1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Struct Biol. Author manuscript; available in PMC 2019 November 01.

-, HHS Public Access
«

Published in final edited form as:
J Struct Biol. 2018 November ; 204(2): 250-260. doi:10.1016/j.jsb.2018.08.016.

Flexibility of the Sec13/31 Cage is Influenced by the Sec31 C-
terminal Disordered Domain.

Mohammadreza Paraan?, Nilakshee Bhattacharyal, Vladimir N. Uversky?3, and Scott M.
Staggl,4,i

Iinstitute of Molecular Biophysics, 91 Chieftan Way, Florida State University, Tallahassee, FL
32306.

2Department of Molecular Medicine and USF Health Byrd Alzheimer’s Research Institute,
Morsani College of Medicine, University of South Florida, Tampa, Florida 33612, USA.

SInstitute for Biological Instrumentation of the Russian Academy of Sciences, Pushchino, Moscow
region, 142290 Russia

4Department of Chemistry and Biochemistry, 95 Chieftain Way, Florida State University,
Tallahassee, FL 32306.

Abstract

In COPII mediated vesicle formation, Sec13/Sec31 heterotetramers play a role in organizing the
membranes into a spherical vesicle. There they oligomerize into a cage that interacts with the other
COPII proteins to direct vesicle formation and concentrate cargo into a bud. In this role they must
be flexible to accommaodate different sizes and shapes of cargo, but also have elements that
provide rigidity to help deform the membrane. Here we characterize the influence the C-terminal
disordered region of Sec31 has on cage flexibility and rigidity. After deleting this region (residues
820-1220), we characterized Sec13/Sec31AC heterotetramers biophysically and structurally
through cryo-EM. Our results show that Sec13/31AC self-assembles into canonical cuboctahedral
cages /n vitro at buffer conditions similar to wild type. The distribution of cage sizes indicated that
unlike the wild type, Sec13/31AC cages have a more homogeneous geometry. However, the
structure of cuboctahedrons exhibited more conformational heterogeneity than wild type. Through
localized reconstruction of cage vertices and molecular dynamics flexible fitting we found a new
hinge for the flexing of Sec31 B-propeller domain and more flexibility of the previously known
hinge. Together, these results show that the C-terminal region of Sec31 regulates the flexing of
other domains such that flexibility and rigidity are not compromised during transport of large
and/or asymmetric cargo.
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Introduction

Transport of cargo in the early secretory pathway from the endoplasmic reticulum (ER) to
the cis-Golgi apparatus is mediated by coat complex Il (COPII) proteins. It has been
estimated that up to one-third of proteins translated from the eukaryotic genome are
transported through this pathway (Ghaemmaghami et al., 2003). The COPII coat assembles
on the ER membrane at socalled ER exit sites (ERES) and forms vesicles or tubules that
ultimately bud off to be delivered and fused with the Golgi cisternae (Barlowe, 1994;
Rothman and Wieland, 1996; Schekman and Orci, 1996). The minimal components required
for vesicle formation /n vitro are five cytosolic proteins that are sequentially recruited to the
ER membrane forming an inner coat made of Sarl, a middle coat made of Sec23/24, and an
outer coat made of Sec13/31 (Matsuoka et al., 1998; 2001). The GTPase Sarl in its GTP-
bound state, inserts an amphipathic helix into the ER bilayer to increase its flexibility (Bi et
al., 2007; Huang et al., 2001; Nakano and Muramatsu, 1989). Sec23, the GTPase activating
protein (GAP) of Sarl (Yoshihisa et al., 1993), forms a bow-tie shaped complex with Sec24
which is an adaptor for cargo recruitment (Bi et al., 2002). The outer coat consists of
Sec13/31 heterotetramers or so-called edges that form a lattice to provide structural support
for vesicle/tubule formation (Fath et al., 2007; Noble et al., 2012; Stagg et al., 2006).
Together, the proteins impose curvature on ER membrane leading to its complete budding
while maintaining the structural integrity of the coat complex. Sec13/31 edges alone can
self-assemble into cuboctahedron or icosidodecahedron structures /n vitro depending on pH,
salt concentration, and protein concentration (Stagg et al., 2008).

Sec31 is a relatively large ~139 kDa protein made up of several domains with an N-terminal
7-bladed B-propeller domain that is connected via a coil region to a smaller region made up
of three B-strands (B-blade) that form the interface for binding Sec13 (Fig. 1a). This in-turn
connects via another coil region or the so-called hinge (Copic et al., 2012a; Noble et al.,
2012) to an ancestral coatamer element 1 (ACE1) domain made up of a series of a-solenoids
followed by a C-terminal proline-rich disordered region which ends in a small a-helical
domain (Brohawn et al., 2008). Sec13 is comprised of a 6-bladed p-propeller domain and
binds with Sec31 by incorporating Sec31’s three free B-strands into its open region to form a
7-bladed B-propeller that sits between Sec31’s B-propeller and ACE1 domains (Fath et al.,
2007). Sec13/Sec31 dimer then homodimerizes by a domain swap of two Sec31 ACE1
domains to form a complete Sec13/31 heterotetramer. The Sec13/31 heterotetramer is the
assembly unit for the COPII cage where it oligomerizes to form a geometric lattice. The
Sec13/31 heterotetramers form the edges of the lattice, and their assembly is mediated by
interactions between the B-propeller domains at either end of the edges (Fath et al., 2007;
Noble et al., 2012).
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In vitro, Sec13/31 can self-assemble into cages with different geometries (Stagg et al.,
2008). In the absence of any other proteins, the most common geometry is a cuboctahedron,
where 24 Sec13/31 heterotetramers form the edges of the cuboctahedron. In this structure,
there are 12 X-shaped vertices with 2-fold symmetry that are formed by the intersection of
four different edges. The structure of the Sec13/31 cuboctahedron has been determined by
cryo-EM (Noble et al., 2012; Stagg et al., 2008; 2006; Zanetti et al., 2013; Zeuschner et al.,
2006), and atomic models of the complete cages can be determined by flexibly fitting the
crystal structures of domains of Sec13 and Sec31 into the EM density map (Fath et al., 2007;
Noble et al., 2012). This revealed that the assembly of cages is mediated by the interactions
of Sec31 B-propeller domains at the center of the cage vertices. The only regions of
Sec13/31 that have been resolved structurally are the p-propeller and asolenoid domains
that comprise Sec13 and 2/3 of the sequence of Sec31. However, the Cterminal 1/3 of Sec31
has remained structurally elusive. In the crystal structure of yeast Sec13/31 (PDB ID:
2PMB6), the C-terminal region (residues 764-1273) was removed from the expression
construct. The cryo-EM structures were determined from full-length human Sec13/31
proteins, but the C-terminal regions were completely unresolved, suggesting that that region
is disordered (Gurkan et al., 2006). In order to establish a common terminology in this
manuscript, it should be noted that there are two crystal structures of Sec13/31: 1) 2PM9 is
the crystal structure of Sec13 and the B-propeller domain of Sec31, and 2) 2PM6 is the
crystal structure of Sec13 and the ACE1 domain of Sec31 which we refer to as “AC crystal
structure” because it lacks the C-terminal region. By aligning these two crystal structures
with respect to Sec13, one can get an edge/heterotetramer model which we refer to as “AC
edge model”. Building on this terminology, we refer to the AC edge model flexibly fitted to
the cryo-EM map of full-length Sec13/31 as “AC edge model derived from wt (wild-type)
EM map, or wt map for brevity”.

