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Structure of the Sec13-Sec16 edge element,
a template for assembly of the COPII vesicle coat

James R.R. Whittle and Thomas U. Schwartz

Department of Biology, Massachusetts Insfitute of Technology, Cambridge, MA 02139

ncestral coatomer element 1 (ACE1) proteins

assemble latticework coats for COPIIl vesicles

and the nuclear pore complex. The ACE1 pro-
tein Sec31 and Sec13 make a 2:2 tetramer that forms
the edge element of the COPII outer coat. In this study,
we report that the COPIl accessory protein Sec16 also
contains an ACE1. The 165-kD crystal structure of the
central domain of Sec16 in complex with Sec13 was
solved at 2.7-A resolution. Sec16 and Sec13 also make
a 2:2 tetramer, another edge element for the COPII system.

Introduction

The COPII coat complex mediates formation of transport vesi-
cles that bud from the ER and traffic secretory proteins to other
organelles (Antonny and Schekman, 2001; Bonifacino and
Glick, 2004; Tang et al., 2005; Hughes and Stephens, 2008).
COPII consists of an inner coat composed of the Sec23-Sec24
dimer and the small GTPase Sarl and an outer coat composed
of Sec31 and Sec13 (Stagg et al., 2007). Sec13 is a (3-propeller
protein and has a dual role, as it also is present in the nuclear
pore complex (NPC; Siniossoglou et al., 1996). The ER and
nuclear envelope (NE) form a contiguous lipid bilayer. The
NPC coats the NE at nuclear pores, establishes the selective
permeability barrier of the NE, and serves as the sole conduit
for transport across the NE (Brohawn et al., 2009). It is com-
posed of ~30 proteins, termed nucleoporins, each present in
8 X n copies, which are organized into subcomplexes sym-
metrically arranged about a central axis. A subset of architec-
tural nucleoporins comprises the core structural scaffold of the
NPC. A crystallographic study has demonstrated that the central
a-helical unit of Sec31 is structurally similar to four large archi-
tectural nucleoporins, one of which binds Sec13. This «-helical
unit, common to COPII and the NPC, is therefore termed the
ancestral coatomer element 1 (ACE1; Brohawn et al., 2008).
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Domain swapping at the ACE1-ACE1 interface is ob-
served both in the prior structure of Sec13-Sec31 and in
Sec13-Sec16. A Sec31 mutant in which domain swap-
ping is prevented adopts an unprecedented laminated
structure, solved at 2.8-A resolution. Our in vivo data
suggest that the ACE1 element of Sec31 can functionally
replace the ACE1 element of Sec16. Our data support
Sec16 as a scaffold for the COPII system and a template
for the Sec13-Sec31 coat.

The ACEI has a unique, irregular a-helical structure.
It folds back on itself to form a J shape, divided into three mod-
ules (Fig. 1). The N-terminal and middle subdomains of the
ACEIL fold together to constitute the trunk. The U turn between
these subdomains is the crown. The ACE1 of nucleoporins has
an additional module at the C terminus, the tail. Sequence simi-
larity among the five known ACEI proteins is weak: they have
tolerated considerable mutation without compromising the
overall structure. Their common ancestry was thus noted only
after crystal structures were solved (Brohawn et al., 2008).
Sec31 and Nup145C each bind Sec13 using the same mecha-
nism, insertion of a single (3-blade to close the open, six-bladed
B-propeller of Sec13 in trans. The common ancestry of COPIL
and nucleoporin ACEls provides strong evidence for the proto-
coatomer hypothesis, that various coat and coat-like protein com-
plexes evolved from a small set of more versatile complexes
(Devos et al., 2004). ACE1 is evidence that the NPC and the
COPII coat derive from a common membrane-coating protein
complex, already present in a primitive eukaryotic progenitor
(Brohawn et al., 2008).

The COPII system is among the best-studied intracellular
transport systems (Bonifacino and Glick, 2004; Fromme and
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Figure 1.

Summary of ancestral coatomer element (ACE1) proteins. ACE1 was originally identified based on structural homology between Nup85,

Nic96, Nup84, Nup145C, and Sec31. Sec16 is shown to contain an ACE1 in this study. Three ACE1 proteins bind Sec13, mutually exclusively;
Nup85 binds its homologue Seh1. Nup84 and Nup145C form a heterodimer, and Sec16 and Sec31 form homodimers. The structure of Nic96 is
shown to illustrate the three modules that compose the ACE1: crown, trunk, and tail. The COPII ACET domains might lack the tail module. The structure
is colored red to white from the N to C terminus, as labeled. Dashed arrows show how the ACE1 forms a J shape. A dotted arc encircles the surface

by which ACE1 dimerization occurs.

Schekman, 2005; Mancias and Goldberg, 2005; Hughes and
Stephens, 2008). Its components were identified genetically
(Kaiser and Schekman, 1990) and can be reconstituted into a
functional system in vitro (Salama et al., 1993; Barlowe et al.,
1994; Shaywitz et al., 1997; Matsuoka et al., 1998; Sato and
Nakano, 2004). The COPII outer coat, Sec31 and Secl3, can
assemble into polyhedral cages without membrane or other pro-
teins (Antonny et al., 2003; Stagg et al., 2006). The structure of
this cage has been determined by cryo-EM (Stagg et al., 2006,
2008) and by x-ray crystallography (Fath et al., 2007). Sec31
homodimerizes via a crown to crown interface of its ACEI.
This homodimer forms the central rod of a Sec13—-Sec31,—Sec13
tetramer, which self-assembles in multiple copies to form the
complete cage. In addition to Sec13, Sec31, and three proteins
of the inner coat, COPII transport also uses the essential acces-
sory protein Secl6 (Kaiser and Schekman, 1990). However,
Sec16 is much more poorly understood.

Secl6 interacts genetically and physically with compo-
nents of COPII (Kaiser and Schekman, 1990; Espenshade et al.,
1995; Gimeno et al., 1995, 1996; Shaywitz et al., 1997). In par-
ticular, temperature-sensitive alleles of Secl3 and Secl6 are
synthetic lethal. Sec13 and Sec16 interact weakly by yeast two-
hybrid (Shaywitz, 1997). A sequential mechanism for assembly
of the COPII coat complex has been delineated, and Secl6 is
implicated in early steps of this assembly process, but absence
of structural data on Sec16 has impeded a full understanding of
its function. At 242 kD in Saccharomyces cerevisiae, Secl6 is
notoriously difficult to work with in vitro.

In this study, we show that Secl6 contains a central
~50-kD domain of the ACE1 type. We report the 165-kD hetero-
tetrameric crystal structure of Sec169g4_14>; in complex with
Sec13 and compare the related Sec13—-Sec31 edge element to
this novel Sec13—Sec16 edge element. Intriguingly, both Sec16
and Sec31 are shown to homodimerize by domain swapping.
Furthermore, we report the crystal structure of a Sec13—Sec31
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mutant with a compromised domain swap, showing it still forms
an edge, however with a drastically different and unexpected to-
pology. Mutants of Sec16 or Sec31 that compromise the domain
swap, that exchange the ACE1 units of these proteins, or affect
other aspects of their structures were created and tested in vivo.
Together, structural and in vivo results suggest that Sec16 tem-
plates assembly of the COPII outer coat.

