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structural data can inform biologically relevant hypotheses, even in the absence of

GANESAN ET AL.
high-resolution data.
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1 | INTRODUCTION

Vesicle trafficking and fusion in eukaryotic cells are accu-
rately regulated to ensure that protein and lipid cargos
are delivered to the correct destinations. At the plasma
membrane, regulation is carried out by a multisubunit teth-
ering complex (MTC) called exocyst, which is required for
quality control of fusion of secretory vesicles at appropriate
exocytosis sites.'”” Exocyst and other MTCs function to rec-
ognize the correct vesicles and regulate SNARE complex
assembly for membrane fusion. These functions are
required for many fundamental cellular processes, such as
secretion, cell growth, cell-cell communication, and cell
division."*®

The exocyst complex is a hetero-octameric MTC com-
posed of eight subunits, including Sec3, Sec5, Sec6, Sec8,
Sec10, Secl5, Exo070, and Exo84, ranging in size from
~650 to 1,300 amino acid residues (Figure 1a). Most of
these subunits were discovered in a yeast secretory path-
way screen.”*'® The phenotype of the yeast mutants at
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the nonpermissive temperature is the accumulation of
secretory vesicles that do not fuse, resulting in failed
cargo delivery. High-resolution crystal structures of
Ex070, Ex084, Sec3, Secl5, Secl0, and Sec6é domains indi-
cate that the subunits are mainly elongated, consisting of
helical bundles stacked on top of each other. Subunits
without available crystal structures were predicted to con-
tain similar helical bundles.''™*® These helical bundles
indicate that the exocyst belongs to the complexes associ-
ated with tethering containing helical rods (CATCHRS)
family of MTCs,"® along with Dsl1, Golgi-associated retro-
grade protein, endosome-associated retrograde protein,
and conserved oligomeric Golgi complexes.'”*° In addi-
tion to the helical bundles, the exocyst subunits Sec3 and
Exo084 (and Sec5 in mammals) have domains that bind
small GTPases and/or PI(4,5)P2.2"%3

We previously obtained negative-stain EM 2D class
averages of the yeast exocyst and used an auxin-inducible
degron system to selectively degrade exocyst subunits,**
which showed that the yeast exocyst is stably assembled

(b)
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Diagram of the exocyst subunit domain arrangements and high-resolution structures. (a) Saccharomyces cerevisiae exocyst

complex consists of eight subunits ranging from ~650 to 1,300 residues. Black bars show crystallized regions of each subunit, which are

shown on the right. Structures were determined of exocyst domains from yeast,

11.12:22.23 yat 21 zebrafish,'* and Drosophila.'® (b) Comparison

between the 16 A negative stain electron microscopy (EM) density and the cryo-EM model of exocyst, showing similar architectures and

overall structures
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from two 4-subunit modules or half-complexes. Full
molecular architecture of the yeast exocyst was revealed
by the cryo-EM structure determined at 4.4 A resolu-
tion.*> Each 4-subunit module is stabilized by a four-helix
bundle, called CorEx. Each CorEx bundle consists of one
helix from the N-terminus of each of the subunits, except
for Sec3 that contributes a helix from the middle of the
sequence. Recently, we also determined a 3D negative-
stain EM map of the entire octameric exocyst*
(Figure 1b). As seen by both negative-stain EM***® and
cryo-EM,*® the structure appears compact and “closed.”
This form is in stark contrast with structures of other
CATCHR MTCs, whose subunits protrude from the com-

(a) EDC crosslinks
Intersubunit, Intrasubunit

plex in extended conformations,'®* suggesting direct

roles in tethering vesicles to the appropriate target mem-
branes. Many protein—protein interactions between
exocyst subunits and its partners have been determined
over the years, but most have not been characterized in
relation to the fully assembled complex. Our recent stud-
ies indicate that the closed conformation of exocyst needs
to be activated by one or more of its partners to open into
a functional conformation.

Here, we determined the molecular architecture of
the yeast exocyst complex using an integrative approach
that depends on multiple types of experimental data to
maximize the accuracy, precision, completeness, and effi-

DSS crosslinks
Intersubunit, Intrasubunit

et

FIGURE 2 Chemical cross-linking and mass spectrometry reveal connectivity within the exocyst. (a) Both EDC (left) and DSS (right)
crosslinks are shown with intermolecular (black) and intramolecular (brown) crosslinks indicated. The map was generated using the Circos-
CX software (http://cx-circos.net/). (b) The EDC and DSS crosslinks are mapped onto the previously published cryo-EM structure of
exocyst,”> showing those that satisfy the distance restraint (<35 A for DSS and <25 A for EDC; blue) or violate it (>35 A for DSS and >25 A

for EDC; red)
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ciency of structure characterization. By bringing together
varied low-resolution structural information, we aimed to
illustrate the power of the integrative approach in the
absence of high-resolution data. We also aimed to anno-
tate the exocyst function by comparing our integrative
structure with a previously determined cryo-EM structure
in light of new biochemical data.

