding using O. This was
done using data from the peak wavelength of the MAD
data set. Further refinement was done against the native
data set to its limiting resolution of 2.25 A. This consisted
of iterations of simulated annealing by the maximum
likelihood target function using amplitudes, individual B-
factor refinement, and model building using O. The 3F,—
2F. and F,—F. maps were calculated to aid model building
and water placement. The final model consists of residues
85-179, 188-241, 275-446, 455-652, and 170 water
molecules.

Figure preparation

Figures 1, 3, 4, 5, and 7 were produced with MacPy-
MOLY. The sequence alignment shown in Figure 2 is based
on structural alignment of MmEx070 with ScExo70. Both
structures were broken into a series of overlapping three-
helix fragments, which were aligned by the DALI server.®
The sequences of Exo70 from Candida albicans, S. pombe,
Caenorhabditis elegans, D. melanogaster, and H. sapiens were
aligned with the MmExo070/ScExo70 alignment based on
Clustal W.*® Residues invariable in six of these seven
species were considered completely conserved. Residues
that always appear as a particular residue type in six of
these seven species were considered similarly conserved.
Figure 6 was produced using the adaptive Poisson-
Boltzmann solver”” in the APBS Tools plug-in for
PyMOL]. All missing side-chains, but not completely
missing residues, were modeled in a rotamer allowed by
the surrounding structure for this calculation. Structural
alignment in Figures 5, 6, and 7 were performed using the
DALI server or PyMOL.

Protein Data Bank accession codes

Atomic coordinates and structure factors have been
deposited in the RCSB Protein Data Bank with accession
code 2PFT for MmExo070 and 2PFV for ScExo70.
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