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Sali, Earnest, Glaeser, Baumeister. From words to literature in structural proteomics. Nature 422, 216-225, 2003.

PHYSICS

STATISTICSEXPERIMENT

∫

Integrative determination of macromolecular structures
for maximizing accuracy, resolution, completeness, and efficiency of structure determination

Use structural information from any
source: measurement, first principles, rules;
resolution: low or high resolution

to obtain the set of all models that are consistent with it.
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Why Integrative Modeling? 

1. Benefits from the synergy among the input data, maximizing accuracy, 
resolution, completness, and efficiency of structure characterization.

2. Finds “all” models consistent with the data, not just one.

3. Facilitates assessing the input data as well as results in terms of 
precision and accuracy.

4. Provides feedback to guide future experiments (eg, “what if”, ...).
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- S. Dokudovskaya et al, “A conserved coatomer-related complex containing Sec13 and Seh1 dynamically associates with the vacuole in 
Saccharomyces cerevisiae”. MCP, 2011. 
- Algret et al, “Molecular Architecture and Function of the SEA Complex, a Modulator of the TORC1 Pathway”, MCP, 2014 

The SEA complex is dynamically associated 
with (or localized around) the vacuole 
membrane. 

The TORC1 (Target of Rapamycin Complex 1) 
signaling pathway plays a major role in the control 
of cell growth and response to stress.  
 
The SEA complex physically interacts with TORC1 
and is an important regulator of its activity. 

SEA (Seh1-asasociated) complex,  
a major regulator of the TORC1 pathway 



SEA	(Seh1-associated)	complex	

S.	Dokudovskaya	et	al.,	“A	conserved	coatomer-related	complex	containing	Sec13	and	Seh1	dynamically	associates	with	the	vacuole	in	Saccharomyces	cerevisiae.,”	
Molecular	&	cellular	proteomics	:	MCP,	2011.	

The	SEA	complex	is	dynamically	associated	
with	(or	localized	around)	the	vacuole	
membrane.		FuncOonal	and	geneOc	analyses	
are	consistent	with	a	role	for	the	members	
of	the	SEA	complex	in	membrane	trafficking	
and	autophagy.	

-	SEA	complex	proteins	possess	
structural	characterisOcs	similar	
to	the	membrane	coaOng	
complexes	COPI,	COPII,	the	
nuclear	pore	complex.	



SEA	(Seh1-associated)	complex	

S.	Dokudovskaya	et	al.,	“A	conserved	coatomer-related	
complex	containing	Sec13	and	Seh1	dynamically	associates	
with	the	vacuole	in	Saccharomyces	cerevisiae.,”	Molecular	
&	cellular	proteomics	:	MCP,	2011.	

8	component	complex	
	
SEA1	(1584	residues)	
SEA2	(1341residues)	
SEA3	(1148	residues)	
SEA4	(1038	residues)	
Npr2	(615	residues)	
Npr3	(1140	residues)	
Seh1	(349	residues)	
Sec13	(297	residues)	
	
	
-	It	contains	the	nucleoporin	Seh1	
and	Sec13,	the	la[er	subunit	of	
both	the	nuclear	pore	complex	and	
the	COPII	coaOng	complex	



Localization, inhibition, and activation of TORC1  
depend on the SEA complex 

membrane-associated 
scaffold, needed for activation 
of TORC1 

interacts with and inhibits 
TORC1  

Panchaud et al. Cell Cycle 12, 2013. 
TORC1  

V-ATPase  



Integrative structure determination of the SEA complex 
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Data 1: Residue-specific DSS chemical cross-links 
45 inter-molecular and 143 intra-molecular DSS (Lys-Lys) cross-links 



Data: Residue-specific DSS (Lys-Lys) crosslinks 
45 inter-molecular (and 143 intra-molecular) DSS crosslinks 

Yi Shi, Javier Fernandez-Martinez 



Data: Residue-specific DSS (Lys-Lys) crosslinks 
45 inter-molecular and 143 intra-molecular DSS (Lys-Lys) crosslinks (XLs) 

RED dot: XL in "DISORDERED" region.   
 
GREEN dot: XL in "STRUCTURED" region 
 
BLACK dot: XL in “UNKNOWN" region. 
 
Square box, template structure coverage:  
RED: 100% sequence identity. 
BLUE: 10~15% sequence identity. 