2 | RESULTS

2.1 | Chemical cross-linking of exocyst

To obtain structural information about the exocyst, puri-
fied complexes were subjected to extensive chemical
cross-linking with both EDC (0 A linker length) and DSS
(11.4 A linker length), followed by mass spectrometry
(CXMS) identification of the cross-linked peptides
(Section 4). This approach identified 434 unique intra-
and intersubunit cross-linked pairs of residues (Figure 2
and Table S1).

2.2 | Integrative structure determination
of the exocyst complex

To model the octameric yeast exocyst structure, we
followed the previously described four-stage workflow
(Figure 3, Supplementary Methods, Table S2).*’** Input
information included the 16 A negative-stain EM density
map,*® the 434 chemical cross-links (Section 2.1), as well
as the X-ray structures,"'*** and comparative models
for 51% of the residues in the 8 exocyst subunits. Stereo-
chemically feasible exocyst structures were sampled to
compute an ensemble containing 9,741 models that satisfy
the experimental restraints sufficiently well (Figure S1,
Section 4, and Supplementary Methods). The ensemble
corresponds to a single cluster of models with the root-
mean-square fluctuation (RMSF) of 38 A (defining the
precision of the integrative structure; Figure 4a,b). The
centroid structure (the structure with the minimal sum of
root-mean-square deviations (RMSD) from all the other
structures in the ensemble) is used as the representative
model.
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FIGURE 3

Integrative structure determination of the yeast exocyst complex. Integrative structure determination of the architecture of
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exocyst complex proceeded through four stages: (1) Gathering data, (2) representing subunits and translating data into spatial restraints,
(3) configurational sampling to produce an ensemble of structures that satisfies the restraints, and (4) analyzing and validating the ensemble
structures and data. The modeling protocol (i.e., Stages 2, 3, and 4) was scripted using the python modeling interface (PMI) package, version

4d97507, a library for modeling macromolecular complexes based on our open-source integrative modeling platform (IMP) package, version
2.8 (https://integrativemodeling.org). Details are provided in Supplementary Methods; files containing the input data, scripts, and output

results are available at http://salilab.org/exocyst
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least one model in the cluster (Figure 4a,d). Most of the
violations are small (<5%), and can be rationalized by
experimental uncertainty, local structural fluctuations,

map. The ensemble satisfies the data well. First, 98%
(255 DSS and 170 EDC) of cross-links are satisfied by at
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Validation of the integrative

structure

isfies the input cross-links and negative-stain EM density

We begin by assessing how well the model ensemble sat-
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coarse-grained representation of the model, and/or finite
structural sampling. Second, the shape of the negative-
stain EM density map also overlaps well with that of the
ensemble; the correlation coefficient between the map
and the ensemble is 0.83 (Figure 4c).

Next, we assessed the model by cross-validation
against the previously published cryo-EM density map,*
cross-links,?® and distances from in vivo fluorescence
microscopy in live yeast cells.>

First, as for the negative-stain EM map, the shape of
the cryo-EM density map also overlaps well with that of
the ensemble; the correlation coefficient between the
cryo-EM map and the ensemble is 0.78 (Figure 4f). How-
ever, the Secl5 and Sec6 subunits do not fit the map as
well as other subunits, resulting in an unoccupied vol-
ume in the EM map (shaded gray region in Figure 4c,f).
Both these subunits are also poorly resolved in the
negative-stain EM 2D averages>* and the cryo-EM struc-
ture.?> This could be due to three reasons, (a) sample het-
erogeneity or the presence of multiple states in the
sample, (b) dynamics or fluctuations in Secl5 and Sec6,
or (c) lack of sufficient data.

Second, the integrative model satisfied 284 (211 DSS
and 73 EDC, or 98%) out of the 290 previously published
inter- and intrasubunit DSS and EDC cross-links*
(Figure 4e), even though these cross-links were not used
to compute the model; four of the six violated cross-links
are violated by less than 10 A. Out of these 290 cross-
links, 139 overlap between the datasets (119 DSS and
20 EDC cross-links).

Finally, we also validated our model based on 80 inter-
subunit distance measurements obtained by in vivo fluo-
rescence imaging experiments.*®> The authors converted
these distance measurements into a unique threshold for
each of the distances between the two labeled subunits*

B oosn-WiLey L=

(Figure 4g). All 80 distance thresholds were satisfied by
at least one model in the ensemble (Figure 4g). Each
model in the ensemble satisfies at least 70 of the 80 dis-
tance thresholds (Figure 4g).

In conclusion, our confidence in the integrative
model is increased by its consistency with the data used
to compute it (our negative-stain EM map and cross-
links) and the data not used to compute it (previously
published cryo-EM map, cross-links, and in vivo fluores-
cence images).

2.4 | Comparison of integrative and
cryo-EM structures

We now compare the representative integrative struc-
ture (Supplementary Methods) and the cryo-EM structure
(PDB: 5YFP).”> Upon a global least-squares superposi-
tion, the average Ca RMSD value for the regions repre-
sented at atomic resolution in both structures is 57 A
(Figure 4f). Using these global superpositions, we also
quantified the similarity in individual subunit positions,
orientations, and conformations. The subunit Cao RMSD
values range from 10 to 32 A. The subunit with one of
the highest atomic coverages (74% of the atoms are repre-
sented explicitly), Sec10, has the highest degree of simi-
larity in position, orientation, and conformation in the
two structures (Coa RMSD of 10 A). In contrast, the posi-
tion, orientation, and conformation of the subunit with
the lowest atomic coverage (33%), Sec15, is most different
with an RMSD of 30 A (Table S2).