Results

Structure of the Sec13-Sec16 tetramer

Sec16 is proposed to scaffold COPII assembly, but its precise
function is ill defined. It has never been purified in high yield
as a full-length protein. A central conserved domain (CCD),
~400 aa, is well conserved among Sec16 homologues in vari-
ous organisms (Connerly et al., 2005). A sequence alignment
for the CCD is shown (Fig. S1). Secondary structure pre-
diction suggested that the CCD of Secl6 is largely a-helical and
flanked by unstructured regions (Fig. 2 A). Noting that it shares
sequence similarity with the ACE1 of Sec31 (16% identity and
34% similarity over 391 residues), we inferred that the CCD
of Sec16 might comprise two structural elements: a single
N-terminal B-blade, which would bind the open Secl3
B-propeller by insertion, followed by an a-helical ACEIL.
(While this manuscript was in preparation, it was reported that
the CCD of human Secl6A interacts with Sec13 by yeast
two-hybrid [Hughes et al., 2009].) The CCD of Sec16 (residues
984-1421) and full-length Sec13, from S. cerevisiae, were co-
expressed in Escherichia coli from a bicistronic plasmid and
purified to homogeneity. Soluble and highly expressed (~40 mg
of pure protein per liter of culture, final yield) Secl6ggy 1421
and Secl3 formed a stable, equimolar complex that eluted
at 11.6 ml on a Superdex 200 10/300 column, indicating an
apparent molecular mass of ~375 kD, when compared with
globular protein standards (Fig. S2 A). Gel filtration systematically
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Figure 2.  Structural comparison of Sec16 and
Sec31. (A) Domain organization of Seclé.
o] Unstructured regions (wavy black lines), CCD
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L (blue—cyan box), and C+erminal o-helical
2000 domain (white box, labeled «H) are shown.
Scale bar shows number of amino acids resi-
dues. The B-propeller protein Sec13 binds
Sec16 at the position indicated. (B) Crystal
structure of Sec16 in complex with Sec13.
Sec13 is colored orange to yellow from the
N to C terminus, as in A. One Sec16 mono-
mer is colored blue to cyan, as in A, the other
dark to light gray from the N to C terminus.
N and C termini are labeled, as well as
B-strands B1-B3 and helices a0-a.18. Helices
a5-a7 of the Sec16 monomer domain swap
at the homotypic interface. The bottom view
is rotated 90° toward the viewer as indicated.
(C) Domain organization of Sec31. Unstruc-
tured region (wavy black line), B-propeller
(white oval, labeled BPROP), central struc-
tured domain (blue—cyan box), and C-+erminal
ahelical domain (white box, labeled oH)
are shown. Scale bar shows number of amino
acids residues. The B-propeller protein Sec13
binds Sec31 at the position indicated. (D) Struc-
ture of the Sec13-Sec31 tetramer. Color scheme
as in B, with Sec31 coloring matching that of
Sec16. The bottom view is rotated 90° toward
the viewer as indicated.
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overestimates the molecular weight of elongated macromole-
cules because an elongated molecule passes through the column
in less volume than a globular protein of the same molecular
weight (Siegel and Monty, 1966). To determine the oligomeric
state of the complex more accurately, sedimentation velocity
ultracentrifugation was performed and indicated this species
was tetrameric and homogenous (s = 6.5; My = 177 kD; Fig. S2 B).

Collectively, these experiments indicated that Secl16 and Sec13
form a 2:2 tetramer of 165 kD, whose shape is elongated,
not globular.

Crystals of Secl6 in complex with Secl3 grew in the
orthorhombic space group P2,2,2, or its monoclinic sub-
group P2, and diffracted to 2.7-A resolution. The structure
was solved by single-wavelength anomalous dispersion, using
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Table I.  Data collection and refinement statistics

Data collection and refinement Sec13-Sec16 Sec13-Sec16 Sec13-Sec31AL
statistics

Data collection

Data set Native Selenomethionine Native
Space group P2:2:2, P2, P2,

Cell dimensions

a, b, c (Al 56.7,139.0, 205.4
@ B v () 90, 90, 90
Wavelength (A) 0.9792
Resolution range (A) 30.0-2.65 (2.74-2.65)
Total reflections 168736
Unique reflections 45333
Completeness (%) 99.8 (99.4)
Redundancy 3.7 (3.5)
Rnerge (%) 7.4 (65.3)
Riim. (%) 8.6 (80.1)
Rp.im. (%) 4.4 (42.0)
I/o 20.7 (1.9)
Wilson B factor (A2) 51.6
Refinement

Resolution range (A) 30.0-2.69
Ruork 19.8
Riree 24.3
Twin law

Twin fraction

Number of reflections

Total 44,752
Riree 2,158
Number of atoms

Protein 10,476
Water 184

B factors (A2

Protein 103.0
Sec13 (chain A) 45.8
Sec16 (chain B) 74.3
Sec16 (chain C) 111.0
Sec13 (chain D) 191.0
Water 52.0
R.m.s deviations

Bond lengths (A) 0.005
Bond angles (°) 0.836
Ramachandran plot

Favored (%) 95.5
Allowed (%) 4.3
Outliers (%) 0.2

56.0, 144.1,204.3 156.2, 46.6, 192.0

90, 90, 90 90, 93.5, 90
0.9792 0.9792
30.0-2.70 (2.80-2.70) 30.0-2.80 (2.87-2.80)
430502 396307
88825 69366
99.9 (100) 99.6 (99.4)
3.6 (3.7) 5.7 (5.5)
8.1 (56.0) 16.4 (47.7)
9.9 (78.7) 18.1 (50.0)
4.5 (35.8) 7.3 (20.8)
25.5 (2.7) 9.6 (3.3)
49.6 55.7
30.0-2.80
26.7
30.0
—h, =k, |
0.23
69,353
1,792
19,197
0
51.8
0.006
0.936
94.4
5.1
0.5

The highest resolution shell is shown in parentheses. Ryerge is the merging R factor. R.; . is the redundancy independent merging R factor. R, ;.. is the precision-indicating

merging R factor. For definitions, see Weiss (2001).

selenomethionine-substituted protein (Se-SAD). The asymmet-
ric unit in P2,2,2, contains one Sec13-Sec16,—Sec13 tetramer.
For simplicity, we refer to this complex as the Sec13—Secl6
tetramer. Two Secl3 molecules were placed by phased mo-
lecular replacement. Two Secl6 molecules were built using
the experimental map. The model was refined to Ryou/Riiee
of 19.4%/25.0% (Table I). The Sec13-Sec16 tetramer is ar-
ranged such that Sec13 forms the two ends of the elongated
structure, whereas the two Secl16 molecules homodimerize in
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the center. The tetramer has overall dimensions of 165 A x 70 A x
50A (Fig. 2 B). The N terminus of Sec16gg4 14,1 is a [3-blade that
completes the open, six-bladed 3-propeller of Sec13 in trans,
creating a 2,820-A2 interface. Sec16 provides three B-strands of
this seventh 3-blade, whereas residues 1-6 of Sec13 donate the
outermost [3-strand, forming a velcro closure, as seen in many
B-propeller structures (Chaudhuri et al., 2008). The remainder
of Sec16 forms an a-helical block, with dimensions ~70 A x
30 A x 30 A. Two Sec16 molecules form a homodimer centered



on the twofold axis of the tetramer. The dimer interface is com-
posed of identical residues from each Sec16 molecule, measur-
ing 2,960 A? in size.