Yi Shi, Javier Fernandez-Martinez 
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Mapping	the	Phase	Space	of	Models	for	Transport	through	the	NPC	

Data 2 : Affinity co-purification 

“Composite” restraint 

7 protein pullouts, 16 domain deletion pullouts 

                          



Data 3 : Relative stoichiometry by SYPRO Ruby staining 

Benchmark with known proteins 

The SEA complex was isolated in 5- 20% sucrose 
velocity gradients and the resulting 12 equal 
fractions were analyzed on 4%–12% Bis-Tris gels. 
Gels were stained with SYPRO Ruby (Molecular 
Probes) and digitized. 

1:3 stoichiometry for Sea4 and Seh1 



Symmetry	

and refined with data to 3.3 Å resolution (Figure 1B).
The polypeptide tracing was assisted by the regular ar-
rangement of bulky tryptophan (or phenylalanine) residues
of the WD signature on the A- and C-strands of the Sec31
b-propeller domain (Figure S1).

The crystal structures share a full-length Sec13 b-pro-
peller, and, since this domain shows negligible conforma-
tional differences in the two crystal forms, it was possible
to combine the structures straightforwardly to construct a
composite model for the assembly unit, the 28 nm long
Sec13/31-Sec31/Sec13heterotetramer (Figures2Aand2B).

Structure of the Assembly Unit
The structure of the COPII assembly unit comprises a cen-
tral a-solenoid dimer capped by two b-propeller domains

at each end (Figures 1B, 1C, 2A, and 2B). The a-solenoid
regions of the two Sec31molecules interact about a 2-fold
symmetry axis to form a 14 nm long central rod (Figure 1C).
The rod is relatively straight and is uniformly !30 Å in di-
ameter since it is formed from two a-solenoids along its
length. However, the two Sec31 molecules are not ar-
ranged as an extended antiparallel dimer; instead each
Sec31 polypeptide folds back on itself, creating an inter-
locked dimer. Helices a1–a4 fold back to form intermolec-
ular interactions with helices a11–a18, and helices a5–a10
form isologous interactions with the opposite Sec31
molecule (Figure 1C).
The 28 nm long assembly unit is not uniformly

straight along its length because the Sec31 and Sec13
b-propellers are displaced from the axis of the a-solenoid

Figure 2. Organization of the Assembly Unit in the COPII Cage
(A) Comparison of the molecular model of the Sec13/31 assembly unit with the asymmetric unit of the cryo-EM map of the mammalian COPII cage

(Stagg et al., 2006). The objects are viewed along the local 2-fold rotation axis. Themodel, shown in space-filling representation, is a composite of the

two crystal structures (oriented and colored as in Figures 1B and 1C). The arrows indicate the!15 Å displacement of the Sec13 b-propellers from the

axis of the a-solenoid rod and the corresponding features in the cryo-EM map.

(B) Orthogonal view shows the difference in the angle at the center of the assembly unit. Here, the arrows show the 15–20 Å displacement of the Sec31

b-propellers from the a-solenoid axis.

(C) The molecular model of the heterotetrameric assembly unit was separated into two Sec13/31 heterodimers, and these were fitted independently

as rigid bodies into the cryo-EM map (see Experimental Procedures). The picture shows a complete vertex (two asymmetric units of the cage) and is

viewed along the 2-fold symmetry axis that runs through the vertex. One symmetry-related pair (colored dark green and orange) converges at the

vertex and is labeled proximal; the other symmetry-related pair (light green and red) is labeled distal.

(D) The molecular model of the cage comprises 24 copies of the assembly unit with octahedral or 432 symmetry. Superimposed is the 30 Å cryo-EM

density map from Stagg et al. (2006).

1328 Cell 129, 1325–1336, June 29, 2007 ª2007 Elsevier Inc.

of the a-solenoid rod are bent 45! from parallel about the
center of the rod, whereas in the crystal structure the angle
is just 15!. This evidence for a hinge, together with the ear-
lier EM analyses, suggests a mechanism by which the
Sec13/31 assembly unit could adapt to lattices of variable
curvature, as discussed in more detail below. (Hinge is not
meant to imply that the a-solenoid interface is disordered
in the crystal structure of the edge element; this region is
in fact well ordered with lower crystallographic B-factors
than the average for the molecule; Figure S3).