We now interpret the observed differences between
the two structures. In general, differences between two
models can arise from a combination of two factors. First,
a difference can appear because of the uncertainty of both

FIGURE 4 Validation of the integrative exocyst structure. (a) Localization probability densities of the exocyst subunits from the

solution cluster. Left and right images represent two views at 180° rotation. (b) Atomic representation of the centroid structure of the

solution cluster. Left and right images represent two distinct views at 180° rotation. (c) Fit of the localization probability density of

the exocyst subunits from the solution cluster to input EM map shown in mesh representation. (d) Euclidean Ca-Cu distance distributions

of our measured cross-links in the ensemble of solutions for the cluster (Table S1). The y-axis details the normalized number of cross-links

that were mapped onto the model, x-axis details the distances. Dashed blue and green lines denotes the expected maximum reach of a DSS
and EDC cross-link respectively. Satisfied DSS and EDC cross-links, with Ca-Ca distances that fall within the distance threshold of 35 and
25 A in at least one exocyst structure in the solution ensemble, are shown in blue and green, respectively. () Euclidean Ca-Ca distance
distributions of all previously reported cross-links® in the solution ensemble. Satisfied DSS and EDC cross-links, with Ca-Ca distances that
fall within the distance threshold of 35 and 25 A in at least one exocyst structure in the solution ensemble, are shown in blue and green,

respectively. (f) RMSD distance distribution between regions represented at atomic resolution (51% of the structure) in the solution

ensemble and PDB ID 5YFP, after a global least-squares superposition (Section 2). The structure on the inset shows the fit of the localization
probability densities of the exocyst subunits in the solution cluster to the published cryo-EM map (EMDB ID 6827). (g) Euclidean Ca-Ca
distance measurements of previously published in vivo distance measurements®® in the solution ensemble. Box plot for each measurement

across the solution ensemble is compared with the reported mean distance (red circles). (h-o0) Comparison of subunits in the integrative

structure with the cryo-EM structure (PDB: 5YFP) upon a global least-squares superposition. Figures h—o represent RMSD distributions of
subunits Sec3, Sec5, Sec6, Sec8, Secl0, Secl5, Exo70, and Exo84, respectively
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models. Second, a difference can also appear because of the
actual variation between the two structures, resulting from
the different samples and/or conditions used to obtain the
data for the two structure determinations. We attempt to
deconvolute the two sources of difference as follows. The
uncertainty of the integrative model (model precision is
38 A) is most likely substantially higher than that of the
cryo-EM structure (based on a cryo-EM map at resolution
of 4.4 A). Therefore, to visualize the significance of the
structural differences between the integrative and cryo-EM
structures, we plot the distribution of the RMSD values
between the cryo-EM structure and each of the ensemble
models (Figure 4h-o0). The cryo-EM structure is within the
integrative ensemble density except for Sec5, indicating
there is no significant difference between the two structures
other than for Sec5. In other words, at the precision of the
integrative model, the actual structural difference between
the two structures is limited to the position, orientation,
and conformation of Sec5. Most of the difference is due to
changes in position and orientation, as the conformations
of the Sec5 models are similar (Ca RMSD of 5 A).

2.5 | Comparison of cross-links and
negative-stain EM map with the cryo-EM
structure

We now assess how well the cryo-EM structure satisfies
our cross-links and negative-stain EM density map. The
cryo-EM structure satisfies 78% of the mapped EDC
cross-links (83 of 106) and 95% of the mapped DSS cross-
links (189 of 199) (Figure 2b). While these cross-link sat-
isfactions are less than that for the integrative structure
(96 and 99%, respectively), our cross-links were not used
in computing the cryo-EM structure and the degree of
satisfaction is still high. The cryo-EM structure also fits
the negative-stain EM density map well, with a cross cor-
relation coefficient of 0.86, which is comparable to that
for the integrative model (0.83). In conclusion, our cross-
links and negative-stain EM density map are consistent
with the cryo-EM structure.

2.6 | Structural interpretations for
biochemical data

While the exocyst complex has been studied for many
decades, its structure and function are only beginning to
be understood. There is considerable published and
unpublished biochemical data on the yeast complex as
well as exocyst complexes from other species. Here, we
use the structures to help interpret several types of
biochemical data.

2.6.1 | Protein-protein interactions
Exocyst subunits interact with each other as well as with a
number of different protein and lipid factors,'>"21>3437
Many of these interactions are critical for the stability of
exocyst, the recognition of secretory vesicles (via Rab
GTPases and the type V myosin, Myo2) at specific sites
on the plasma membrane (Rho GTPases, PI(4,5)P2, and
Ral GTPase in mammals), and the regulation of mem-
brane fusion through interactions with the SNARE
proteins and Secl/Muncl8. The regions of the exocyst
that interact with many of these partners are poorly
resolved in our integrative model, the negative-stain
EM map,* and the cryo-EM structure.”® Examples
include Sec6 interacting with SNARE and Secl bind-
ing partners,”*' the Sec3 N-terminal region inter-
acting with Rho GTPases, PIP2 and the Ssol/2
SNARE,?**** and Secl5 interacting with the Rab
GTPase Sec4 and Myo2.**** This observation suggests
that these regions are flexible in the absence of their
binding partners.