The 3-blade connects through helix a0 to helices al—a3,
which form an antiparallel stack (Fig. 2 B). Helix a4 and a
14-residue loop extend out and around the other Secl16 mol-
ecule and connect to helix a5. Helices a5—a9 form a second
antiparallel stack that returns toward the N terminus, forming a
hydrophobic interface with helices a5'—a9" in the other Sec16
molecule. The stack continues with helix a10. To be consistent
with the ACE1 helix nomenclature (Brohawn et al., 2009), the
next helix is labeled a10a. Helix «10a lies outside the stack,
perpendicular to «10 and a11. Helices al1-a15 bind helices
al-a3, placing the C terminus near the N terminus. Helix a14
of a canonical ACE] is absent. In place of helix a14, a struc-
tured but nonhelical stretch of 20 residues winds out, is exposed
on the convex surface of the tetramer, traverses the stack, and
connects back to the next helix, labeled «15. A final helical bun-
dle, a16—a18, completes the stack and braces against Sec13.
At the C terminus, residues 1391-1421 are not structured.

In crystallography, the quality of electron density and the
temperature (B) factors for a portion of a model indicate how
rigidly that portion of the model is held in place (Wlodawer
et al., 2008). We observed much poorer electron density and
twofold higher B factors for one copy of Secl3 than the other
(Table I). The better-ordered copy of Sec13 is positioned near a
crystallographic 2, axis, stabilized by 1,420 A? of crystal con-
tacts. However, the poorly ordered Secl13 molecule is barely
constrained by crystal packing interactions. Because the re-
mainder of the model is rather well ordered, this observation
suggests that Sec13 may pivot relative to Sec16 in vivo, when
not constrained by crystal packing.

As anticipated from its sequence, the a-helical portion of
the Sec16 CCD is an ACEL. The CCD as defined by Connerly
et al. (2005) is residues 992—1420 in S. cerevisiae, nearly the same
fragment as the crystallization construct. The CCD contains two
structural elements: the (3-blade that binds Sec13 and the a-helical
ACEI1. As in other ACE1s, helices a1-a3 and a13—« 18 form the
trunk, whereas helices a5—a11 form the crown. The crown cre-
ates a U turn that caps the a-helical block and binds the second
Sec16 molecule. Each a-helix corresponds to an a-helix in the
canonical ACE1, except a10a, which is added, and 14, which
is replaced by nonhelical structure. There is very low sequence
homology to ACE1 members other than Sec31. As is true of the
entire ACE1 class, individual modules (i.e., crown, trunk, and
tail) superimpose well, but their orientations vary. Specific struc-
tural differences such as insertion of a10a or unwinding of o14
dictate the placement of each module.

We mapped the amino acid substitutions that cause known
temperature-sensitive alleles of Sec16 onto the structure (Fig. S3).
The dotl mutation from Pichia pastoris substitutes a proline with
leucine in the connection between insertion blade and ACE1
(Connerly et al., 2005). Proline (as a cyclic secondary amino
acid) is particularly suited to create a sharp turn in the polypep-
tide backbone. The proline replaced by the dot/ mutation is the
first of two in the turn created by the motif FPGPL, which is
strongly conserved among Sec16 orthologues. The five known

temperature-sensitive alleles in S. cerevisiae are caused by four
distinct point mutations (Espenshade et al., 1995). (sec16-2
and secl6-5 are the same.) Although these are dispersed in the
sequence, they cluster together in the structure. All replace
hydrophobic residues in the core of the interaction between
the N- and C-terminal halves of the trunk, undoubtedly hindering
the ACE1 from folding into its proper shape.

Structural comparison of ACE1

edge elements

The Sec13-Sec16 tetramer is similar to the previously reported
structure of the Sec13—Sec31 tetramer (Fig. 2, C and D; Fath et al.,
2007). Unlike Sec16, Sec31 has a structured N-terminal domain,
a B-propeller, immediately preceding the Sec13 interaction site
(Fig. 2 C). In the in vitro assembled Sec13-Sec31 cage, the
N-terminal 3-propeller forms the major vertex interactions that
propagate the cage. Secl3 and the ACE1 of Sec31 form the
edges of this cage, which was termed the Sec13—Sec31 edge ele-
ment (Fig. 2 D; Fath et al., 2007). The Nup84—Nup145C-Sec13
trimer is an analogous edge element for the NPC (Brohawn and
Schwartz, 2009). The crystal structure reported in this study shows
that the Sec13-Sec16 tetramer is another edge element for the
COPII system. In all three edge elements, ACEI units form a
central dimer by interaction of their crowns. However, the crown
to crown interactions in Secl6, Sec31, and Nup84-Nup145C
have important differences detailed below.

Central angle of the edge element. The dimerized
ACE! units in the edge elements of COPII and the NPC create
varying angles: 90° at the Sec16-Secl6 interface, 120° at the
Nup84—Nup145C interface, and 165° at the Sec31-Sec31 inter-
face (Fath et al., 2007; Brohawn and Schwartz, 2009). In the as-
sembled Sec13-Sec31 cage, the angle of Sec31 is more acute
than in the crystal structure, 135° (Stagg et al., 2006, 2008). It is
striking that in its crystal structure, the crown to crown interface
of Sec16 is more bent than Sec31 in either the crystal structure
(Fath et al., 2007) or the assembled cage (Stagg et al., 2006,
2008). We asked whether the Sec13—-Sec16 tetramer is indeed
more bent than the Sec13-Sec31 tetramer in solution or whether
crystal packing alone accounts for the discrepancy between Sec16
and Sec31. The hydrodynamic radius of each edge element was
calculated from its crystal structure, using HYDROPRO (Garcia
De La Torre et al., 2000). The calculated hydrodynamic radii
are 5.3 nm for Sec13-Sec16 and 5.5 nm for Sec13-Sec31. The
smaller radius for Sec13-Sec16 reflects its more compact struc-
ture, even though it is 10% greater in mass than Sec13-Sec31,
165 versus 150 kD. Sec13-Secl16 and Secl13-Sec31 edge
elements were compared by size exclusion chromatography
(Fig. S2 A). Consistent with its smaller calculated hydrodynamic
radius, Sec13-Sec16 elutes after Sec13-Sec31. We conclude
that the crystal structures reflect a true difference between
Sec13-Sec16 and Sec13-Sec31. The central angle of the Sec13—
Sec16 edge element is more bent than the Sec13-Sec31 edge ele-
ment in solution.