Despite being unresolved structurally, the C-terminal region is important functionally. It is
the region that contains the Sec23/24 binding site (Bi et al., 2007), which is crucial to couple
cage formation with the binding of cargo proteins and membrane, and it also contains a
peptide that has been shown to promote Sarl’s GTPase activity (residues 899-947) (Bi et
al., 2007). Additionally, there is some evidence indicating that it could have a structural role.
Hydrogen/deuterium exchange experiments on edges vs. cages (Noble et al., 2012) showed
that a small region in between residues 1,000 and 1,100 shows a significantly lower H/D
exchange rate after edges are assembled into cages (>40% difference). These data indicate
that this region might make contact with other domains after cage assembly. Another piece
of evidence that points to a possible role for the C terminal residues is the observation that
the central angle of the a-solenoid region of the Sec13/31 heterotetramer changes from 165°
in the AC crystal structure to 135° in the wt map and subsequently the AC edge model
derived from that wt map. This difference in the central angle might be attributed to the
presence of the C terminus in the full-length Sec13/31 used for cryo-EM images and its
absence in the AC crystal structure.

We hypothesized that by removing the C terminal disordered residues we can investigate
whether or not this region is involved in cage assembly and flexibility. Here, we show that
Sec13/31AC heterotetramers are able to form cages /n vitro at the same pH and salt
concentration at which the wt Sec13/31 edges self-assemble to cages but that there is a
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concomitant increase in the heterogeneity of the conformation of heterotetramers that
comprise the Sec13/31 cages. Altogether, our data suggest that the C-terminal disordered
region plays a role in regulating flexibility of the COPII cage.

Methods

Computational analyses of intrinsic disorder predisposition of human Sec31 proteins

Intrinsic disorder propensity of human Sec31A protein (UniProt ID: 094979) was analyzed
using several established per-residue disorder predictors, each having a unique strength,
including PONDR® VLXT (Romero et al., 2001), PONDR® VSL2B (Obradovic et al.,
2005), PONDR® VL3 (Obradovic et al., 2003), IUPred (Dosztanyi et al., 2009), and
PONDR® FIT (Xue et al., 2010). PONDR® VLXT has high sensitivity to local sequence
peculiarities and can be used for identifying disorder-based interaction sites (Dunker et al.,
2001). PONDR® VSL2B is an accurate, stand-alone disorder predictor (K. Peng et al., 2005;
Z. Peng and Kurgan, 2012; Uversky et al., 2000) whereas PONDR® VL3 is characterized by
high accuracy for predicting long intrinsically disordered regions (Obradovic et al., 2003).
IUPred was designed to recognize intrinsically disordered protein regions from the amino
acid sequence alone based on the estimated pairwise energy content (Dosztanyi et al., 2005a;
2005b). As a metapredictor, PONDR-FIT is moderately more accurate than each of the
component predictors.

For each test, scores above 0.5 correspond to the disordered residues/regions. We also
calculated the mean disorder propensity by averaging disorder profiles of individual
predictors because empirical observations report that use of consensus for evaluating
intrinsic disorder can increase the predictive performance over the use of a single predictor
(Walsh et al., 2015).

Since disordered regions of many proteins are known to contain specific disorder-based
protein-protein interaction sites, we utilized the ANCHOR computational tool (Dosztanyi et
al., 2005b; Mészéaros et al., 2009) to look for predictable sites that undergo disorder-to-order
transitions when interacting with specific partners. This approach relies on the pairwise
energy estimation approach developed for the general disorder prediction method 1UPred
(Dosztanyi et al., 2005b; 2005a), being based on the hypothesis that long regions of disorder
contain localized potential binding sites that cannot form enough favorable intrachain
interactions to fold on their own, but are likely to gain stabilizing energy by interacting with
a globular protein partner (Dosztanyi et al., 2009; Mészéaros et al., 2009).

Sample preparation for cryo-EM

Sec13/31AC heterotetramers were prepared similarly to Stagg et a/. (Stagg et al., 2006).
Briefly, wt Sec13/31 protein are co-expressed using baculovirus infected insect cells, using
the pFastBAC dual expression system (ThermoFisher). For the Sec13/31AC construct, the
Sec31 gene was truncated to the first 820 amino acids of the full 1205 residue sequence.
Proteins were expressed in baculovirus infected Sf9 cells. Sec13 has an N-terminal 6x His
tag, and Sec13 pulls down Sec31 during purification. Sf9 extracts were purified by
immobilized metal affinity chromatography followed by anion exchange and size exclusion.

J Struct Biol. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Paraan et al.