2.6.2 | Limited proteolysis

To reveal exposed surfaces of exocyst, the assembled
complex was incubated with trypsin in solution over-
night, and the digested peptides were analyzed by liquid
chromatography and mass spectrometry (LC/MS). Gener-
ally, the digested regions mapped to flexible loops and
short helices in the cryo-EM structure, consistent with
the solvent accessibility of those regions (Figure 5a).
Ex070 was the second-most cleaved subunit after Sec3
(discussed in the next section). Not surprisingly, an
exposed helix that links two of the Exo70 helical bundles
was digested. However, several buried regions of Exo070,
including its CorEx helix, were also cleaved. This result
suggests that Exo70 is sufficiently dynamic to make its
CorEx bundle residues accessible. We showed that gain-
of-function mutants of Exo70 led to a dynamic conforma-
tional change in which Exo70 shifted away from the rest
of the complex,®* potentially exposing regions that
were cleaved in our limited proteolysis experiment. These
dynamics of Exo70 were not observed in the cryo-EM
structure. However, the cryo-EM data were obtained
using glutaraldehyde-crosslinked complexes,> which
likely stabilized the complex on grids at the cost of limit-
ing configurational and conformational variability. In
contrast, the integrative model reflects a substantial con-
figurational and conformational uncertainty of Exo70
(Figure 4n), although it is not clear to what degree it orig-
inates from the lack of data or actual flexibility/heteroge-
neity (above). Our limited proteolysis data support a
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FIGURE 5 Limited trypsin proteolysis, mutations, and phosphorylation of the assembled exocyst. (a) Limited proteolysis using trypsin
identified flexible and exposed regions within the intact exocyst complex. Regions colored in red indicate peptides that were cleaved after an
overnight trypsin digest in solution. Arrows point to regions of Exo70 that are buried in the cryo-EM structure. (b) Regions of exocyst that
are truncated or mutated in the original sec mutant screen:’ sec6-4 (L633P);'° sec3-2 is Q772*; sec5-24 is W300%; sec8-9 is W758*; sec10-2 is
E439K; sec15-1 is G836*. Truncated regions are shown as lines. (c) Phospho-sites mapped to the cryo-EM structure (Table S3)

model in which exocyst is autoinhibited and undergoes
structural rearrangements as part of its tethering and
SNARE regulation function.”-2*4¢

2.6.3 | Deletions and mutations

Deletion of most exocyst subunits are lethal in eukaryotes.®
In yeast, the secretory (sec) mutants’ as well as auxin-
induced degradation studies provided insights into the func-
tion of the complex.****™* The yeast sec6-4 mutant
(L633P) had previously been sequenced.'"*® We sequenced
several others (sec3-2 is Q772%; sec5-24 is W300*; sec8-9 is
W758%; sec10-2 is E439K; secl5-1 is G836¥). Surprisingly,
many mutations result in premature stop codons that

truncate exocyst subunits (Figure 5b). These truncated pro-
teins appear to function reasonably well at permissive tem-
peratures; for example, while the yeast cells grow at 20°C,
the deletions are destabilizing at higher temperatures and
the cells die? In each case, the truncation occurs in the
sequence after the CorEx helical bundles, indicating that an
essential function of most of the subunits is to stabilize the
complex through their CorEx bundles.

2.6.4 | Phosphorylation

To investigate possible structural and functional conse-
quences of phosphorylation, we mapped phosphorylation
sites (Table S3) from high throughput studies®*™° and
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our own MS studies, onto the current cryo-EM model
(Figure 5c). Phosphorylation sites often occur in intri-
nsically disordered protein regions, and may control
disorder-order transitions.”” Of the total of 49 phosphory-
lation sites, 40 are in regions absent from the cryo-EM
structure. The remaining nine phosphorylated sites all
map on interhelical loops. All 24 of the phosphorylated
sites on Sec3 are in the Sec3N region, mostly clustered
around the PH domain (Figure 6b). Seventeen sites are in
Exo084. In particular, five of these sites lie near interaction

(a) 1.0

surfaces with other subunits (including Sec5, Sec8, and
Secl5). These phospho-sites have previously been impli-
cated in the assembly of the complex, as their mutation
leads to defects in secretion and cell growth.”®*® Other
phospho-sites on Sec5, Sec8, and Sec10 are in the vicinity of
regions critical for conformational changes that activate
Sec6 for SNARE binding or near SNARE binding
sites.”**>* A phosphorylated serine in the C-terminus of
Secl5 is located in a region near putative Rab and Myo2
binding sites,'>* although this region of the cryo-EM
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FIGURE 6 The N-terminal domain of Sec3 (Sec3N) is disordered and localizes near the C-terminal region of Secé6. (a) Sec3N (1-611
residues) is predicted to be disordered using PrDOS,” with the exception of the PH domain (71-241). The y-axis gives the probability of each
residue to be disordered, and the threshold is the false positive rate. The graph below shows the results from the limited trypsin digestion;
the digestion showed that most of Sec3N is susceptible to proteolysis (red), consistent with the predicted disorder in most of this region.