For fitting into the cryo-EM map, we separated the mo-
lecular model of the assembly unit into two halves (at the
a-solenoid interface) and fitted these independently as
rigid bodies into the 30 Å map (Figures 2C and 2D). Initial
fitting was done manually and then improved via real- and
reciprocal-space approaches, which gave essentially the
same result from a range of refinement starting points
(see Experimental Procedures). The complete molecular
model of the COPII cage, comprising 24 copies of the as-
sembly unit with octahedral symmetry, is illustrated in
Figure 2D. The quality of the fit is indicated in Figure 3,
which shows the correspondence of the Sec13 and
Sec31 b-propellers to features in the cryo-EM map (the
map correlation coefficient for the fit shown in Figures 2
and 3 is 0.85). We did not attempt to model in detail the
hinge region at the interlocked Sec31-Sec31 center owing
to the low resolution of the cryo-EM data.

Vertex Geometry and Molecular Model
for the COPII Cage
The Sec13/31-Sec31/Sec13 assembly unit constitutes
the asymmetric unit of the COPII cuboctahedron (Stagg
et al., 2006). This means that although the assembly unit
is a symmetric dimer, it is utilized as an asymmetric rod
to construct the cage (in other words, the 2-fold symmetry

operator of the assembly unit does not belong to the 432
point group of the cage). Importantly, this also means
that the two ends of the assembly unit are in different
environments at the cage vertices. At one end, a Sec31
b-propeller converges at the vertex dyad axis and inter-
acts with its b-propeller symmetry partner—we refer to
this as the proximal Sec31 b-propeller (Figures 2C, 3,
and 4A). At the other end of the assembly unit, the distal
b-propeller resides "20 Å from the vertex dyad axis and
does not interact with its symmetry partner.
As this description implies, the vertex is constructed

from four Sec31 b-propellers: a proximal pair and a distal
pair. Figure 3 illustrates the excellent fit of the proximal and
distal b-propellers to the cryo-EM density. Since both
ends of the assembly unit were fitted into the map as rigid
bodies, this suggests that the disposition of the a-solenoid
and b-propeller domains is essentially the same at the
proximal and distal ends. We surmise that flexibility is lim-
ited to the interlocked a-solenoid center of the rod and
that plasticity at the b-propeller interdomain contacts is
not required for the optimal positioning of the proximal
and distal ends in their distinct environments at the vertex.
This proposal is substantiated by the aforementioned ex-
tensive interfaces between the b-propeller and a-solenoid
domains.
When viewed along its 2-fold axis, as in Figure 2C, the

vertex can be described as a distorted 4-fold center
such that the proximal and distal b-propellers converge
on the vertex in a similar orientation. As a consequence, all
four Sec31 b-propellers are positioned with their flat axial
ends mediating the major contact interfaces (Figure 4A).
This geometry is imposed by the relative juxtaposition of
the b-propeller and a-solenoid domains along the rod.
Specifically, the axis of the Sec13 b-propeller is parallel
with, and displaced "15 Å from, the a-solenoid axis; the

Figure 4. b-Propeller Folds and Vertex
Geometry
(A) Schematic diagram of the vertex which

forms from the convergence of four Sec31 b-

propeller domains at the dyad symmetry axis.

The diagram is based on the orientation shown

in Figure 2C. Five contact interfaces are indi-

catedwith thick lines and are labeled: cI (involv-

ing proximal-proximal contacts), and cII and

cIII (symmetry-related pairs involving proxi-

mal-distal contacts). The Sec13 b-propeller

domains appear not to be involved in vertex

contacts according to our model of the cage.

The 50! angle between the axes of the Sec13

and Sec31 b-propellers is indicated (derived

from the crystal structure of the vertex element).

(B) Ribbon diagram of the six-bladed Sec13 b-

propeller (colored orange) emphasizing the

seventh blade contributed by Sec31 (green).

For clarity, the Sec31 b-propeller is omitted

and only four helices of the a-solenoid are

drawn in the background.