Page 5

The purified proteins were assembled into cages by dialysis into cage buffer consisting of 20
mM Tris—Cl, pH 7.5, 700 mM KOAc, 1 mM MgOAc, 10 mM DTT. Following assembly,
cages were prepared for cryo-EM by placing 3 pL onto a Quantifoil R2/2 400 mesh holey
carbon grid that had been plasma cleaned for 12 s using a Gatan SOLARIS model 950
advanced plasma cleaner and blotting using a Vitrobot Mark 1V (FEI).

Cryo-EM image collection and processing

Approximately 4000 images were collected on a Titan Krios at 300 kV voltage, spherical
aberration of 2.7 mm, nominal defocus range of 2-4 pm, and with a DE20 camera with a
pixel size of 2.03 A/pixel and a box size of 448 pixels for the picked particles. 13000
particles were selected. These particles were sorted into 5 classes using RELION (Scheres,
2012), using an initial model from a previously refined wt Sec13/31 cage structure low-pass
filtered to 60 A. Particles from four of these classes were used for further refinement, with
the same initial model settings. The Euler angles from this refinement and octahedral
symmetry operations were used for subparticle extraction by localized reconstruction script
with unit vector’s coordinates of 0.707, 0.707, 0 for xyz, respectively, and a vector length of
250 A (Fig. S1). The extracted image size was set to 200 pixels. A new stack of 150k
subparticle images was created and used for further processing. An initial reconstruction of
all of the subparticle images created after their extraction and based on computed Euler
angles was used as a checkpoint for the quality and success of the procedure. These images
of vertices were then sorted into 5 classes using RELION and treated just as single particles.
The initial model used for this classification was a vertex extracted from the density map of
the refined cage structure from the same dataset; the same vertex density map was used to
make a custom mask. For this classification, the oversampling parameter of relion_refine
was set to zero, and the healpix_order parameter was set to 3, as opposed to classification of
cages wWhere these parameters were set to 1 and 2, respectively. Two of these classes from
iteration 11 (out of 13) which are reported here were chosen for further analysis.
Classification with a higher number of classes did not result in an improvement in the
resolution of the vertices. Another procedure for classifying vertices was also carried out in
which the extracted vertex images were classified without alignment and then each class was
individually refined. The refined vertices were similar to those of the above procedure. Other
software packages for refining cages were also tested which due to heterogeneity in the
dataset were not able to improve the resolution.

Molecular dynamics flexible fitting

The AC edge model derived from wt map was initially rigidly fitted into the four edges of
each of the two classes of vertices, making sure that they follow the plus and minus-end
pattern. These models of vertices and their density maps were then used for molecular
dynamics flexible fitting. The fitting was carried out with the constraints that preserve
hydrogen bonds, dihedral angles, chirality, and cis/trans configuration of peptide bonds in
order to preserve all secondary structures. The simulation time was set to 2.5 ns and the
gscaleto 0.3 for both cases.
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Analytical ultracentrifugation

Sedimentation velocity analytical ultracentrifugation experiments were performed in a
Beckman XL-I centrifuge (Beckman Coulter, Inc.) using absorbance optics and measuring
intensity scans at 280 nm. The experiments were performed at 20°C in two-channel Epon
centerpieces with an ANG60 Ti rotor at 12.5k rpm and using 6 UM of Sec13/31AC and 12 uM
of wt Sec13/31, equilibrated in cage buffer (20 mM Tris—ClI, pH 7.5, 700 mM KOAc, 1 mM
MgOAc, 10 mM DTT). Data were analyzed using the UltraScan Il version 9.9 software suite
(Demeler, 2007; Schuck and Demeler, 1999). All computations were performed on the
TIGRE cluster at the University of Texas Health Science Center at San Antonio and the
Texas Advanced Computing Center at the University of Texas in Austin. All data were first
analyzed by two-dimensional spectrum analysis (Brookes et al., 2009) with simultaneous
removal of time-invariant noise, and then by genetic algorithm refinement (Brookes and
Demeler, 2007), followed by Monte Carlo analysis (Demeler and Brookes, 2007). The
partial specific volumes at 20°C of Sec13/31 (0.7309 cm37) proteins were estimated from
peptide sequence as described by Durchschlag (Durchschlag, 1987).

Dynamic light scattering

DLS data were acquired at 20°C using Wyatt DynaPro DLS system with Dynamics® V7
and analysis was carried out using Dynamics® V7.0.0.95. The intensity autocorrelation
function provides a direct indicator of the size distribution of the sample. The poly-dispersity
index provides a direct measure of the heterogeneity of the molecular species in sample. A
total of 10 measurements were performed for each sample, Sec13/31AC at pH 7.5 contains
larger species than at any other pH value, which was indicated by the longer rate of decay in
the autocorrelation function. The histogram from the regularization fit of the autocorrelation
function graph in figure 2a shows the size distribution of Sec13/31AC at different salt
concentrations (10 mM, 50 mM, 250 mM, 450 mM, 700 mM) with a constant pH of 7.5,
while the histogram from the regularization fit of the autocorrelation function graph in
supplementary figure 2c shows the size distribution of Sec13/31AC at different pH (pH 5.5,
pH 6.5, pH 7.5, pH 8.5) with a constant salt concentration of 700 mM KOAc.

Differential scanning fluoremetry

Samples were 5 UM with a total volume of 48 pl. 2ul SYPRO Orange was added to each.
Samples were prepared in triplicate and loaded on PCR plates. For cages, buffer used was
700mM KOAc and for edges the buffer used was 50 mM KOAc. Data were collected on
BIO-RAD C1000 Thermal cycle. Cycle was set to hold for 30 seconds at 20°C and then
scanning started from 20°C to 95°C with an increment of 1°C. Scan mode was set to FRET.
Data was also collected for buffer and SYPRO orange (control) in triplicate from which the
average was calculated and subtracted from the protein sample signal.