(b) CXMS revealed a large cluster of contacts between Sec3N and the region near the C-terminal end of Sec6 (purple), suggesting that Sec3N
can occupy this area in various positions, presumably transiently. Intramolecular Sec3N crosslinks and phosphorylation sites in this domain

are shown in black and green, respectively (Table S3)
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structure is dynamic and poorly resolved. These phosphory-
lated regions may be critical for regulation of exocyst assem-
bly, vesicle binding, and/or SNARE function.

2.7 | The Sec3 N-terminal region is
flexible and proximal to the SNARE-
binding region of Secé

We now focus on Sec3—the entire Sec3 protein is included
in the integrative model, while the N-terminal half of Sec3
is missing in the cryo-EM structure. Sec3 is unique among
the budding yeast exocyst subunits, as it appears to be sub-
stantially longer (1,336 residues) than its homologs in other
species, ranging from fission yeast to humans (~800 resi-
dues). Most of this difference in length lies in the N-
terminal region (1-611 residues), which is considerably lon-
ger in Saccharomyces cerevisiae.*®> The length difference
may explain the structural differences among the exocyst
complexes in different organisms; biochemical studies of
the S. cerevisiae exocyst indicate that it functions as a single
octameric complex,** while smaller subcomplexes appear to
exist in other species.*®*”° For example, Sec3 appears to
dissociate from the mammalian complex after tethering.®®
In contrast, the longer budding yeast Sec3 protein may
extend the physical reach of the complex to promote inter-
actions with other factors during tethering, thus avoiding
post-tethering dissociation by maintaining the complex as a
stable octamer and bypassing the need for subcomplexes.
Residues 71-241 of Sec3 fold into a Pleckstrin homol-
ogy (PH) domain (Figure 1a), which is a key functional
region in the N-terminal half of Sec3 (Sec3N).>*>**
Association of the polybasic region in the PH domain
with PI(4,5)P2 was suggested to play an important role in
localization of the complex and in tethering.*® Moreover,
this domain binds Sso2 and catalyzes assembly of SNARE
complexes, likely by interacting with the inhibitory N-
terminal H,,. domain of Sso2 and relieving auto-
inhibition.*>”" Interestingly, deletion of Sec3N is not
lethal unless combined with phosphoinositide-binding
defective mutants of Ex070, suggesting that functional
redundancy exists between the two subunits.*® This func-
tional redundancy also extends to binding of Rho
GTPases, including Cdc42, by both Sec3 and Ex070,”?
suggesting that binding of exocyst to both PI(4,5)P2 and
Rho GTPases are essential for cell growth and secretion.
Apart from the PH domain, the rest of Sec3N is
predicted by the PrDOS and PONDR algorithms’>”* to be
disordered (Figure 6a). In contrast, the disordered regions
in the C-terminal half of Sec3 were predicted to be only
in short loop regions. The N-terminal flexible regions
were confirmed by limited proteolysis experiments of
exocyst in solution (Figure 6a). In contrast, in the C-

B o WILEY-

terminal half of Sec3, only a single loop was cleaved
(Figure 6a). The predicted flexibility of the N-terminal
half of Sec3 is consistent with the lack of density for Sec3N
in the cryo-EM model. Heterogeneity in Sec3N phosphory-
lation could also lead to structural heterogeneity (Table S3
and Figure 6b). Differential phosphorylation of Sec3N is
likely to provide regulation; Pkcl phosphorylation of Sec3
upon wounding of the plasma membrane was shown to
lead to Sec3 degradation, exocyst relocalization, and inhibi-
tion of exocytosis.”

Although the position of Sec3N was unresolved in the
cryo-EM model, our CXMS experiments identified the
region of exocyst that Sec3N interacts with, albeit tran-
siently (Figure 6b). It had been suggested that Sec3N is
located near Secl5, based on a single crosslink between
Sec3 and Sec15.% In contrast, our more extensive EDC and
DSS CXMS revealed that Sec3N forms multiple crosslinks in
a region at the other end of the complex, near Sec6 and its
SNARE interacting domains (Figure 6b). This crosslinking
data informed the integrative model, which localizes the N-
terminal domain of Sec3 near Sec6 (Figure 4a), in agreement
with two independent considerations as follows. First, both
Ex070 and Sec3 interact with PI(4,5)P2. Therefore, we expect
them to be positioned on the same face of exocyst for optimal
membrane binding (Figure 4a). Second, as Sec3 and Sec6 are
the SNARE-binding exocyst subunits, they are likely to be
close to each other to coordinate SNARE complex assembly.

