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Summary

Exomer is a cargo adaptor mediating the sorting of specific plasma membrane proteins into
vesicles at the trans-Golgi network. Cargo adaptors must bind to multiple partners, including their
cargo, regulatory proteins, and the membrane surface. During biogenesis of a vesicle, the
membrane makes a transition from a relatively flat surface to one of high curvature, requiring
cargo adaptors to somehow maintain protein-protein and protein-membrane interactions on a
changing membrane environment. Here we present the crystal structure of a tetrameric Chs5/Bchl
exomer complex and use small angle x-ray scattering to demonstrate its flexibility in solution. The
structural data suggest that the complex flexes primarily about the dimeric N-terminal domain of
the Chsb subunits, which adopts a non-canonical $-sandwich fold. We propose that this flexible
hinge domain enables exomer to maintain interactions in the context of a dynamic membrane
environment.

Introduction

The localization of membrane proteins is regulated spatiotemporally in eukaryotic cells by
the action of soluble protein complexes, which serve as intermediary adaptors between the
protein cargo and the machinery mediating the physical process of vesicle formation. By
directly binding both cytoplasmic domains of transmembrane proteins and vesicle coats,
these cargo adaptors package their cargo into specific vesicles, and indeed are core
components of the vesicle coats themselves (Matsuoka et al., 1998; Robinson and
Bonifacino, 2001; Takatsu et al., 2001). Structurally well-characterized examples of cargo
adaptors include the GGA and AP adaptors for the clathrin coat (Owen et al., 2004), the core
components B&/yC-COP and Sec23/24 of the unrelated COPI and COPII complexes
respectively (Bi et al., 2002; Yu et al., 2012), and Vps26/29/35 of the more divergent
retromer complex (Hierro et al., 2007).

Exomer is a recently discovered cargo adaptor (Sanchatjate and Schekman, 2006; Trautwein
et al., 2006; Wang et al., 2006a) possessing several unusual properties. Exomer acts in the
poorly characterized direct trans-Golgi network (TGN) to plasma membrane (PM) transport
pathway (De Matteis and Luini, 2008) to transport several PM proteins, including the chitin
synthase Chs3 and the pheromone response mediator Fusl, in a temporally regulated manner
(Santos et al., 1997; Santos and Snyder, 2003). While its Arfl-dependent recruitment to
membranes parallels the Arfl or Sarl dependence of other cargo adaptors (Serafini et al.,
1981; Oka et al., 1991; Donaldson et al., 1992; Yoshihisa et al., 1993), exomer neither
exhibits the capacity to deform membranes (Wang et al., 2006a) nor is known to associate
with canonical cage-like coats.
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Results

Exomer is composed of a Chs5 core protein and a suite of four homologous Chs5/Arfl
binding proteins, or ChAPs: Chs6, Bud7, Bchl, and Bch2 (Sanchatjate and Schekman, 2006;
Trautwein et al., 2006; Wang et al., 2006a). While the stoichiometry of the complex in
solution consists of two copies of Chs5 and two copies of a copurified ChAP (Paczkowski et
al., 2012), following immunoprecipitation of the complex from yeast cells via one ChAP all
three remaining ChAPs are detected (Sanchatjate and Schekman, 2006; Trautwein et al.,
2006), indicative of a structural organization in which the four ChAPs interchangeably bind
Chsb dimeric cores. As the ChAPs produce different phenotypes when deleted from yeast
cells (Trautwein et al., 2006) and are proposed to bind cargo sorting signals (Barfield et al.,
2009; Starr et al., 2012), the modular architecture of exomer provides a molecular basis for
the separate regulation of the transport of multiple proteins via the same complex.

Recently, we determined the crystal structure of a Chs5/Chs6 exomer complex, revealing a
molecular organization of Chs5 in which exomer tetramerization, Chs5 binding of ChAPs,
and Chs5 binding of Arfl are mediated by distinct domains (Paczkowski et al., 2012). In
contrast, Chs6 exhibits a complex fold topology in which an extended tetratricopeptide
repeat (TPR) region, thought to be largely invariant between ChAPs (Rockenbauch et al.,
2012), forms the binding surface for Chs5. However, extensive crystal packing interactions
strained the N-terminal Chs5 dimerization interface to such a degree that little could be
concluded regarding the interactions mediating tetramerization (Paczkowski et al., 2012).