Map deposition in EMDB

The two subvolume reconstructions class 1 and class 2 were deposited in the EMDB under
accession number EMD7527 with class 1 as the primary and class 2 as the accompanying
maps.
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We first analyzed the Sec31 sequence to assess the likelihood that the C terminal residues
were intrinsically disordered. This computational analysis was performed on the human
Sec31A sequence (UniProt ID: 094979). The disorder propensity scoring per residue using
was assessed using a set of commonly used disorder predictors, such as PONDR® VLXT
(Romero et al., 2001), PONDR® VSL2B (Obradovic et al., 2005), PONDR® VL3
(Obradovic et al., 2003), IUPred (Dosztanyi et al., 2009), and PONDR® FIT (Xue et al.,
2010) (Fig 1b). The mean disorder propensity was also calculated by averaging disorder
profiles of individual predictors, because empirical observations report that use of consensus
for evaluating intrinsic disorder can increase the predictive performance over the use of a
single predictor (Z. Peng and Kurgan, 2012; Walsh et al., 2015). In this analysis, disorder
propensity score lies between 0 and 1, with scores above 0.5 indicating a high disorder
propensity. This analysis consistently indicated a high disorder propensity for the C-terminal
region of human Sec31A (Fig. 1b).

It is known that many intrinsically disordered proteins and regions are involved in
promiscuous protein-protein interactions (Dunker et al., 2001; 2002a; 2002b; Dunker and
Uversky, 2008; Oldfield et al., 2005; Radivojac et al., 2007; Tompa, 2002; Uversky, 2013;
2012; 2011; Uversky and Dunker, 2010; Uversky et al., 2005) and can undergo at least
partial folding (disorder-to-order transition) upon binding to their specific biological partners
(Dunker et al., 2001; Dyson and Wright, 2005; 2002; Mohan et al., 2006; Oldfield et al.,
2005; Uversky, 2013; Uversky et al., 2000; Vacic et al., 2007; Wright and Dyson, 1999).
These potential disorder-based binding sites are characterized by specific sequence patterns,
and therefore they can be identified by several specialized computational tools, such the
ANCHOR algorithm (Dosztanyi et al., 2009; Mészaros et al., 2009). Of note, this analysis
identified several disorder-based binding regions in human Sec31A that are preferentially
concentrated within the C-terminal domain (residues 173 — 178, 396 — 405, 763 — 769, 781 —
790, 802 — 810, 815 — 833, 841 — 865, 879 — 896, 906 — 933, 948 — 1102, 1115 - 1132, and
1150 - 1155). Fig. 1b shows that of 12 such disorder-based binding regions found in
Sec31A, 10 are located within the highly disordered C-terminal tail. Curiously, this analysis
shows that almost entire C-terminal region (residues 750-1220) can serve as a disorder-
based binding platform, since 295 of 470 residues in this region can be engaged in disorder-
based protein-protein interactions. Importantly, one of these predicted binding regions
(residues 948-1102) includes the aforementioned 1,000-1,100 region that shows a
noticeable decrease in the H/D exchange rate due to the assembly of edges into cages (Noble
et al., 2012). Also, a region shown to promote Sarl’s GTPase activity (residues 899-947)
(Bi et al., 2007) includes another predicted disorder-based binding region (residues 906—
933). Finally, predicted binding site located between residues 841 and 865 includes ALG-2-
binding site motif-2 (residues 842—-848) (Takahashi et al., 2015). Therefore, this
computational analysis provides strong evidence that the C-terminal tail of human Sec31A
protein, despite being highly disordered, is functionally important, housing a number of
disorder-based binding regions.
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Characterization of Sec13/31AC cage formation activity

Given the observation that the C-terminal region is largely unstructured, we deleted it in
order to characterize the effect the truncation would have on the structure of Sec13/31 cages.
The C-terminal residues 820-1220 were deleted from our human Sec31 construct, and this
truncated Sec31 variant was expressed together with Sec13 and purified as Sec13/31AC
heterotetramers. Then, their biophysical properties were investigated and compared against
the wt Sec13/31. First, the buffer conditions that are conducive to self-assembly of cages
were examined and compared to literature values. It has been shown that wt Sec13/31
heterotetramers with a length of 20nm self-assemble to cages with a diameter of 60nm at a
pH of 7.5 and a salt (KOAc) concentration of 700mM (Noble et al., 2012; Stagg et al.,
2006). We used dynamic light scattering to look for such a transition in size while titrating
salt or pH. In the salt titration assay, five different KOAc concentrations were probed:
10mM, 50mM, 250mM, 450mM, and 700mM. As the concentration of KOAc reached
700mM, the peak of the hydrodynamic radii distribution shifted to larger values indicating
that the diameters of the particles in the buffer increased to sizes consistent with
cuboctahedral COPII cages (Fig. 2a and Fig. S2a). The presence of cages was further
confirmed by negative-staining imaging of the five different buffer conditions. While the
lower concentration conditions were dominated by edges and vertices, the 700mM condition
was dominated by cages (Fig. 2b).

Next, pH was changed at four different conditions: pH 5.5, 6.5, 7.5, and 8.5, and cage
formation assessed by DLS (Fig. S2c). This showed that the optimal pH for cage formation
for Sec13/31AC is 7.5, similarly to the wt. The salt titration and pH titration assays
combined with DLS and negative-staining imaging demonstrated that Sec13/31AC can form
cages /n vitro at the same buffer conditions that support wt Sec13/31 cage assembly.