3 | DISCUSSION
3.1 | Utility of integrative structure
modeling

No experimental method for structure determination is
universally applicable. For example, crystals suitable for
X-ray crystallography cannot always be produced, espe-
cially for insufficiently homogenous assemblies of multi-
ple components. While cryo-EM can be used to study
large assemblies, it often produces structural models at
worse than atomic resolution due to sample heterogene-
ity and/or a limited number of single particle images.
Finally, molecular biology, biochemistry, and proteomics
techniques, such as yeast two-hybrid, affinity purifica-
tion, and mass spectrometry, yield information about the
interactions between proteins, but not the positions of
these proteins within the assembly or the atomic struc-
tures of the proteins themselves.

One approach to overcome the limitations of individ-
ual methods is integrative structure modeling.*’3>7¢"7°
Integrative modeling aims to simultaneously use all avail-
able information from any method, including from varied
experiments (e.g., EM and chemical cross-linking),
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physical theories (e.g., molecular mechanics force field),
statistical analyses (e.g., statistical potentials), and prior
models (e.g., atomic structures of complex subunits).
Therefore, integrative modeling maximizes the accuracy,
precision, completeness, and efficiency of structure deter-
mination. Numerous structures refractive to traditional
methods have already been solved using this approach.*®

This study illustrates how integrative modeling based on
low-resolution structural data can be useful even in the
absence of high-resolution data. In particular, we deter-
mined the molecular architecture of the yeast exocyst com-
plex at 38 A precision (Supplementary Methods) by an
integrative approach as implemented in our open source
IMP package.*> Modeling relied on a negative-stain EM
density map at 16 A resolution, 434 intra- and inter-
molecular cross-links, partial atomic models of the 8 exocyst
subunits, sequence connectivity, and excluded volume. The
model was largely consistent with the previously published
cryo-EM structure,® chemical cross-links, and intersubunit
distances from in vivo fluorescence measurements in yeast.
Importantly, the integrative model reproduces locations of
critical functional regions, such as the C-terminal regions of
Sec15 (for vesicle binding) and Sec6 (for SNARE interac-
tions) at opposite ends of the complex, as found in the cryo-
EM structure.

3.2 | Biochemical experiments indicate
regulatory regions in exocyst

We examined the yeast exocyst structure in relation to
previously published as well as new biochemical and
genetic data regarding flexible/disordered regions, muta-
tions, and phosphorylation sites (Figures 5 and 6). The
data suggests regions that are likely involved in (a) the
regulation of the conformation and function of exocyst,
(b) the assembly and stability of the complex, and (c) the
function of exocyst controlled by phosphorylation. Our
cross-linking data also places the N-terminal region of
Sec3, which interacts with PI(4,5)P2, Rho GTPases, and
the plasma membrane SNARE Ssol/2, nearby the region
of Sec6 that has been implicated in SNARE and Secl
binding. This information is critical for beginning to tease
apart exocyst's mechanism of action, although further
structural and biochemical information will be necessary
for a molecular understanding of this fundamental
process.

In conclusion, our integrative exocyst model is similar
to the previous structure based on a cryo-EM density
map at 4.4 A resolution. Therefore, it allows us to reach
many of the same conclusions about the function of
exocyst. Because chemical cross-links and negative-stain
EM density map are often much easier to determine than

a higher resolution cryo-EM density map, this study illus-
trates the efficacy of integrative structure determination.
Thus, the integrative approach can facilitate rationalizing
existing data and suggesting hypotheses for future experi-
ments, even in the absence of higher resolution cryo-
EM data.

4 | MATERIALS AND METHODS
41 | Cross-linking and mass
spectrometry analyses

41.1 | EDC and DSS cross-linking of the
exocyst complex

Exocyst was isolated from cells based on the previously
described protocol.** Briefly, 8 L of either GFP-Ex084/
Sec15-PrA (for EDC crosslinking) or Sec8-GFP (for DSS
crosslinking) were grown to an approximate ODgqq of 1.5,
and lysed using a ball mill grinder.*® The frozen powder
was resuspended in 40 ml of 40 mM Tris pH 8.0 and
200 mM sodium citrate lysis buffer with a Roche protease
inhibitor tablet and spun at 13,000 rpm to remove cell
debris. The soluble lysate was then incubated with either
IgG-conjugated Dynabeads (EDC) or anti-GFP nanobody
Dynabeads (DSS) for 1 hr at 4°C. The beads were washed
with 600 pul of lysis buffer three times, then washed with
600 pl of 20 mM MES pH 6.5, 250 mM NaCl, 2 mM
MgCl,, 0.1% CHAPs, and 1 mM DTT, 3x. The slurry for
EDC was resuspended in 100 pl of 20 mM MES pH 6.5,
250 mM NaCl, 2 mM MgCl,, 0.1% CHAPs, and 1 mM
DTT, plus PreScission protease, for 1.5 hr at 4°C. The
eluted exocyst was then treated with either 2.5 mM EDC
and 5mM NHS for 30 min at 25°C. The reaction was
quenched by adding Tris pH 8.0 and p-mercaptoethanol
to a final concentration of 50 and 20 mM, respectively.
For DSS, either 5 or 10 g of frozen yeast powder was
used, the cross-linking was carried out on beads, and the
peptides eluted by trypsin digest.®!