Here we present the crystal structure of a tetrameric exomer complex, composed of the Chs5
N-terminal domains and a different ChAP, Bchl. The structure of the Chs5 dimerization
interface is revealed to be a non-canonical trans f-sandwich. By comparing small-angle X-
ray scattering (SAXS) and X-ray crystallographic data, we find that this motif exhibits an
unexpected flexibility in solution with implications for exomer function as a cargo adaptor
in a heterogenous membrane milieu.

Exomer assembles via a non-canonical trans B-sandwich assembly

The previously determined Chs5/Chs6 exomer structure contains the elongated FN3/BRCT
of exomer (FBE) domain, connected to the main body of the complex by a 4-residue linker
lacking regular secondary structure (Paczkowski et al., 2012). Removal of this flexible
domain permitted us to generate crystals of Chs5(1-77) in complex with the ChAP Bchl.
These crystals diffracted anisotropically to 2.9A along the a* and c* axes and approximately
3.3A along the b* axis as estimated by the Diffraction Anisotropy Server (Strong et al.,
2006). Molecular replacement using the Chs5/Chs6 structure as a phase model located two
Chs5/Bchl dimers per asymmetric unit (Figure S1A), and the structure was further built and
refined to yield appropriate statistics (Table 1).

The Chs5/Bchl asymmetric unit comprises a dimer of Chs5/Bch1 heterodimers as
previously predicted for the native complex (Paczkowski et al., 2012), with the relatively
flat faces of the Bch1 subunits apposed and separated by approximately 15-20A (Figure 1;
Movie S1); remarkably, despite their close proximity along their entire length, at no point do
the two subunits contact each other. The primary Chs5/Bchl interface is largely unchanged
from that of Chs6, with the C-terminal half of the Chs5 helix packing against a conserved
hydrophobic pocket formed by Bch1l helices 13-15.

The N-terminal dimerization domain of Chs5, poorly resolved in the Chs5/Chs6 structure,
here is well resolved and forms a symmetric f-sandwich with the dimer partner (Figures 2A,
2B). Anchored by strands 1 and 4, strands 2 and 3 of each copy of Chs5 reach across to pack
against the opposing Bchl protein in accordance with the prior domain swap model
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(Paczkowski et al., 2012); not predicted by the prior model, however, is an additional
interaction between interstrand loops of the swapped domain with a highly conserved
surface of the proximal Bchl (Figure 2C). Strands 1 and 4 of both copies combine in a
single four-stranded fB-sheet, stabilizing the dimer interface together with a hydrophobic
core. Notably, the opposing strands, 2 and 3 of each copy, form two parallel pairs of hairpins
only, failing to assemble into the canonical 4-strand B-sheet expected of the sandwich
(Figure 2B; Figure S1B); strand 3 of each copy are separated by nearly 7 A relative to the
more standard 5 A within each hairpin. The entire Chs5 N-terminal domain is the most
highly conserved region of any exomer domain (Figure 2A), indicative of a critical function
in the complex.

The Chs5 N-terminus forms a divergent oligosaccharide binding (OB) type fold, as the
common RNA polymerase subunit Rpb8 forms a close monomeric match to the N-terminal
dimer by Dali comparison (2E2H chain h, Z=9.9) (Figure S1C) (Krapp et al., 1998; Wang et
al., 2006b; Holm and Rosenstrom, 2010). While proteins sharing this fold classification also
include several domains responsible for binding a variety of metals and small molecules
(Arcus, 2002), the dimeric composition of the Chs5 domain is highly atypical. No specific
small molecule binding function has been ascribed to either exomer or Rpb8.