(C) Orthogonal view with the Sec31 b-propeller

included. The 50! angle between the axes of the

Sec13 and Sec31 b-propellers is indicated.
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Sec23/24 (Shaywitz et al., 1997; Shugrue et al., 1999), is
functionally accessible on the 24 proximal and 24 distal
ends of the assembly unit (the 340 residue proline-rich re-
gion follows helix a18; see Figure 1C). Since the concave
membrane-apposing surface area of Sec23/24-Sar1mea-
sures!8,200 Å2 (Bi et al., 2002), 48 copies of the complex
would cover 75%–80%of the surface area of a 40 nm ves-
icle. This could in principle leave sufficient space for the
cytoplasmic regions of transmembrane cargo proteins—
a quantitative analysis of the composition of synaptic
vesicles shows that protein transmembrane domains
comprise !18% of the surface area of the outer leaflet
(Takamori et al., 2006). However, it seems unlikely that
the inner-layer complexes are this densely packed and
more reasonable to assume that substoichiometric
amounts of Sec23/24-Sar1 are incorporated into the
COPII coat. Single-particle analysis of clathrin-coated ves-
icles shows that the inner layer is not as densely packed as
would be predicted if AP2 adaptors (or their functional
equivalents) were bound stoichiometrically to the clathrin
heavy chain (Cheng et al., 2007). And this observation
was interpreted in terms of a budding reaction in which
the connection of clathrin assembly units to themembrane
via inner-layer adaptors is required for the initiation, but not
for the completion, of budding (Cheng et al., 2007).
The concept of a vesicular coat as a mechanical device

for budding vesicles implies that the driving energy for
self-assembly of the spherical cage—which arises from
the compulsion to maximize the number of stable bonds
between assembly units—is directly coupled to mem-
brane deformation. In the case of the Sec13/31 cage,
the connection to lipid membrane is through Sec23/24

to the N-terminal amphipathic a helix of the Sar1-GTP
molecule (Barlowe et al., 1994; Shaywitz et al., 1997). Ac-
cording to the calculations above, as many as 48 (but
probably fewer) copies of Sar1-GTP will provide the link-
ages by which the Sec13/31 assembly units incrementally
deform the membrane into an !40nm bud. Sar1-GTP
may, in addition, play a direct role to initiate membrane
curvature since it embeds its amphipathic a helix in the
cytosolic leaflet of the membrane (Bielli et al., 2005; Lee
et al., 2005). If we assume a unitary stoichiometry among
the COPII components, then the amphipathic a helices of
30–48 copies of Sar1-GTP will displace an area of lipid
that corresponds to 1.4%–2.4% (±0.4%) of the surface
area of the outer leaflet of a 40 nm vesicle. Since the
area of this outer leaflet is 55%–60% larger than the inner
leaflet, the contribution of Sar1-GTP to membrane curva-
ture is more likely to be catalytic than stoichiometric. Con-
ceivably, supernumerary Sar1-GTP molecules incorpo-
rate into the bud to impart curvature, but it is unclear
how these would be organized in the absence of a link
to the other COPII coat components.

The molecular model of the Sec13/31 assembly unit
constructed from the crystallographic analysis seems to
account for all the density in the cryo-EM map (Figures
2D and 3). Thus, the architectural elements of the assem-
bly unit comprise Sec13 plus the b-propeller and central a-
solenoid domains (residues 1–763) of Sec31 (Figure 1A).
The C-terminal region of Sec31 (residues 764–1273) is
not part of the architectural core, and we infer that this re-
gion is not observed following image reconstruction from
electron cryo-micrographs of multiple cages as it does not
conform strictly to the symmetry of the cage (Stagg et al.,

Figure 6. Molecular Model of the COPII Cage
The model of the cage is drawn as a backbone worm and colored as in Figures 1–3. The view on the left is approximately along the 3-fold symmetry

axis of the cuboctahedron. The view on the right is along the vertex 2-fold axis. Modeled inside the cage is a sphere of diameter 40 nm representing

a membrane vesicle. For comparison, the ‘‘inner diameter’’ of the cage is !52 nm—this is the mean protein-to-protein measurement that passes

through the center of the cage. The smallest such distance, measured close to the vertex, is !49 nm. The mean outer diameter of the cage is

!60 nm, and the longest such measurement is !63 nm. Also modeled are two copies of the Sec23/24-Sar1 prebudding complex, taken from

Bi et al. (2002). Sec23 is colored magenta, Sec24 is blue, and Sar1 is red.