Next, the thermodynamic stability of Sec13/31AC assemblies was compared to wt Sec13/31
using differential scanning fluorimetry. Cages were formed for both Sec13/31AC and wt
Sec13/31 by dialyzing the proteins into 700 mM KOAc. The thermal stability of both
unassembled edges and assembled cages was assessed by collecting fluorescence intensity
profiles for SYPRO Orange and the different proteins as a function of temperature. SYPRO
Orange serves as an indicator for protein unfolding as its fluorescence intensity increases in
the presence of hydrophobic residues (Boivin et al., 2013; Chari et al., 2015). The intensity
derivative (with respect to temperature) vs. temperature curve of the melting of wt Sec13/31
edges indicates a single-transition melting behavior with a T, of about 50 °C (Fig. 2c).
Similarly, the melting curve of wt Sec13/31 cages indicates a T ,; of 50 °C (Fig. 2¢).
However, there was also an additional transition point at a temperature of 65 °C in the
melting curve of wt cages. The single-transition and double-transition behavior also holds
for the edges and cages made of Sec13/31AC, respectively, where the first T, shifted to

40 °C (20% decrease) and the second T, has shifted to 62 °C (4.6% decrease). The
emergence of the second transition point at ~65°C in the melting curve of the cages
suggested that this transition represents the B-propeller contacts which mediate cage vertex
assembly. The fact that the second transition point for Sec13/31AC cages occurred at a
slightly lower temperature compared to wt suggests that the Sec13/31AC vertices are
destabilized in some way. An even bigger difference between the wt and AC was observed in
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the temperature of the first transition point where the Sec13/31AC was at a 20% lower
temperature than wt. This suggests that deleting the C-terminal region of Sec31 also
destabilized regions of the protein not directly involved in cage formation, namely, Sec13 or
Sec31’s ACE1 domain.

Given that wt and Sec13/31AC both readily form cages but have substantially different
thermodynamic characteristics, we carried out analytical ultracentrifugation (AUC) in order
to characterize the distribution of sizes of higher order assemblies that the proteins can form
(Fig. 2d and Fig. S2b). We analyzed the sedimentation velocity of Sec13/31 wt and
Sec13/31AC cages and determined the distribution of sedimentation coefficients of the
different assemblies in those solutions. The wt sample had a broad size distribution centered
between 60S and 150S. Previous studies have shown that cuboctahedral Sec13/31 cages
have sedimentation coefficients of approximately 60S (O’Donnell et al., 2011). The broad
distribution observed here demonstrates the range of sizes of assemblies that wt Sec13/31
can form including, concatenated cages (O’Donnell et al., 2011) where adjacent cages form
an interlocking chain, cuboctahedrons (Stagg et al., 2006), and icosidodecahedrons (Stagg et
al., 2008). The presence of some of concatenated cages in this sample was confirmed by
negative staining (Fig. S2B). In contrast to the wt, the Sec13/31AC cages had a narrower
distribution of sizes centered around 50S. This size is consistent with the formation of
cuboctahedral cages, and the slightly smaller sedimentation coefficient for the cages is
consistent with the loss of mass due to the deletion of the C-terminal residues. The
observation that the distribution of sedimentation coefficients of the AC cages is reduced
relative to the wild type suggests that it forms a more restricted range of sizes of cages and
does not form concatenated cages.

Taken together, the biophysical analysis of Sec13/31AC results suggested that it can readily
self-assemble into cuboctahedral cages but that the cages were perturbed in a way that
doesn’t affect cage assembly. This suggested that the presence of the C terminal disordered
region is not required for cage assembly but can affect the conformation of the edges. To
characterize the contribution of the C-terminal region on the structure of cages, we carried
out cryo-EM single particle analysis on Sec13/31AC cages.

Structural characterization of Sec13/31AC cages.

Cryo-EM images were collected for single particle analysis of Sec13/31AC cages (Fig. S3).
~13k particles were selected for refinement after picking, CTF estimation, and particle
sorting. These particles were then sorted into five 3D classes using Relion (Scheres, 2012)
without imposing symmetry (Fig. 3a). This showed that the particles refined with the same
topology as a cuboctahedron, but all the structures were distorted, and none showed the
octahedral symmetry expected for a cuboctahedron. Furthermore, only two of the classes
showed well-defined density for all 12 cuboctahedral vertices (vertices of the yellow map in
Fig. 3a (Fig. 3a, maps in yellow and purple). A close look at the -e) revealed heterogeneity
among the edges and vertices that constitute the cage. One prominent difference was the
curvature of the a-solenoid region of the edges (Fig. 3e). Visualization of the edges of the
different cage structures revealed very broad contours consistent with the 40 A resolution of
the structures. Nonetheless, comparing different edges revealed that they have different
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curvatures, however, at that resolution it was not possible to fit a model into the densities to
measure the underlying differences. Furthermore, the broad contours and low resolution also
indicate even more heterogeneity between the particle images contributing to each class.

Neither the good classes, nor any combination of classes could be refined to higher
resolution. Further refinement of the cage classes using RELION with imposed octahedral
symmetry did not improve the resolution significantly, as can be seen in (Fig. 3f-h), because
of the trade-off between the number of particles and homogeneity.

Localized reconstruction delineates vertex heterogeneity

Since the cage vertices are large enough to be treated as single particles for image
processing (1,000 kDa), we employed the strategy of classifying and refining vertices
individually in order to overcome cage heterogeneity (Fig. S1). The localized reconstruction
method (llca et al., 2015) was used to extract and then classify/refine the individual vertices
from all particles in all cages show1 represented in Figure 4a and class 2 represented in
Figure 4b, with resolutions of 22 and 21 A n in Figure 3a. Two prominent classes were
identified, which we hereafter refer to as class (according to FSCg 143 without masking, Fig.
S4), respectively. A comparison between each class and the vertex from the refined cage
indicated that the two classes had better-defined density contours which in turn indicated
that heterogeneity was partially eliminated.

Conformational differences between the two classes and the native structure.

Comparing the densities of the two subparticle classes to the previously published wt vertex
density (Noble et al., 2012) revealed conformational deviations in conformations of both the
edges and the vertices. Specifically, Class 2 exhibited two noticeable deviations (Fig. 4c-e).
First, the curvature of the ACE1 domain of the plus-ends of class 2 were less acute (162°)
than that of the wt (135°, Fig. 4d). Another prominent difference was the position of Sec13
in the plus-ends. The center of mass of Sec13 in the plus-ends of wt vertex moved about 11
A to a new position in the flexed vertex (Fig. 4e), in a plane perpendicular to the 2-fold
symmetry axis. Although the minus-end edges of class 2 exhibited less dramatic differences
to wt vertex than its plus-end edges do, they also demonstrate shifts of Sec13 and Sec31.