Comparison of divergent ChAP structures

S. cerevisiae possesses two homologous pairs of more closely related ChAP proteins: Bchl
and Bud7, and Bch2 and Chs6 (Trautwein et al., 2006). Other yeast species including the
Candida and Pichia genera possess two ChAPs each corresponding to one S cerevisiae pair.
The structure presented here and our previously reported structure of a Chs5/Chsé complex
(Paczkowski et al., 2012) thus represent one example each of the two families. The TPR
region forming the backbone of the protein (Figure 1C) is essentially identical between the
two ChAPs. While similar elements (N-terminal p-sheet, overall protein topology) are
present in the N- and C-terminal domains packing against the TPR repeat, their length and
orientation varies somewhat (Figure S2A). Residue conservation within the respective ChAP
families (Figure S2B) suggests that the face of the ChAPs formed by the N- and C-termini is
likely to be responsible for mediating primary ChAP functions such as cargo binding.
Outside of the highly conserved Chs5 binding interface, the TPR repeat region is largely
unconserved on the solvent-exposed surface, suggesting a primarily structural role as a
scaffold for the remainder of the protein.

The Chs5 B-sandwich is a flexible molecular hinge

The atomic B-factors of the structure display a striking gradient along the body of the Bchl
subunits, ranging from low proximal to Chs5 to extremely high at the distal tips (Figure 3A).
Given the position of the Chs5 dimerization domain to one side of the complex, this led us
to hypothesize that the structure may be more flexible than the static crystal structure
suggests, and that the two Bchl subunits may act as lever arms on a Chs5 hinge. Alignment
of the two Chs5/Bchl heterodimers in the asymmetric unit identifies a significant difference
in the positioning of the two Chs5 N-terminal domains relative to Bchl (Figure 3B; Figure
S3). This indicates an inherent flexibility of the Bchl subunit positions relative to the
dimeric Chs5 N-terminal domains and to each other. Accordingly, aligning the two halves of
the asymmetric unit by superimposing the two Chs5 N-terminal domains results in
displacement of the Bch1 subunits relative to each other, with the greatest displacement
found at the distal ends (Figures 3C and 3D). Interestingly, the TPR region does not display
any significant deviation, suggestive of some additional degree of flexibility in the packing
of the N- and C-terminal domains of Chs6 against the TPR backbone.
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To address the likelihood that crystal packing may exogenously stabilize a more flexible
structure, we performed SAXS analysis to gain insight into the conformation of exomer in
solution. The Chs5(1-77)/Bchl complex proved ideal for SAXS analysis, displaying no
detectable native, radiation-dependent, or concentration dependent aggregation as assessed
by Rg and linearity in the Guinier region (Figure 4A). The theoretical scattering curve
calculated from the crystal structure, while displaying features qualitatively similar to the
experimental data, deviated significantly (Figure 4B), indicating a significant discrepancy
between the crystal and solution conformations of exomer.

To determine the nature of this structural discrepancy, we employed normal mode analysis
(NMA). NMA predicts likely flexible movements of proteins and protein complexes on the
basis of their backbone conformation (Tirion, 1996). Empirically, the lowest-frequency
vibrational modes incorporating movements of the majority of the molecule often accurately
model transitions between pairs of crystallographic conformations, especially when
calculated from open conformations and without significant energetic contribution from
binding ligands (Tama and Sanejouand, 2001; Petrone and Pande, 2006) as is the case for
exomer. Calculation of the normal modes of the Chs5/Bchl complex with elNémo (Suhre
and Sanejouand, 2004) yielded five normal modes with low frequency and broad residue
coverage, numbered 7-12 after excluding the six trivial rotations and translations (Movie
S2).

Comparison of the theoretical scattering of the resulting structural models to the
experimental SAXS curve identified a model produced by perturbation along the lowest-
frequency mode, mode 7, fitting the experimental data with a X-value of 1.3, comparable to
model data used in testing CRYSOL (Svergun et al., 1995) (Figures 4B and 4C). This
normal mode represents a simple opening and closing of the complex along an axis running
through the Chs5 -sandwich (Figures 4D and 4E, Figure S4A). Extending this opening
motion further leads to the orientation observed in the previous Chs5/Chs6 crystal structure
(Figure 4D) (Paczkowski et al., 2012); while the dimerization domain is largely disrupted at
this extreme, enough flexibility must exist in exomer to permit formation of elements of the
crystal packing without complete disruption of the trans Chs5-Chs6 interaction.