4.1.2 | Proteolytic digestion of EDC
crosslinked exocyst complex

After EDC cross-linking, the complex was reduced by
10 mM tris-(2-carboxyethyl)-phosphine (Invitrogen, MA)
at 80°C for 15-20 min, cooled to room temperature and
alkylated by 50 mM iodoacetamide for 20 min in the dark
to block the formation of disulfide bonds. After reduction
and alkylation, the cross-linked complexes were sepa-
rated by 3-12% SDS-PAGE (NuPAGE Bis-Tris, Invi-
trogen) to reduce the complexity of the sample. For in-gel
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digestion, the high-molecular-weight-region gel bands
(>220 kDa, estimated by the high-molecular-weight pro-
tein markers, Invitrogen) corresponding to the cross-
linked exocyst proteins were sliced and proteolysed by
trypsin as previously described.®' In brief, gel plugs were
crushed into small pieces, 0.5 pg of sequencing-grade
trypsin (Promega, Madison, WI) per ~10 pg protein was
added with subsequent 6-8 hr incubation. Peptides were
extracted by formic acid and acetonitrile, desalted on C18
cartridges (Sep-Pak, Waters, MA) and snap-frozen before
fractionation.

4.1.3 | Fractionation of cross-linked
peptides by high pH chromatography

For the high pH chromatography fractionation, the tryp-
tic peptides were separated in a home-made reverse-
phase C18 column in a pipet tip. Peptides were eluted
into seven fractions using a stepwise gradient of increas-
ing acetonitrile (6, 9, 12, 15, 18, 22, and 35%) at pH
10 adjusted with ammonium hydroxide, and the 6 and
35% fractions were combined to one fraction. All of the
six fractions were lyophilized in a vacuum concentrator
(Thermo Fisher Scientific, MA), and analyzed by LC/MS.

4.1.4 | Mass spectrometric analysis of
cross-linked peptides

For cross-link identification, the fractionated peptides
were dissolved in the sample loading buffer (2% ACN and
0.2% formic acid) and loaded onto a Picochip® column
with an integrated electrospray ionization emitter tip
(360 outer diameter, 75 inner diameter with 15 pm tip,
New Objective, Woburn, MA). The column was packed
with 25 cm of reverse-phase C18 material (3 pm porous
silica, 120-A pore size, Dr. Maisch GmbH, Entringen,
Germany). Mobile phase A consisted of 2% acetonitrile
with 0.1% acetic acid, and mobile phase B consisted of
80% acetonitrile with 0.1% acetic acid. The peptides were
eluted in a 90-min LC gradient (5% B to 12% B, 0-10 min;
12% B to 32% B, 10-75 min; 32% B to 100% B, 75-80 min,
and followed by 100% B until 90 min) using an easy nLC-
1200 system (Thermo Fisher) and analyzed with an Q
Exactive HFX or QE Plus mass spectrometer (Thermo
Fisher). The flow rate was 350 nl/min. The capillary tem-
perature was 250°C, and Funnel RF level was set at 55%.
The instrument was operated in the data-dependent
mode, where the top 10 or top 6 most abundant ions were
fragmented by HCD (HCD energy 30) and analyzed in
the Orbitrap mass analyzer. The target resolution for
MS1 was 60,000, and for MS2 it was 7,500. Peptide ions

with a charge state of >3 were selected for fragmentation.
An auto dynamic exclusion of was used. Other instru-
mental parameters include the following: Isolation win-
dow of 1.8 Th, and minimal threshold of 50,000 to trigger
an MS/MS event. The AGC targets were set as 1 x 10° for
full mass and 2 x 10° for MS2. The maximal ion injection
times for MS1 and MS2 were set as 100 and 200 ms,
respectively.

4.1.5 | Identification of cross-linked
peptides using pLink

The raw data were transformed to Mascot generic format
by pXtract 2.0 and searched by pLink3 using a target
decoy search strategy with a concatenated FASTA protein
sequence database containing the eight subunits of the
exocyst complex. We also included the BSA sequence for
the target-decoy database search to quickly prefilter
the false positive identifications containing the BSA
sequence. Other search parameters included cysteine car-
bamidomethylation as a fixed modification, methionine
oxidation, and protein N-terminal methionine cleavage
as a variable modification. A maximum of two trypsin
missed-cleavage sites were allowed. The data were fil-
tered using a mass accuracy of MS1 < 10 ppm (parts per
million) and MS2 < 20 ppm as specified in the software.
We then manually applied additional filters to remove
potential false positive identifications from our dataset as
previously described.®" The cross-linking data were ana-
lyzed and plotted by an online software tool, CX-Circos
(http://cx-circos.net).