Domain swapping of the edge element. When
the structure of Sec31 was first reported (Fath et al., 2007), no
closely related structures were known. We compared Sec16 and
Sec31 to the ACEI structures solved in the interim. This showed

Structure of the Sec13-Sec16 edge element ¢« Whittle and Schwartz
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that Sec16 and Sec31 are domain-swapped dimers, that is, they
interact by exchange of identical subunits (Bennett et al., 1995;
Liu and Eisenberg, 2002; Rousseau et al., 2003). Strictly speak-
ing, domain swapping is said to occur only when a closed,
monomeric form of the protein also exists (Gronenborn, 2009).
Comparison to the closed form of a homologue can also be
used. To define the closed form, we refer to the unswapped
ACEls, Nup85, Nic96, and Nup145C (Fig. 3). In the crowns of
Nic96 and Nup83, helices a5—a7 pack against the trunk, form-
ing a compact a-helical block (Jeudy and Schwartz, 2007,
Brohawn et al., 2008; Debler et al., 2008; Schrader et al., 2008).
Similarly, Nup145C adopts a closed form, whether or not bound
to Nup84 (Hsia et al., 2007; Brohawn and Schwartz, 2009).
In the Nup84-Nup145C—-Sec13 trimer, Nup145C adopts a struc-
ture very similar to that in a Nup145C—Sec13 dimer (1.4-A root
mean square deviation over 420 Ca positions). In contrast, in
Sec16 (this work) and Sec31 (Fath et al., 2007), helices a5—a7
exchange with the corresponding helices a5’—a7" in the bind-
ing partner. We call helices a5—a7 the swap domain.

Among known examples of domain swapping, rarely is the
swap domain a central element (Schwartz et al., 2006; Gronenborn,
2009). More commonly, the N or C terminus of the protein is ex-
changed. To swap a central element, typically at least one of the
two linkers to the remainder of the protein needs to be flexible to
allow the rearrangement. In Sec16 and Sec31, a swap loop con-
nects helices a1—a4 to the swap domain. This loop must be long
enough to reach out and around the other molecule. In closed
monomers, no such loop is needed because helix a4 already lies
near helix a5. Nevertheless, all ACEls except Nup145C have
some insertion between a4 and a5. Nic96, Nup84, and Nup85
each have inserted a-helical segments. These may be capable of
unfolding and extending. At its opposite end, the swap domain is
connected to helices a8—a18 by a swap hinge. This hinge rotates
out from its position in the closed monomers, in which the swap
domain is not swapped but instead is tucked against the rest of
the a-helical stack. It is a tight turn in all ACEls, except Nup84.
Nup84 has three short a-helical segments inserted between o7
and a8 (these segments interact directly with Nup145C).

Domain swapping substantially increases interface areas.
We computed interface areas in swapped or hypothetical un-
swapped conformations for Secl16 and Sec31. The swap loop
and swap hinge were excluded from calculations because it is
not possible to know their position in the unswapped confor-
mation. In swapped Secl6, the interface is ~2,500 A% com-
pared with ~800 A” in unswapped Sec16. Similarly, in swapped
Sec31, the interface is ~3,000 A2 compared with ~1,000 A2
in unswapped Sec31. Domain swapping triples the interface
area in the Sec16 and Sec31 crown to crown interfaces. Nup84—
Nup145C, although unswapped, has an interface surface area of
~2,000 A2 because addition sites in conserved loops frame the
primary interaction surface.

Interlocking of the edge element. Though Secl6
and Sec31 both dimerize by domain swapping, the path taken
by the swap loop causes a key difference. The Sec31 dimer is
interlocked, but the Sec16 dimer is not. In Sec31, the swap
loops extend around and over the binding partner to connect
back to the swap domain (Fath et al., 2007). 23 residues of the
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swap loop are disordered and not visible in the crystal structure.
The gap left by these unmodeled 23 residues is 25 A. In com-
parison, an adjacent segment of the swap loop spans 25 A in
only nine residues. If we accept that the unstructured segment
does indeed connect the two ends of the swap loop across this
gap, the crystal structure shows that the Sec31 dimer is inter-
locked. In contrast, in Sec16, symmetric swap loops extend over
the top of the crown, touch in the middle, and then turn back to
connect to their respective swap domains (Fig. 3). This swap
loop is entirely ordered and modeled in the final structure.
To confirm the path of this loop, a simulated annealing omit
map for the loop was calculated, unequivocally showing the
complete amino acid trace (Fig. S4). The path of the swap
loop leaves the two Sec16 copies not interlocked; i.e., if pulled
by the ends, the Secl16 dimer would break apart. Because the
Sec31 dimer is interlocked, if pulled by the ends, the Sec31
dimer would remain entangled with itself. Thus, the Sec31 dimer
can only be formed or broken by disrupting the interaction be-
tween the N- and C-terminal halves of the trunk. This suggests
that creation of the Sec31 dimer is coordinated with folding of
the ACE1 unit.

Structure-based mutants of Sec31

The structures of the Sec13—Sec16 edge element, reported in
this study, and that of the Sec13-Sec31 edge element (Fath
et al., 2007) were used as a basis to design specific muta-
tions to probe the functional and structural integrity of these
related complexes.

Solution behavior of Sec31 mutants Sec31EE
and Sec321AL. The difference between the unswapped
ACEls found in the NPC and the domain-swapped dimers ob-
served in Sec16 and Sec31 is intriguing. To investigate whether
domain swapping is physiologically relevant, we designed a
mutation to prevent domain swapping of Sec31 in the Sec13-
Sec31 edge. The swap loop of Sec31 was deleted to form
Sec31AL. This deletion prevents helix o5 from swinging out
from helix a4, otherwise a strict requirement for domain
swapping to occur. We also designed a mutation to prevent
Sec31 dimerization. In previous work on the Nup84-Nup145C
edge element, it was shown that charged residues introduced
into helix o7 of either protein prevent dimerization, when
these are chosen to replace conserved hydrophobic residues
crucial to high-affinity binding (Brohawn et al., 2008; Brohawn
and Schwartz, 2009). A similar mutant of Sec31 was designed.
Two residues, methionine 540 and leucine 544 in helix a7,
were mutated to a charged residue, glutamic acid (E), to gen-
erate Sec31EE.

The Sec13-Sec31 edge element was expressed and puri-
fied in three forms: wild type, Sec31AL, or Sec31EE. The
purified complexes were compared by size exclusion chroma-
tography on a Superdex 200 10/300 column (Fig. 4 A). Sec31AL
is 4 kD (9%) smaller than Sec31 and therefore migrates
slightly faster on SDS-PAGE. Despite its reduced mass, Sec13—
Sec31AL forms a tetramer with the same hydrodynamic ra-
dius as wild-type Sec13—Sec31. The interface mutant Sec13—
Sec31EE elutes from the column later, indicating that, indeed,
the double point mutation from Sec31 to Sec31EE is sufficient
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Figure 3. Interactions formed by the ACE1
crown. The crown domain of each ACE1 is
shown colored blue, except Nup84, which
is green. Nic96 and Nup85 are not known
to dimerize via crown-crown interaction.
Nup84 and Nup145C form a heterodimer,
and Sec16 and Sec31 form homodimers.
The second copies of Sec16 and Sec31 are
colored gray. Disordered loops are shown
as dotted lines and labeled with the number
of amino acids not observed. Secl16 and
Sec31 dimerize by domain swapping. Helices
a5-a7 exchange positions with helices a5'~a7”
in the binding partner. The domain swap re-
quires extension of the swap loop (labeled
loop) that connects helix a4 to a5 and rota-
tion of the swap hinge (labeled hinge) that
connects helix a7 to a8. The positions of the
corresponding loop and hinge are labeled in
all ACETs. Nic96, Nup85, and Nup84 have
one or two a-helices inserted into this loop
(labeled loop + n helices).