While a single conformational model suffices to describe the experimental scattering curve,
this may represent either a true dominant conformation or the average of an ensemble
spanning a subset of the conformational space described by normal mode 7. Either
interpretation indicates a degree of flexibility of exomer in solution in the absence of
external forces such as those exerted by crystal packing or binding to partner proteins.
Attempts to use de novo modeling to calculate a molecular envelope were unsuccessful,
likely because the enforcement of a roughly globular formation is a critical element of such
modeling (Franke and Svergun, 2009), and exomer exhibits a long crevice between the Bchl
subunits running nearly the entire length of the complex.

To address the possibility that flexibility may be specific to the Bchl ChAP, we collected
SAXS data on both Chs5(1-77)/Chs6 and Chs5(1-77)/Bud7. While the Chs6-containing
complex displayed significant dependence of Rg on concentration, precluding meaningful
analysis of the scattering data (Figure S4B), analysis of the Bud7-complex using the Chs5/
Bch1 structure as a low-resolution approximation revealed a very similar dependence on
normal mode perturbation (Figures S4C and S4D). This indicates that the observed
flexibility occurs independently of ChAP identity.

By superimposing the ChAP-interacting helix of Chs5 common to the Chs5(1-299)/Chs6
and Chs5(1-77)/Bch1l structures, a composite model can be constructed of intact exomer
incorporating our NMA/SAXS based solution results (Figure 4E). In this model, the two
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FBE domains extend in opposite directions, although their precise orientation appears to be
flexible on the basis of the Chs5/Chs6 crystal structure.

Discussion

Cargo adaptors function in vesicle biogenesis to recruit a multitude of cargo proteins to the
budding vesicle. Thus, they serve as intermediaries between the variable sizes and
distribution of the cargo and the rapidly changing curvature of the budding vesicle on one
hand, and the constrained geometries of the small GTPases and cage-like coat proteins on
the other. One expectation of cargo adaptors, therefore, is that they must be structurally
capable of mediating these multiple divergent interactions during dynamic membrane shape
changes. Our results demonstrate flexibility of the exomer cargo adaptor, mediated by the N-
terminus of Chs5 acting as a molecular hinge.

Structural comparison of the Chs5 B-sandwich to that of Rpb8 highlights an unusual absence
of stabilizing p-sheet formation between the parallel and only marginally separated strand 2/
strand 3 hairpins. As this feature of the protein backbone lies in a well-resolved region of
electron density and was not present in the homology model used for molecular
replacement, it is unlikely to represent an artifact of model building. As such, the “flaw” in
the Chsb B-sandwich between strand 3 of each copy of Chsb represents a likely source of
flexibility causing the hinge behavior. Mutations H25D/H26D and M47P previously have
been made in this domain and shown to result in outright disassembly of the tetramer into
Chsb/Chs6 dimers (Paczkowski et al., 2012). The other source of flexibility in the hinge
domain appears to be the domain’s contact with the adjacent ChAP in the loop between
strands 1 and 2.

With respect to membrane binding, one likely possibility is that the twofold symmetric axis
of the tetramer lies perpendicular to the surface of the membrane. In light of the marked lack
of conservation of the outer face of Chs5, we predict that the Chs5-distal tips of the ChAP
subunits may lie proximal to the membrane following recruitment by the FBE domain-Arfl
interaction (Paczkowski et al., 2012). Flexibility of the Chs5 dimer interface would allow
exomer to accommodate the curvature and proteins of the heterogenous membrane
environment, as well as the binding of multiple cargos by a single complex.

The limited degree of flexibility seen in exomer stands in contrast to the dichotomy between
rigid structures and complete flexibility seen in other cargo adaptors. The Sec23/24 COPII
cargo adaptor forms a seemingly rigid “pre-budding complex” with its cognate GTPase Sarl
(Bi et al., 2002). The clathrin adaptor AP complexes, while exhibiting a significant
conformational rearrangement upon membrane and cargo binding, appear to exist in a
single, stable conformation when membrane bound (Collins et al., 2002; Heldwein et al.,
2004; Kelly et al., 2008; Jackson et al., 2010). We note that both Sec23/Sec24 and the AP
complexes bind to vesicle cage and accessory proteins via flexible linkers (Owen et al.,
2004; Bi et al., 2007). Exomer, however, employs a hinge domain as a primary source of
flexibility, implying that constrained flexibility, rather than the complete conformational
freedom allowed by a flexible linker, is critical for its function at the TGN.