A similar pattern was seen for the vertices contributing to class 1. The plus ends of class 1
have less acute curvature (148°) than that of the wt, while they are more curved than that of
class 2 (not shown). Also, the Sec13 of plus ends of class 1 are shifted with respect to that of
wt approximately 10 A towards the center of the vertex in a plane perpendicular to the 2-fold
symmetry axis. In order to better understand the conformational changes from wt to C-
terminally truncated vertices, molecular dynamics flexible fitting (MDFF) was carried out to
generate an atomic model of the flexed vertices (Trabuco et al., 2008).

Modeling the flexed vertices

When the AC edge model derived from wt map (Noble et al., 2012) was fit as a rigid body
into the Sec13/31AC density, there were regions that were clearly outside of the Sec13/31AC
contours (Fig. S5a). Thus, the structure was flexibly fitted into class 1 and 2 densities. The
Sec31 p-propeller domains at the peripheral minus-ends and both of the Sec13/31 -
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propeller domains at the peripheral plus-ends were trimmed off because their corresponding
densities are averaged out in the two classes. The flexible fitting converged to new structures
with an RMSD value of ~11 A for class 1 and an RMSD value of ~12 A for class 2, both
with respect to the initial structures (Fig. 5f and 5g). We refer to these models as “AC
models derived from AC maps”. We confirmed visually and also by calculating cross-
correlation values that the flexible fitting of the AC model into the AC maps is an
improvement over rigid-body fitting of AC models into AC maps (Fig. S5b). However, it is
clear, given the modest resolution of the reconstructions that there is still a good deal of
conformational flexibility that remains unresolved.

Conformational differences in Sec31 between the different classes and the wild type edges
were identified by superimposing the AC models derived from AC maps”. We confirmed
visually and also by calculating cross-correlation values that the flexible fitting of the AC
model into the AC maps is an improvement over rigid-body C models derived from AC
models derived from AC maps”. We confirmed visually and also by calculating cross-
correlation values that the flexible fitting of the AC model into the AC maps is an
improvement over rigid-body C maps on each other with respect to Sec13. In case of class 2,
the superposition revealed a hinge motion between Sec13 and the Sec31 ACE1 domain that
was previously observed for the wt vertex (Fig. 5a and 5d). This shift occurs in a plane
normal to the four-fold axis of the cage. In addition to that motion, we identified another
hinge motion perpendicular to the direction of the original hinge (Fig. 5a, right panel) that
does not occur in the wt vertex (Fig. 5d, right panel). This suggested that in the absence of
the C terminal residues, the hinge region gained additional flexibility compared to wt.
Another difference with wt vertices was seen in the p-propeller domain in the Sec13/31AC
structures. There the truncated Sec31 exhibited a shift between the relative positions of the
Secl3 and Sec31 B-propellers respectively for the plus and minus ends of class 2, (Fig. 5a).
This suggested the presence of a previously unobserved hinge (somewhere in between
residues 335-391) that enabled the B-propeller domains of Sec13 and Sec31 to move relative
to each other (Fig. 4e). The plus and minus ends of the flexed vertex were also compared to
their wt counterparts. In the case of the plus end, the Sec31 B-propeller and ACE1 domains
similarly underwent shifts between the two that were enabled by the same hinge regions
(Fig. 5b). The minus end exhibits the same shifts in both domains in terms of directionality,
only with the magnitude of the shift being smaller, (Fig. 5c). It is worth mentioning that the
shifts in the domains of the plus end of class 2 effectively increase the length of the dimer.
Together, these observations reveal more flexibility in the previously known hinge region, a
new hinge region that can shift the B-propeller domain of Sec31, and a new effect which is
the increased length of the dimer due to Sec31 domain shifts.

The same analysis was carried out for class 1. Similar to class 2, the ACE1 domain of class 1
exhibited the same shifts in terms of directionality between the plus and minus ends, (Fig.
S6a and S6b). However, the shift in the p-propeller domain of Sec31 in class 1 was less
substantial than that of class 2 and in this case the length of the minus end was effectively
decreased, (Fig. S6b and S6f), which is opposed to the increased length of the plus end of
class 2 (Fig. S7). Altogether, the structural analysis of the Sec13/31 dimer models generated
from the two cryo-EM classes show that the deletion of the C-terminal region of Sec31 led
to changes in the structure of the dimer which are mediated through the flexing of the well-
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known hinge region and a new hinge region that enables the movement of Sec31 p-propeller
domain.

Discussion

In this study, we have investigated the structural role of the C-terminal disordered region of
Sec31 (residues 820-1220). First, we set out to examine the effects of the deletion of the
Sec31 C-terminal region on the biophysical characteristics of the Sec13/31AC
heterotetramer. Salt and pH titration assays on Sec13/31AC followed by dynamic light
scattering demonstrated a change in particle size distribution as the salt concentration and
pH values approached 700mM and pH 7.5, respectively, conditions at which wt Sec13/31
self-assembles to cages. This observation along with visual inspection through negative-
staining electron microscopy and sedimentation velocity AUC indicated that the deletion of
the C-terminal region of Sec31 did not interfere with the ability of Sec13/31AC to form
cages /n vitro. Moreover, the AUC analysis showed that the Sec13/31AC cages showed less
size heterogeneity than wt cages.

Cages made from Sec13/31AC were then prepared for cryo-EM to investigate the disordered
region’s involvement in COPII cage structure. To our surprise, the resolution of the
reconstructions of Sec13/31AC cages was significantly poorer than all the previously
reported Sec13/31 cages despite being more homogeneous in size. This was explained by
observing reconstructions without octahedral symmetry imposed on the cuboctahedral
cages. The resulting reconstructions showed substantial asymmetry; they all showed edge
topology consistent with cuboctahedrons, but they were all distorted relative to canonical
cuboctahedrons (Fig. 3b-e). The distortions were not just at one vertex but instead
propagated to all edges and vertices. By treating individual vertices as single particles using
the localized reconstruction method (llca et al., 2015) we were able to characterize the
conformational changes in Sec13/31AC that gave rise to these distortions. Two classes of
well-defined vertices were obtained that showed significant improvement in resolution,
which further demonstrates that we were able to successfully sort out some of the vertex
heterogeneity. Additionally, the two classes show deviations from the wt vertex structure and
also the initial model that was used to align/classify them which gives us confidence in the
results.