to disrupt tetramer formation. Sec13—Sec31EE instead forms a domain swapping, we solved the crystal structure of Secl3—

1:1 heterodimer. Sec31AL, by molecular replacement, in space group P2, at 2.8-A
Crystal structure of Sec13-Sec31AL. To deter- resolution (Table I). The structure of wild-type Sec13-Sec31
mine definitively whether deletion of the swap loop prevents was used as a search model. To obtain an unbiased electron
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Figure 4. Solution behavior and crystal structure of Sec13-Sec31 mutants. (A) Sec13-Sec31 (red) compared with Sec13-Sec31 mutants AL (blue) and
EE (green) by size exclusion chromatography. Sec13-Sec31 and Sec13-Sec3 1AL are heterotetramers, whose structures are shown in B, with the same
hydrodynamic radii. The EE mutation disrupts the crown inferface. Sec13-Sec31EE is a heterodimer in solution. Elution volume in milliliters is plotted
against absorbance at A = 280 nm. Elution volumes for standard globular proteins are as indicated. SDS-PAGE analysis of each sample is shown, with
fractions indicated below the x axis. (B) Crystal structure of Sec13-Sec3 1AL compared with Sec13-Sec31 (Protein Data Bank ID 2PM&). The tetramers form
extended rods with the same 165° central angle. Because of deletion of the swap loop, Sec13-Sec3 1AL forms a laminated structure, rather than a U turn,
as indicated by arrows labeled N and C. Both copies of Sec31 are colored blue to cyan from the N to C terminus. The green label EE indicates residues

M540 and L544, in helices o7 and a7’, which were mutated to glutamic acid to generate Sec13-Sec31EE.

density map of the mutated swap loop (connecting helices a4/5)
and the swap hinge (connecting helices o7/8), these were de-
leted from the search model. Furthermore, the model was split
into two parts, the ACE1 of Sec31 and the completed (3-propeller
(six-bladed Sec13 and the insertion (3-blade of Sec31). The
asymmetric unit contains two copies of a Sec13-Sec31AL tetra-
mer. The crystal lattice of Sec13—Sec31AL is different from that
of wild-type Sec13-Sec31. Yet, compared with wild-type Sec13—
Sec31 (Fath et al., 2007), the shape of the tetramer changes only
slightly. The angle of the edge, 165°, is the same in both struc-
tures. The C-terminal three-helix bundle of the ACE1 and the
Sec13 B-propeller are displaced ~15 A with respect to the cen-
tral rod, in the plane parallel to a face of a Sec13-Sec31 cage.

The structure of Sec13-Sec31AL at the crown to crown
interface revealed an unexpected result. In rebuilding the struc-
ture, strong difference density at the swap hinge was apparent
(Fig. S5). Because deletion of the swap loop prevents domain
swapping, we expected the swap hinge to rotate inward to ac-
commodate an unswapped conformation. Surprisingly, we find
the swap hinge in the same place as in wild-type Sec13-Sec31.
In consequence, deletion of the swap loop does prevent domain
swapping but in an unexpected manner. To have helix a5 adja-
cent to a4, as it is dictated by the truncated swap loop, and to
retain the swap hinge still in the same conformation, Sec31AL
laminates with its binding partner across its entire length (Fig. 4 B).
Instead of folding back into a J shape as in wild-type Sec31, the
two copies of Sec31AL extend completely and lie flat against
one another. Because the entire transverse section of the dimer
is an interface between two molecules, the interface surface
area of Sec31AL is 6,260 A% The final model was refined to
Ruork/Riree = 26.7%/30.0% (Table I).
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The structure of Sec13-Sec31AL suggests that there is a
large energetic penalty for rotating the swap domain into the
closed (not swapped) conformation, as is observed in mono-
meric ACEls and the Nup84—Nup145C dimer. Shortening the
swap loop should draw the swap domain back to the closed con-
formation; but despite shortening the swap loop, the swap do-
main stays extended, as in the domain-swapped conformation
of wild-type Sec13—Sec31. The laminated structure of Sec13—
Sec31AL is therefore indirect evidence that the domain-swapped
conformation of Sec31 is favored over the closed conformation
and thus that the crystal structure of Fath et al. (2007) is the
physiological structure.

Complementation of sec7164A or sec314 by
structure-based mutants

SECI16 and SEC31 are both essential genes. To assess the physi-
ological relevance of structural characteristics of COPII edge
elements, we tested in a plasmid shuffle assay whether several
designed mutants complement null alleles of SEC16 or SEC31
(Fig. 5). Haploid strains sec/6A x pRS316[SECI6] or sec31A x
PRS316[SEC31] were isolated, transformed with plasmids con-
taining designed mutants of SEC16 or SEC31, and tested for growth
on media containing 5-fluoroorotic acid, which selects against
PRS316, causing the strain to lose the wild-type gene. This exper-
iment shows that the ACEI is required for the essential function
of SEC31 (Fig. 5 A). Furthermore, failure of Sec31EE to rescue
sec31A proves that Sec31 must form a proper edge element. Dele-
tion of the insertion blade that binds Sec13 also disables the gene.
(A Western blot to epitope-tagged versions of these mutants of
SEC31 shows that although they do not rescue growth, they are
indeed expressed [Fig. 6].) In contrast, domain swapping is not
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required for the essential function of SEC31. Sec31AL comple-
ments the null at all temperatures tested. Evidently, the radical
rearrangement observed in laminated Sec31AL does not pre-
vent Sec31 from assembling a functional edge element for the
COPII cage.

The corresponding mutations were also generated for
SECI16 (Fig. 5 B). Expectedly, purified Sec13-Sec16AL be-
haves as a tetramer in solution, and Sec13—Secl6EE forms a
dimer, as determined by size exclusion chromatography (un-
published data). We find that SEC16 is more robust to mutation

than SEC31. A strain in which the ACEI of Sec16 is deleted is
able to grow normally at 30°C but grows very slowly at 37°C.
Deletion of the swap loop to prevent domain swapping, deletion
of the -blade to prevent binding of Sec13, or the EE mutation
to prevent dimerization is each likewise tolerated at 30°C but
not at 37°C.

Because Sec16 and Sec31 form similar edge elements, we
asked whether the ACE1 units of these two proteins are inter-
changeable. To test this, chimeric genes were designed that place
the ACELI of each gene into the middle of the other. Sec31[Sec16
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Figure 6. Western blot of structure-based mutants of Sec31. Structure-
based mutants of Sec31 were tagged with the HA epitope and transformed
into the sec3 1A plasmid shuffle strain (as in Fig. 5 A). Untagged Sec31 is
shown as a control for specificity of the anti-HA antibody. The blot was rep-
robed with an antibody to 3-phosphoglycerate kinase (PGK) as a control
for equal sample loading. MM, molecular mass.