Experimental Procedures

Protein expression and purification

S cerevisiae Chsb residues 1-77 and C-terminally 6His-tagged Bchl were cloned into the
pETDuet-1 expression vector (Novagen) for recombinant expression in the Rosetta2 strain
of E. cali (Novagen). Cultures were grown in TB to an ODgqg of ~3.5, followed by
reduction of temperature to 18°C and induction of expression by addition of 250 pM IPTG.
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After overnight expression, cultures were collected by centrifugation, resuspended in 450
mM KOAc, 10% glycerol, 50 mM HEPES pH 7.4, 20 mM imidazole pH 8, and 10 mM -
mercaptoethanol, and lysed by sonication. The protein was then purified via nickel affinity
in batch (Ni-NTA, Qiagen), anion exchange (MonoQ, GE Healthcare), and gel filtration
(Superdex 200, GE Healthcare) without removal of the 6His tag. The final protein was
concentrated to 10 mg/ml in 20 mM HEPES pH 7.4, 150 mM NaCl, and 2 mM DTT.
Complexes of Chs5 residues 1-77 with ChAPs Chs6 or Bud7 were purified for SAXS
following the same protocol, with the exception that Bud7 was concentrated to a final
concentration of 4 mg/ml due to low yield.

Crystallization and structure determination

Purified Chs5/Bchl complex was crystallized by hanging drop vapor diffusion using a
crystallization solution of 15% PEG-8000, 19% glycerol, 0.1M Tris pH 8, and 0.2M NaCl in
a 1:1 drop ratio. Cryoprotection was accomplished by a one-step transfer to a similar
solution with glycerol increased to 25%. Diffraction data were collected at CHESS beamline
Al using a ADSC Quantum-210 CCD detector. The crystal was indexed to a space group of
C2 with unit cell dimensions a=141 A, b=156A, c=99A and angle p=95.34°, and diffraction
data were processed with HKL-2000 (Otwinowski and Minor, 1997). Phases were
determined in PHENIX (Adams et al., 2010) by molecular replacement using the 22.7%
identical 4GNS, processed by SCULPTOR on the basis of a MUSCLE (Edgar, 2004)-
generated alignment manually adjusted to match predicted secondary structure, as a search
model. The core of the protein was automatically built in PHENIX, followed by many
rounds of manual building in COOT (Emsley et al., 2010) alternating with refinement in
PHENIX. To minimize model bias, early- and mid-stage refinements were conducted with
NCS restraints and simulated annealing; TLS using domains calculated by TLSMD (Painter
and Merritt, 2006) was employed to model the strongly anisotropic B-factors of the
structure. Structural figures were generated with PyMol (Schrddinger, LLC).

Small-angle X-ray scattering data collection and analysis

SAXS data were collected at CHESS beamline F2 with equipment previously described
(Adams et al., 2010). Protein samples were identical to those used for crystallization as
described above; the buffer eluate from the final protein concentration step was used as a
matched blank and for all dilutions. Scattering images were collected from two serial 180
second exposures of the stock protein solution and 2:1 and 1:2 dilutions in matched buffer to
assess radiation- and concentration-dependent aggregation. Data were processed with RAW
to generate scattering curves. Theoretical scattering curves of molecular models were
generated and fit to the experimental scattering curve using CRYSOL (Svergun et al., 1995).

Accession number
Coordinates and structure factors have been deposited in the Protein Data Bank (4IN3).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A 2A 2C

Figure 1. Crystal structure of the Chs5/Bch1 tetrameric exomer complex

(A-C) The built Chs5(1-77)/Bch1 structure is shown in cartoon representation. Subunits are
colored in light-to-dark N-to-C gradients as indicated, with additional texture added to the
red Chs5 subunit. The TPR region is indicated by shading. View angles of the panels in
Figure 2 are indicated. See also Figure S1 and Movie S1.
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-

Conservation

Low/ Chs5 -High LoHigh

Figure 2. The N-terminal Chs5/Chs5 dimerization domain is a non-canonical B-sandwich