Cell 129, 1325–1336, June 29, 2007 ª2007 Elsevier Inc. 1333



Hierarchical model representation facilitates using  
imprecise information 
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Multi-scale Representation 

Sec 13 

Ribbon Representation Resolution = 1 
1 bead / 1 residue 

XL Restraints 

Resolution = 10 
1 bead / 10 residues 

Excluded Volume  
Restraints 

Resolution = 100 
~100 residues per bead 

Domain mapping (composite) restraints 
       shown is also a “Gaussian” envelope 

 
 
- Resolution = 0 (atomic resolution) 
- Resolution = 1 (1 bead / 1 residue) 
- Resolution = 5 (1 bead / 5 residues) 
- Resolution = 10 (1 bead / 10 residues) 
- Resolution = 100 (1 bead / 100 residues) 

Multi-scale Representation 



Montel Carlo Sampling 

Random 
configurations 

Refinement 
(Crosslinks and all 

composite restraints) 

Final structures 

Total score =   
    188 Harmonic Upper Bounds for Crosslinks (~35Å)  + 
    23 Composite Restraints +   
    Linkers Between Beads + 
    Excluded Volume 

Monte Carlo sampling with simulated annealing: 
• Start with a random configuration of protein centers. 
• Minimize violations of input restraints by Monte Carlo with simulated annealing. 
• Obtain an “ensemble” of many independently calculated models (885 refined models). 

Initial sampling 
(Crosslinks and select 
composite restraints) 

Connected 
configurations 

Sampling is exhaustive  
10% of models are already representative of the entire set. 

885 best scoring models satisfy all restraints. 



Hierarchical clustering based on the 
RMSD distance matrix 

Clustering and the Localization probability map 

Can see position of 
every SEA protein ! Protein localization probability 

Calculated from the structural superposition of the ensemble of  
models that satisfy all input restraints 

Algret et al., “Molecular Architecture and Function of the SEA Complex, a Modulator of the TORC1 Pathway”, MCP, 2014 
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•  SEACAT and SEACIT sub-complexes interact via the 

Sec13 / Sea3 hub 

•  Cluster of beta-propellers from Seh1, Sec13, Sea4, and 
Sea2 (cf, COPI and COPII) 

•  RING domains of Sea2/3/4 interact with each other 

•  Stoichiometry of Sea4 and Seh1 is 3 

•  Can map mutations associated with diseases (eg, 
cancer) on structure. 

•  Can map transient protein-protein interactions to 
expand from this stable complex … 

•  SEACAT activates TOR1; SEACIT inhibits TOR1 

•  Provides a starting point for X-ray, EM, more cross-
linking 

Algret et al., “Molecular Architecture and Function of the SEA Complex, a Modulator of the TORC1 Pathway”, MCP, 2014 
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Contact frequency map and cross-links 

The proximities of any two residues in the topological map were measured by their relative “contact 
frequency”. A contact between a pair of residues is defined when their corresponding bead surfaces are 
less than 20 Å from each other.  
 
Crosslinks were plotted as the red dots, and the residue contact frequency is indicated by a color ranging 
from white (0) to dark blue (1). Each box contains the contact frequency between the corresponding pair of 
the SEA complex proteins. 



Functional implications 
The TORC1 (Target of Rapamycin Complex 1) signaling 
pathway plays a major role in the control of cell growth 
and response to stress. The SEA complex physically 
interacts with TORC1 and is an important regulator of 
its activity. 

TORC1 inhibition changes the stability of SEA complex 
members Sea1 is involved in the regulation of general autophagy 

A number of functional data indicated a role for the SEA complex in intracellular 
trafficking, amino acid biogenesis, regulation of the TORC1 pathway and autophagy. 



• IMP-1.0 available at http://salilab.org/imp/   (3/10/10)

• Open source, SVN, documentation, wiki, examples, mailing lists, unit 
testing, bug tracking, ...

Integrative Modeling Platform (IMP)
D. Russel, B. Webb, K. Lasker, D. Schneidman, E. Tijoe, F. Alber, B. Peterson

IMP C++/Python 
library

restrainer

Simplicity
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D. Russel et al., “Putting the pieces together: integrative modeling platform software for structure determination of macromolecular 
assemblies.,” PLoS Biol., vol. 10, no. 1, p. e1001244, Jan. 2012. 
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Please download the tutorial from github 

git clone https://github.com/salilab/Workshop_SEA.git 