The conformational changes in Sec13/31AC that gave rise to the flexed vertices were
characterized by flexibly fitting the Sec13/31AC edge model derived from wt map into the
densities of the two classes of Sec13/31AC vertices. In a previous study, flexible fitting was
carried out with the density map of an edge. Since the current study focused on vertices
instead of edges, we were able to combine all the different observed conformations of
Sec13/31AC to recapitulate the multiple edge conformations that arise from the flexed cages.
Due to the twofold symmetry of the vertices, each vertex contains one unique plus end and
one unique minus end. Since we reconstructed two classes of vertices, this resulted in four
unique Sec13/31AC conformations which we used to reproduce four different asymmetric
heterotetramer structures each containing both the plus and minus end conformations as they
would appear in cages (Fig. 6). Although MDFF was carried out independently for the two
classes, we observed that their flexibly fitted structures exhibit complementary features such
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that the ACE1 domain of the plus end of class 2 is longer than its wt counterpart, (Fig. 5b,
right panel), whereas the ACE1 domain of the minus end of class 1 is shorter than its wt
counterpart, (Fig. S6f). The significant difference in curvature of the recapitulated ACE1
domains (Fig. 6) is in accordance with the different edges shown in Figure 3e. Moreover,
these conformations capture only a fraction of the possible conformations of Sec13/31AC
dimers. It is likely that Sec13/31AC cages are continuously flexible, and this is evident in the
relatively low resolution of our reconstructions despite classifying some of the
conformational heterogeneity. Indeed, there are likely additional modes of flexibility that we
have not characterized due to the high degree of conformational heterogeneity in the
Secl13/31 AC sample. Additionally, we have captured edge conformations (Fig. 6¢ and Fig.
4d) that are similar to the yeast AC crystal structure of Sec31 (Fath et al., 2007) in terms of
the central edge angle or curvature. Rigid-body fitting of the AC crystal structure and AC
edge model derived from wt map into the reconstituted AC edge maps further confirms
existence of conformations with varying central edge angle (Fig. S5¢ and S5d). Considering
that all of these conformations lack the C-terminal region of Sec31, it can be concluded that
the specific curvature of the AC crystal structure of Sec31 may be due to the absence of
Sec31’s C-terminal region rather than a crystallization artifact.

The structures obtained by cryo-EM help rationalize our observations from thermofluor and
AUC analysis. We hypothesized that deleting the C-terminal region of Sec31 introduced new
conformations in ACEL1 and Sec13 domains such that the p angle and hence the cage size
was not affected. This was clearly seen in both of the vertex classes where the edges form
the usual cuboctahedron alpha and beta angles at 60° and 90°, respectively, while the
curvature of the ACE1 domain and the orientation of all the B-propeller domains have
changed with respect to the wt vertex. Although the ACE1 domain has been shown to flex in
a plane normal to the fourfold axis of the cage to give rise to plus and minus ends and
ultimately different § angles, we demonstrate here for the first time that the ACE1 domain in
a cage structure flexes in a direction perpendicular to that, while the p-propeller domain of
Sec31 also flexes using a hitherto unknown hinge located between the -propeller domain
and the B-blade. This is in accordance with another study by Copi¢ et al. (Copic et al.,
2012b) where they examined the rigidity of yeast Sec31p in the absence of Sec13p by either
deleting the pB-blade and the previously known hinge or deleting the whole loop that
connects the B-propeller domain to the ACE1 domain. They found out that in the latter case,
Sec31p exhibits more rigidity which is also what our model predicts. Copi¢ et al. showed
that Sec13p rigidifies and thus enables Sec31p to overcome the opposing curvature that
asymmetric cargo may induce on the ER membrane. In our study, we show that in the
absence of the C-terminal region of Sec31, Sec13 can shift and rotate in directions that
enables new modes of flexibility for Sec31. Therefore, we propose a more complete picture
in which the C-terminal region, through its interaction with either or both of the p-propeller
domains, locks their orientation so that the only degree of freedom is that of the p angle as
the published structures indicate; whereas, the absence of the C-terminal region transfers
that degree of freedom to the re-orientation of B-propeller domains and thus the p angle
becomes less flexible.

Altogether, our data suggest a model for the COPII cage where the C-terminal region
regulates cage flexibility. Deletion of the C-terminal disordered region results in additional
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modes of flexibility, and in /i vivo COPII coated vesicles this could relate to the modulation
of cage flexibility in response to cargo binding. Sec13/31 binds to Sec23/24 through residues
899-947 in the C-terminus. Sec23/24 in turn binds cargo proteins. Thus, binding of cargo
necessarily sequesters Sec31 C-termini and could, in turn, mediate increased flexibility of
the Sec13/31 edges. This presents an attractive model where cargo binding directs increases
in Sec13/31 flexibility. In this way, the cage structure has a built-in mechanism for
responding to the needs for flexibility and structural adaptability in response to cargo
binding. Future high-resolution structural studies will help to test this hypothesis.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sequence analysis of Sec31. a) Schematic diagram and flexibly fitted model from crystal

structures of Sec31 domains (AC half-edge model derived from wt map) (Noble et al.,
2012). Marked residues 387-442 contain the Sec13 binding p-sheet and the two coil regions
connecting it to the N-terminal B-propeller domain and the C-terminal ACE1 domain. The
latter coil region is also known as the hinge which enables the flexing of the ACE1 domain
(Fig 5e). Residues 752-1273 (not shown) are known to constitute a disordered region for
which there is no crystal structure or electron-microscopy map which is followed by a small
a-helical domain. b) Intrinsic disorder propensity analysis of human Sec31A sequence by a
set of commonly used disorder predictors, PONDR® VLXT, PONDR® VL3, PONDR®
VSL2, IUPred_long and IUPred_short. Mean disorder propensity represent averaged
disorder scores per residue from six individual predictors (indicated in the figure legend).
All the scores consistently indicate a high disorder propensity (above 0.5) for the C-terminal
region except for the small a-helical domain. Positions of potential disorder-based binding
sites found by ANCHOR are shown by gray shaded areas.
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Figure 2.
Biophysical characterization of Sec13/31AC compared to wt Sec13/31. a) Distributions of