ACEL1] and Sec16[Sec31 ACE1] were tested in the plasmid shuf-
fle assay (Fig. 5). sec31A is not complemented by Sec31[Sec16
ACELl]. We found, though, that sec/6A is complemented at all
temperatures tested by Sec16[Sec31 ACE1]. Unlike the other
Sec16 mutants, Sec16[Sec31 ACE1] exhibits no temperature sen-
sitivity. Remarkably, despite only 34% sequence similarity, the
ACEI1 of Sec31 can substitute for the ACE1 of Sec16.

Discussion

Our study of ACEI has revealed that the CCD of Secl6 com-
prises a 3-blade and 19 a-helices that closely resemble the core
of the COPII vesicle coat protein Sec31. Sec16 is considered a
scaffold for the COPII system because it localizes to the cyto-
plasmic surface of the ER, binds the major components of the
COPII system, and promotes vesicle coating (Espenshade et al.,
1995; Gimeno et al., 1996; Shaywitz et al., 1997; Supek et al.,
2002) These studies have shown that Secl6 binds the cargo
adaptor Sec24, the GTPase-activating protein Sec23, and the
GTPase Sarl and additionally that it binds Sec31 and possibly
Sec13. Additional studies on Sec16 in yeast, fly, and mammalian
systems have substantiated its role in COPII transport (Connerly
et al., 2005; Watson et al., 2006; Bhattacharyya and Glick, 2007;
Ivan et al., 2008; Hughes et al., 2009).

We show that Sec16 and Sec13 form a stable, tetrameric
complex. The crystal structure of Sec16gg4 14,1 in complex with
Sec13 reveals that Sec16 forms a Sec13-Sec16,-Sec13 tetramer.
This tetramer is similar to the Sec13—-Sec31,—Sec13 edge element,
which assembles into the COPII outer coat (Stagg et al., 2006,
2008; Fath et al., 2007). It is also analogous to the Nup84—
Nup145C-Sec13 edge element of the NPC (Brohawn and
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Schwartz, 2009). Because Sec16 and Sec31 (as well as Nup145C)
occupy the same binding interface on Secl3, their interactions
with Sec13 are mutually exclusive. It is likely that these proteins
bind distinct pools of Sec13. This explains the observation that
Secl6 is present at the transitional ER in lower abundance than
Sec13 (Connerly et al., 2005).

The discovery that Secl6 and Sec31 are related pro-
teins provides novel insight into the function of Secl6 in the
COPII system. Secl6 and Sec31 form with Sec13 analogous
heterotetrameric edge elements. Unlike Sec31, secondary struc-
ture prediction shows that Secl16 does not have an N-terminal
B-propeller domain. In the COPII cage, the Sec13—Sec31 tetra-
mers self-assemble through contacts primarily mediated by the
N-terminal B-propeller domains of adjacent Sec31 molecules
(Stagg et al., 2006, 2008; Fath et al., 2007). It is important to
note that without such a B-propeller, Sec16 lacks a vertex ele-
ment and thus is unlikely to form a cage in a similar manner.

One unresolved question about the Sec13—Sec31 edge ele-
ment has been the nature of the central angle of the Sec31 homo-
dimer (Stagg et al., 2006, 2008; Fath et al., 2007). This angle is
more acute in the cryo-EM structure of the assembled Sec13—
Sec31 cage than in the crystal structure of the edge element. Sev-
eral reasons to explain this difference have been proposed (Fath
et al., 2007; Stagg et al., 2008): (a) flexing this angle allows the
Sec13-Sec31 cage to accommodate cargoes of different size;
(b) a conformational change occurs upon cage assembly making
the angle more acute; (c) the edge element in the crystal structure
is distorted from its native conformation by crystal packing; (d) the
yeast protein in the crystal structure differs from the human pro-
tein used for cage assembly; (e) the C-terminal half of Sec31,
which is not included in the crystal structure, influences the
angle. Stagg et al. (2008) show that the angle of Sec31 stays
the same whether the cage formed is a cuboctahedron 60 nm in
diameter or an icosidodecahedron 100 nm in diameter. In other
words, the adjustments that change the shape of the cage occur
primarily at the interfaces between vertex elements rather than
within the ACE1 blocks, arguing against the first explanation that
variation in this angle is used to form cages of different sizes.

In the structure of Sec13-Sec16,—Sec13, the Sec16 homo-
dimer forms the analogous central angle. We noted with inter-
est that this angle is 90°, much more bent than in Sec13-Sec31.
Because one end of the Sec13—Sec16 edge element is not held
by significant crystal contacts, we believe that the conforma-
tion of Sec13—Sec16 in the crystal structure is near to the native
conformation in solution. Our data show that, consistent with
the crystal structures, in solution, the Sec13-Sec16 tetramer is
more bent than the Sec13—-Sec31 edge element. Additionally, our
crystal structure of Sec13—Sec31AL reveals that this mutant has
the same angle at the Sec31-Sec31 interface, 165°, as wild-type
Sec13-Sec31.

A striking feature of the COPII edge elements is domain
swapping, which is rarely observed in the middle of a polypeptide
chain. In reporting the crystal structure of Sec13—Sec31, Fath
et al. (2007) noted that the two molecules of Sec31 interlock.
It becomes apparent that domain swapping occurs in Sec31,
when this structure is compared with those of ACE1 nucleoporins,
which were solved later and which form compact J-shaped



helical units. Before solving the structure of Sec16, it remained
unclear whether domain swapping in Sec31 is caused by crystal-
lization alone or is physiologically relevant. The crystal structure
of Sec13—Sec16 shows that like Sec31, Secl16 homodimerizes
by domain swapping. This is strong evidence that domain swap-
ping in Sec31 is physiologically relevant. It is unlikely to be a
coincidence that domain swapping occurs in two different ACE1
proteins in unrelated crystal lattices.

Domain swapping triples the interface surface area of this
crown to crown interaction to ~3,000 A% suggesting that the
domain-swapped interaction is very strong. Indeed, each of the
COPII edges is observed to remain stably associated in solution.
Sec13-Secl6 and Sec13-Sec31 edge elements are likely simi-
larly stable in vivo. Their structures support the notion that cage
assembly and disassembly is mediated at the vertices of the cage,
not by making and breaking the edge itself.

In attempting to prevent domain swapping in Secl16 and
Sec31, we generated and solved the crystal structure of a variant
of the Sec13—Sec31 edge element that laminates across its en-
tire length, rather than forming two J-shaped molecules. This
laminated variant provided a means to test the physiological im-
portance of domain swapping. We find that the laminated Sec31
variant, Sec3 1AL, is able to complement deletion of Sec31, but
a mutant designed to prevent dimerization, Sec31EE, fails to
complement this null. We further show with the chimeric gene
Sec16[Sec31 ACE1] that the ACE1 of Sec31 can functionally
replace the ACEIL of Secl6. This result suggests that its archi-
tectural role, forming an edge element, is the most important
function of the ACE1 of Secl6.