All view angles are indicated in Figure 1. (A) The Chs5/Chs5 $-sandwich shown from
outside the complex. Left: Colored by light-to-dark N-to-C gradient as per Figure 1,
including texture on one Chs5 subunit; strands are labeled by number, N-terminal to C-
terminal. Right: Colored by conservation; red/green color begins to appear at the average
BLOSUMG62 value for residues in Chs5. B-strands are pleated to indicate direction of the
side chain. (B) As per (A), but viewed from within the Bch1/Bchl cleft; Bchl subunits are
cut away for visibility. (C) View of Chs5 trans packing against Bchl. Strands 1 and 4 are
removed to improve visibility; strand 4 of chain c (red) is retained as a dotted line to indicate
connectivity. Left: As per panel A. Right: Bchl is drawn in surface representation and
colored by conservation as per Chs5. Side chains are shown for all residues of Chs5 within
5A of Bchl. See also Figure S2.
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Figure 3. Crystallographic evidence of exomer flexibility

(A) The Chs5/Bchl structure is shown in putty format, with residues possessing higher B-
factors shown in warmer colors and as a wider backbone ribbon. (B) The two Chs5/Bchl
heterodimers in the asymmetric unit are superimposed. The Chs5 N-terminus adopts a
different conformation relative to each Bchl molecule. (C) The two Chs5/Bchl
heterodimers are aligned via the Chs5 N-terminal domain and colored by RMSD variation
between residues, from blue at RMSD < 0.5 A to red at RMSD > 3.0 A; grey residues have
no counterpart in the other chain. Both copies of Chs5 are shown in the diagram for clarity.
(D) As per C, rotated 90° as indicated. The TPR repeat region is at the upper left. See also
Figure S3.
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Figure 4. SAXS analysis of exomer solution structure indicates flexibility

(A) Guinier plots of Chs5(1-77)/Bch1 scattering curves at 9 mg/ml (dark), 6 mg/ml, and 3
mg/ml (light). Green and purple represent the first and second sequential exposures of the
same sample. Radius of gyration calculated from the Guinier slope is indicated for each. (B)
Fit of theoretical scattering curves calculated from the indicated structures to experimental
scattering data at 9 mg/ml. Inset: zoom on low-angle region. Arrows: Primary regions of
divergence between the crystal structure and the experimental SAXS data. (C) Quality of fit
to experimental data of theoretical scattering curves of models evenly spaced along the
indicated normal mode vibrations. Arrow: best-fit NMA model. (D) Overlaid space-filling
outlines of the indicated structures aligned with the approximate Chs5 hinge axis
perpendicular to the page. Chs5 helices of each structure are added for reference. (E)
Assembled Chs5/Bch1 structure based on the best-fit NMA model, with FBE domains
modeled from the Chs5/Chs6 structure via alignment of the shared Chs5 helix. Flexible
motions are indicated with arrows. See also Figure S4 and Movie S2.
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Data collection and refinement statistics.

Wavelength (A)

Resolution range (A)

Space group
Unit cell

Total reflections
Unique reflections
Multiplicity
Completeness (%)

<I>/<o(l)>

0.987
50-2.9 (2.95 - 2.9)
c2

a=141.39A b=155.69A c=99.05A
a=90° p=95.34° y=90°

152442
43750
35(3.0)
96.00 (68.70)
8.59 (2.51)

Wilson B-factor
Rsyma
Reryst

Rfreeb

Number of atoms

protein (1376 residues)

Water
RMS(bonds) (A)
RMS(angles) (°)

Ramachandran favored (%)

Ramachandran outliers (%)

Clash score®
Average B-factor
Protein

Water

70.42
0.111 (0.567)

0.2365 (0.3253)
0.2882 (0.3929)

11082
11064
18
0.004
0.90
94
0.75
21.50

96.20
96.30
60.80

Statistics for the highest-resolution shell are shown in parentheses.

S |1(h),~ (1)

adlsym= ZI(h)]
Fopal—=| Frute
L]
obs

CCalculated with MolProbity (Chen et al., 2010)
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Table 1

Rfree was calculated with a random 5% of the reflections.
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