hydrodynamic radii obtained from dynamic light scattering on Sec13/31AC heterotetramers
in buffers with 10mM, 50mM, 250mM, 450mM, and 700mM concentrations of KOAc. wt
Sec13/31 heterotetramers form cages with a diameter of 60nm at 700mM concentration of
KOAc. As the graph indicates, the peak of the hydrodynamic radii distribution shifts to a
bigger radius as the salt concentration reaches 700mM. The peak of the curve corresponding
to 700mM actually happens at 33.7nm which is smaller than the expected value of 60nm.
This is in part due to the high ionic concentration medium which reduces the measured
hydrodynamic radius indirectly. b) Exemplar negative-staining image of COPII cages made
of Sec13/31AC and formed in 700mM KOAC buffer. c) Assessing the thermodynamic
stability of edges and cages made of wt Sec13/31 and Sec13/31AC. Edges and cages are
represented by solid lines and dashed lines, respectively, and the wt and the construct are
represented by black and red curves, respectively. The cages have an additional minimum in
the curve compared to the edges at a temperature of 65 °C for the wt and 62 °C for the AC
construct. This difference between the melting behavior of cages and edges is attributed to
the structural difference between the two structures, namely, the B-propeller contacts that are
essential for cage assembly. Although the difference between the wt and the construct for
this minimum is small, the difference between the two for the first minimum is around

10 °C. This minimum is attributed to the edge domains that are not involved in the -
propeller contacts at the center of the vertices such as the flexible ACE1 domain. d)
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Distribution of particle sizes for wt Sec13/31 and Sec13/31AC in cage-assembly buffer.
According to literature, the sedimentation coefficient of cuboctahedrons is around 60 S.
Both histograms show an abundance of particles at that size, but the AC construct is more
constrained and homogenous in terms of particle size.
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Figure 3.
Heterogeneous structures present in Sec13/31AC cages. a) 3D classification and alignment

of particle images without imposing symmetry. All classes represented with different colors.
The classes in yellow and purple show the most structural integrity of a Sec13/31 cage. b-d)
Three different vertices from the cage class represented in yellow in a. The edges shown in e
are pointed to with arrows in b and c. f-h) Symmetrically refined structure from the second
and fourth classes shown in a. Panels f-h show views along the fourfold, threefold, and
twofold symmetry axes, respectively. Due to symmaetry, all the vertices look the same, and
they represent an average of all the different conformations of vertices with a huge contour
for the central density of the vertices which leaves a lot of room for different models to fit
inside. i) Structure of a wt vertex for comparison. The positions of the three different
domains that make up the whole vertex are marked. The density contours of Sec13 and
Sec31 B-propeller domains in panels f-h are broader than that of the wt shown in i.
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Figure 4.
Two vertex classes from localized reconstruction and their comparison to Sec13/31AC and

wt Sec13/31 vertices. a) Top: the top view of refined vertex class 1; bottom: comparison of
density contours of the refined vertex versus an averaged vertex from the refined cage which
is represented as the transparent density. The central density region of the refined vertex
shows relatively better-defined contours which is an indicator of less heterogeneity. b) Same
representation as in a for refined vertex class 2. ¢) Side view of class 2 (transparent green
density), with its plus-ends lying in the plane of the page, and rigidly fitted to the wt vertex
(magenta). The smaller curvature of ACE1 domain of plus ends of class 2 are easily
noticeable as well as the shift of Sec13. d) A thin slice through the plus ends as shown in the
small inset. The centers of Sec13 and ACE1 domain are used to measure the angles. Class 2
exhibits a less acute curvature (162°) than wt vertex (135°). e) A close look at the center of
the vertex along the 2-fold symmetry axis. The center of wt Sec13 (blue arrow), the center of
Sec13 of class 2 (white arrow), and the point on the 2-fold symmetry axis (the shared end of
the arrows) lie in a plane perpendicular to the symmetry axis (the arrows are elevated for
representation purposes). In that plane, the center of Sec13 shifts ~11 A between class 2 and
wt vertex.
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Flexible fitting of AC edge models derived from wt map into AC maps. a) Left:
superimposition of the plus end dimer (yellow) and the minus end dimer (green) of class 2,
with the plane of the figure being the same as the plane which is normal to the four-fold axis
of the cage, this view will be called the top view. Right: superimposition of the same dimers
with a view perpendicular to the top view, this view will be called the side view. b) Left:
superimposition of the plus end of class 2 and the plus end of the wt (purple), top view.
Right: superimposition of the same dimers, side view. c) Left: superimposition of the minus
end of class 2 and the minus end of wild type (blue), top view. Right: superimposition of the
same dimers, side view. d) Left: superimposition of the plus end and the minus end of wild
type, top view. Right: superimposition of the same dimers, side view. e) Schematic diagram
of the domain shifts that illustrate a new hinge motion between the two p-propeller domains
and a new mode of flexibility for the ACE1 domain. The plus-end of class 2 and wt are
represented in light grey and dark grey, respectively, with a top view on the left-hand side
and a side view on the right-hand side. f) Left; class 2 density and the flexibly fitted AC edge
model. Right: side view along the arrow’s direction at a lower isosurface threshold. g) Left:
class 1 density and the flexibly fitted AC edge model. Right: side view along the
arrowhead’s direction at a lower isosurface threshold.
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Figure 6.
Reconstitution of possible heterotetramer conformations using the central dimers of flexibly

fitted vertex structures. All dimers in this panel are color-coded according to their origin
(refer to the legend). These conformational variations lend more support to the hypothesis
that the C-terminal region of Sec31 has a structure regulation role beside the previously
introduced biochemical roles.
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