Sec16 as a template for the COPII coat
Secl6 has been called a scaffold for the COPII coat. The term
scaffold refers to a protein that binds several factors to bring
them together in the cell. It is clear that by binding many
components of the COPII system, Sec16 performs this function.
In other contexts, the term scaffold also refers to proteins that or-
ganize a system into a predetermined structure. For example, in
viral assembly, scaffolding proteins recruit elements of the naive
viral capsid, organize them, and establish the desired size and
shape of the capsid. Such viral scaffolding proteins also act as
chaperones for capsid proteins and exclude host proteins from
the capsid. Scaffolding proteins are then left out of the mature
viral capsid (Thuman-Commike et al., 1998; Fane and Prevelige,
2003). Sec16 is similarly thought to assist in organizing and shap-
ing the assembly of the COPII coat and to be excluded from the
final coat because it is present substoichiometrically and is not
required for assembly of the coat in vitro (Matsuoka et al., 1998;
Connerly et al., 2005).

The structure of Sec16 in complex with Sec13 now allows
us to make this model more specific. Sec13-Sec16 is shown to
form an alternative edge element for the COPII system. It dimer-
izes, allowing it to concentrate twice the number of COPII com-
ponents in its vicinity. Furthermore, it mimics the Sec13—Sec31
edge element, which should allow it to position precisely COPII
components with respect to the Sec13—Sec31 outer coat. For
this reason, it could be termed a template for the COPII coat.
Because the similarity between Secl6 and Sec31 was not

previously known, this is a new interpretation of Sec16’s role in
the COPII system, but one that is consistent with prior experi-
ments. It suggests a few further directions for studying Secl6.
Because Secl6 lacks a vertex element like the B-propeller do-
main of Sec31, it still is not clear whether or not Sec16 can form
cage-like structures. It may form a precursor coat for the COPII
system over which the Sec13—Sec31 cage is laid. Or, it may
coassemble with Sec13—Sec31 at an early stage of COPII as-
sembly, before being replaced. We hypothesize that Sec13 bound
to Sec16 may form weak homotypic interactions with other cop-
ies of Sec13 or with the 3-propeller of Sec31, organizing Sec13—
Sec16 tetramers with respect to one another and with respect to
Sec13-Sec31.

It has been noted that COPII coat assembly is delicately
balanced between forces that drive assembly in the presence of
Sarl-GTP and forces that promote disassembly once Sarl-GTP
converts to Sarl-GDP (Supek et al., 2002). Because Sec31 pro-
motes hydrolysis of GTP by Sarl, in vitro assembly of Sec13—
Sec31 (counterintuitively) rapidly triggers its own disassembly
(Antonny et al., 2001). Thus, it remains to be explained how
Sec13—-Sec31 is able to assemble a full coat without prematurely
falling apart. By establishing an organized template, Sec16 may
help tip the balance toward assembly in the early moments after
Sec13—-Sec31 recruitment.

Madel for the function of Sec16 in the
COPII coat
We propose the following model for COPII assembly (Fig. 7),
based largely on experimental evidence and models proposed
previously (Bonifacino and Glick, 2004; Fromme and Schekman,
2005; Mancias and Goldberg, 2005; Giirkan et al., 2006). The
Sec13—Secl6 tetramer binds to the ER membrane through
charged segments of the N-terminal unstructured region and
by interaction with Sed4 (or Sec12) through its C-terminal
helical domain. Sarl is recruited when it is converted from
the GDP- to GTP-bound state. Insertion of the N-terminal
amphipathic a-helix of Sarl into the membrane induces cur-
vature of the ER membrane, assisted by Sec16-mediated clus-
tering. The Sec23-Sec24 dimer binds both Secl6 and Sarl,
joining them together. Because the Sec23—-Sec24 dimer forms
two independent interactions with Secl6, the Sec23-Sec24
dimer may help cross-link adjacent Sec13-Secl6 tetramers
into higher-order oligomers. Cargo is concurrently recruited
via interactions with Sec24. Once this precoat is formed,
Sec13-Sec31 begins to assemble. Interactions of Sec31 with
Sec23-Sec24 and Sarl facilitate this assembly, as do direct
interactions between Sec31 and Secl6 and, perhaps, homotypic
interactions between Secl3 molecules on different edges.
Sec13—-Sec16 is similar in size and shape to Sec13—Sec31 and
places all Sec31’s partners close at hand. Secl6 acts against
Sec31-promoted hydrolysis of GTP by Sarl, either directly
or by holding Sed4 (or Sec12) nearby to recycle Sar1-GDP to
Sar1-GTP. Sec13-Sec16 is gradually displaced. It is included
substoichiometrically, or not at all, in the final COPII coat, which
then severs from the ER.

The crystal structure of the Secl13-Secl6 tetramer, the
structure of a laminated Sec13—Sec31 mutant, and supporting
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Figure 7. Model for assembly of the COPII coat complex. The common model for assembly of the COPII coat complex is modified to include the role of
Sec16. For simplicity, cargo molecules are omitted. (1) The Sec13-Sec16 tetramer is stably associated with the ER membrane and binds the integral mem-
brane protein Sed4 or its homologue Sec12. Sar1 becomes associated with the membrane, when it is converted from the GDP- to GTP-bound state. Con-
centration of membrane-associated proteins begins to bend membrane. (2) Sec13-Sec16 and Sar1 collaborate to recruit the cargo adaptor Sec23-Sec24
dimer. (3) A precoat self-associates into higher-order oligomers. (4) Sec13-Sec16 and Sec23-Sec24-Sar1 form independent interactions with Sec13-
Sec31, causing it fo assemble near and/or in place of Sec16. (5) The forming coat contains progressively more Sec13-Sec31 and less Sec13-Sec16.
Hand-off of Sec23-Sec24-Sar1 from Sec16 to Sec31 sets the stage for GTP hydrolysis by Sar1. (6) A final COPII coat is formed, and vesicle budding is

complete. Sec13-Sec16 remains mostly associated with the ER.

functional data support a new interpretation of Sec16’s role in as-
sembly of the COPII coat. This hitherto mysterious protein con-
tains an ACEI, structurally related to both nucleoporins and the
COPII coat protein Sec31. The central domain of Secl6 allows
the Sec13-Sec16 tetramer to act as an alternative edge element for
COPIL The structure of the Sec13-Sec16 edge element may allow
it to precisely template assembly of the COPII vesicle coat.
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Materials and methods

Sequence analysis

PSI-BLAST was performed using the National Center for Biotechnology
Information server (http://blast.ncbi.nlm.nih.gov). Secondary structure
prediction was performed with the PredictProtein server (http://www
.predictprotein.org/). Alignments were generated using the MAFFT algo-
rithm in JalView (Waterhouse et al., 2009) and a figure prepared in ALINE
(Bond and Schiittelkopf, 2009).



Protein expression constructs

Sec16 (residues 984-1421) and Sec13 were cloned into a bicistronic
pET-Duet vector (EMD), engineered to encode a human rhinovirus 3C
(HR3C)~cleavable His, tag at the N terminus of Sec16. The construct was
modified by PCR methods to create Sec16AL (deletion of residues 1115-
1128) or Secl16EE (mutations A1159E and L1162E). Sec31 (residues
370-746) and Sec13 were cloned likewise, with Sec31 tagged at the
N ferminus, and modified to create Sec3TAL (deletion of residues 474—
507) or Sec31EE (mutations M540E and L544E).