4.2 | Integrative structure modeling of
the exocyst complex

The architecture of the yeast exocyst complex was deter-
mined using the integrative structure modeling approach
described previously.”’>*7°7 All available structural
information on the exocyst complex was used for compu-
tational analyses (Table S2, Figure 3, and Section 4). Rep-
resentations of individual subunits relied on (a) atomic
structures of three yeast exocyst subunit domains, deter-
mined by X-ray crystallography (PDB codes 2FJI, 2D2S,
and 2B1E)'"'*?? and (b) eight comparative models built
with MODELLER 9.13%** based on known template struc-
tures detected by HHPred®** (Table S2 and Section 4).
The atomic regions of the exocyst subunits were repre-
sented by 12 rigid bodies, corresponding to different
domains of the eight constituent proteins (Table S2).
Regions with unknown structures were modeled as flexi-
ble strings of beads. The EM density map was
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approximated by a Gaussian mixture model (GMM) con-
taining 200 components and every 50-100 residues of
each subunit was approximated by a GMM component.
Finally, the proximity between specific residue pairs was
determined by DSS and EDC XL-MS experiments, which
identified a total of 256 DSS and 178 EDC (Table S2 and
Figure 4) inter- and intrasubunit interactions. The maxi-
mum Ca-Ca distance between any two residues cross-
linked by DSS was estimated to be ~35 A, and by EDC
was estimated to be ~25 A, based on spacer length, flexi-
bility of side chains, and backbone dynamics.

Next, 2,000,000 exocyst models were computed by
optimizing spatial proximities using a Monte Carlo
method, as informed by cross-linking data, EM map,
excluded volume, and sequence connectivity from
200 random initial models. The sampling yielded an
ensemble of 9,741 models that sufficiently satisfied the
input restraints; this entire ensemble is the model of the
exocyst, with its uncertainty reflecting both the lack of
input data and the actual heterogeneity of the samples
used to collect the data. The clustering of these models
revealed a single cluster containing the majority (99% or
9,669 models) of the models (Figure S1 and Supplemen-
tary Methods). The precision of the cluster defines the
overall precision of the structural model (Figure S1). It is
quantified by the average root-mean-RMSF with respect
to the centroid model and is 38 A for the modeled exocyst
structure.

In general, an ensemble can be visualized as a locali-
zation probability density map. The map specifies the
probability of any volume element being occupied by a
given bead in superposed models. The probability locali-
zation density for the subunits of exocyst is sufficiently
precise to define their position, but not their orientation
(Figure 4a).

4.3 | In solution limited trypsin
proteolysis of native complexes
4.3.1 | In-solution digestion

Ten pg of eluted exocyst (purified as above) was added to
20 pl of 0.1% ProteaseMAX Surfactant (Promega) in 50 mM
ammonium bicarbonate, an additional aliquot of 20 pl of
50 mM ammonium bicarbonate was then added. For reduc-
tion, a 2 pl aliquot of 45 mM DTT was added and the sam-
ples were incubated at 50°C for 30 min. For alkylation of
cysteines, a 2 pl aliquot of 100 mM iodoacetamide was
added and the samples were incubated at room temperature
for 30 min. Tryptic digestion was initiated with a 1 pl ali-
quot of trypsin (0.2 pg/pl Sigma Proteomics grade). Samples
were incubated at 37°C for 18 hr. Tryptic digests were

acidified with 4 pl of 5% trifluoroacetic acid (TFA) and
lyophilized in Speed Vacc.

4.3.2 | LC-MS/MS analysis

A 3 pl injection was loaded by a Thermo Easy-nLC II in 5%
acetonitrile (0.1% formic acid) at 4.0 pl/min for 4.0 min onto
a 100 pm LD. fused-silica precolumn packed with 2 cm of
5pum (200 A) Magic C18AQ (Bruker-Michrom). Peptides
were eluted at 300 nl/min from a 75 pm I.D. gravity-pulled
analytical column packed with 25cm of 3 pm (100 A)
Magic C18AQ particles using a linear gradient from 5 to
35% of mobile phase B (acetonitrile + 0.1% formic acid) in
mobile phase A (water + 0.1% formic acid) over 60 min.
Ions were introduced by positive electrospray ionization via
liquid junction at 1.4 kV into a Thermo Scientific Velos Pro
mass spectrometer. Mass spectra were acquired over m/z
350-2,000 at 60,000 resolution (m/z 200) with an AGC tar-
get of 1e5, and data-dependent acquisition selected the top
10 most abundant precursor ions for tandem mass spec-
trometry by CID fragmentation using an isolation width of
2 Da, max fill time of 110 ms, and AGC target of 1e5. Pep-
tides were fragmented by a normalized collisional energy of
35, and fragment spectra acquired at a resolution of 17,500
(m/z 200).

4.3.3 | Data analysis

Data was analyzed by Mascot Server (version 2.4, Matrix
Science) against the S. cerevisiae (Swissprot) FASTA file
(downloaded 06/2013). Search parameters included Tryp-
sin/P specificity, up to two missed cleavages, a fixed mod-
ification of carbamidomethyl cysteine, and variable
modifications of oxidized methionine, pyroglutamic acid
for Q, and N-terminal acetylation. Assignments were
made using a 15 ppm mass tolerance for the precursor
and 0.05 Da mass tolerance for the fragments. All non-
filtered search results were processed by Scaffold (version
4.0.5, Proteome Software, Inc.) utilizing the Trans-
Proteomic Pipeline (Institute for Systems Biology) with
threshold values set at 1% FDR for peptides and 1% FDR
for proteins (two peptide minimum) and quantitative
comparisons made using the total unique peptide count
method with all samples normalized by total ion current
for the run.
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