Protein preparation and crystallization

The proteins were expressed in E. coli strain BL21 (DE3)-RIL (Agilent Tech-
nologies) in Luria-Bertani medium, induced with 200 pM isopropyl-8-0-1-
thiogalactopyranoside at 18°C. Harvested cells were homogenized at
4°C in 50 mM potassium phosphate, pH 8.5, 400 mM NaCl, 40 mM
imidizole, and 5 mM B-mercaptoethanol. The Sec13-Sec16 complex,
Sec13-Sec31 complex, or each mutant complex was purified by Ni-affinity
chromatography and then dialyzed against 10 mM TrisHCl, pH 8.5,
250 mM NaCl, 0.5 mM EDTA, and 1 mM DTT. After removing the His, tag,
each complex was further purified on a Superdex 200 26/60 column (GE
Healthcare), equilibrated in 5 mM Hepes, pH 7.5, 100 mM NaCl, 0.1 mM
EDTA, and 1TmM DTT. Selenomethionine-substituted protein was expressed
as described previously (Brohawn et al., 2008).

Sec13-Sec16 was concentrated to 70 mg ml~". An initial crystalli-
zation condition was found by vapor diffusion using commercial screens.
Crystals grew as bundles of rods each 50 pm x 100 pm x 200-400 pm,
within days, at 16°C in 2-pl hanging drops, over 0.1 mM bis-Tris pro-
pane, pH 6.5, 0.2 M NaBr, and 12% polyethylene glycol (PEG) 3,350.
Selenomethionine-substituted protein crystallized subsequent to streak
seeding with microcrystals of the native protein. Crystals were cryopro-
tected by serial transfer through reservoir solution supplemented by in-
creasing amounts of PEG 200, 16% final concentration, and then flash
frozen in liquid nitrogen.

Sec13-Sec31AL was concentrated to 70 mg ml™', and an ini-
tial crystallization condition was found likewise. Crystals grew as rods,
100 pm x 100 pm x 200-400 pm, within days, at 16°C in 2-pl hanging
drops, over 0.1 mM bis-Tris propane, pH 6.9, 0.2 M Na citrate, and 16%
PEG 3,350. Crystals were cryoprotected by serial transfer through reser-
voir solution supplemented by increasing amounts of PEG 200, 18% final
concentration, and then flash frozen in liquid nitrogen.

Data collection and structure solution .

For Sec13-Sec16, diffraction data to 2.7-A resolution were collected at
100 K at beamline 24-IDC at the Advanced Photon Source (Argonne, IL) and
processed with the HKL2000 package (Otwinowski and Minor, 1997). Merg-
ing factors R, . and Ry ;. were calculated with RMERGE (Weiss, 2001). The
majority of crystals were orthorhombic, belonging to space group P2,2,2;.
The selenomethionine crystal that diffracted best belonged to the monoclinic
subgroup P2;. Phases were determined by Se-SAD. In the P2, crystals, the
asymmetric unit contains two Sec13-Sec16,-Sec13 heterotetramers. 50 of
(4 x 13 =) 52 possible Se sites were identified by PHENIX AutoSol (Adams
et al., 2002). Density-modified maps were used to build and assign the
structure of the four Sec16 monomers. Phased molecular replacement, as
implemented in MolRep (Vagin and Isupov, 2001), was used to position
two of four Sec13 monomers (Protein Data Bank ID 2PM6). The other two
Sec13 monomers are poorly ordered in the crystal. The symmetry relating
the Sec16 monomers was used to infer the location of these Sec13 mono-
mers, for which the observed electron density is weak, as explained in the
Results. For refinement, the native dataset in space group P212,2; was used.
The two crystal forms are nearly the same: the noncrystallographic symmetry
operator relating two heferotetramers in space group P2 becomes a crystallo-
graphic symmetry operator in P2,2,2;, and consequently, the asymmetric
unit of the native crystal contains only one heferotetramer. In Sec16, the
C terminus (residues 1391-1421) and one loop (residues 1185-1192) are
not structured and were not modeled. The structure was refined against the
native data with PHENIX (Adams et al., 2002), using noncrystallographic
symmetry restraints and TLS refinement (Ryoi/Riee = 19.4%/25.0%).

For Sec13-Sec3 1AL, diffraction data to 2.8-A resolution were col-
lected and processed with XDS and XSCALE (Kabsch, 2010). The structure
was solved by molecular replacement using Phaser (McCoy et al., 2007)
and refined in Refmac (Bailey, 1994; Murshudov et al., 1997), using key-
word TWIN to account for partial merohedral twinning of the data (twin
fraction = 0.23; Ryok/Reee = 26.7%/30.0%). Data collection and refinement
statistics are summarized in Table I. Figures were created in PyMOL (http://
www.pymol.org/). Coordinates and native structure factors were submitted
to the Protein Data Bank with accession codes 3MZK and 3MZL.

Analytical ultracentrifugation and size exclusion chromatography
Sedimentation velocity ultracentrifugation was performed on a Beckman
Coulter XL, at 42 krpm, 20°C, using interference optics in 50 mM potas-
sium phosphate, pH 7.0, 150 mM NaCl, 0.1 mM EDTA, and 1 mM DTT,
using Sec13-Sec16 at 0.25 mg ml™". Data were collected every 1.5 min
and fit to a single species model by SEDFIT. No significant residuals were
observed, confirming a single, pure species. Size exclusion chromatogra-
phy was performed on a 10/300 Superdex 200 column in 10 mM Hepes,
pH 7.0, 150 MM NaCl, 0.1 mM EDTA, and 1 mM DTT, using 100 pl of sample
at0.25 Azgo.

Complementation assay

SEC16 or SEC31, with flanking sequence —1500 bp and +500 bp, were
cloned into pRS315 and pRS316 (Sikorski and Hieter, 1989). Diploid
strains, SEC16/sec16A and SEC31/sec31A, from the EUROSCARF dele-
tion collection were transformed using the lithium acetate/PEG method
with pRS3T6[SEC18] or pRS316[SEC31]. Cells grown on media lacking
uracil were sporulated for T wk in 0.02% raffinose and dissected for tet-
rads. Haploid null strains were selected by G418 resistance. Mutations
were intfroduced to pRS315[SEC16] or pRS315[SEC31] by PCR methods,
transformed into the respective null strains, and selected on media lack-
ing leucine. Complementation was tested on media supplemented with
5-fluoroorotic acid, to select against pRS316[SEC 18] or pRS316[SEC3T].
To test expression of SEC31 variants, pRS316[SEC3 1] was modified to en-
code the HA epitope in the C-terminal extension (at aa 817). Protein from
cells grown to log phase was extracted according to the method of Kushnirov
(2000), blotted onto polyvinylidene fluoride membrane and probed with
anti-HA antibody 3F10 (Roche) and an HRP-conjugated secondary anti-
body. An antibody to 3-phosphoglycerate kinase (Invitrogen) was used to
control for equal sample loading.

Online supplemental material

Fig. S1 shows sequence alignment of the CCD of Sec16 homologues. Fig. S2
shows hydrodynamic characterization of Sec13-Sec16. Fig. S3 shows struc-
tural consequences of temperature-sensitive alleles of Sec16. Fig. S4 shows
a simulated annealing omit map of the Sec16 swap loop. Fig. S5 shows
electron density at the Sec3 1AL swap hinge. Online supplemental material is

available at http://www.jcb.org/cgi/content/full /jcb.201003092/DC1.
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