REPORT

This paper is available online at www.jbc.org

Structure of the
Membrane-tethering GRASP
Domain Reveals a Unique PDZ
Ligand Interaction That
Mediates Golgi Biogenesis™

Received for publication, March 30, 2011
Published, JBC Papers in Press, April 22,2011, DOI 10.1074/jbc.C111.245324

Steven T. Truschel”, Debrup Sengupta®, Adam Foote™,
Annie Heroux®, Mark R. Macbeth*, and Adam D. Linstedt™'
From the *Department of Biological Sciences, Carnegie Mellon University,

Pittsburgh, Pennsylvania 15213 and the SNational Synchrotron Light
Source, Brookhaven National Laboratory, Upton, New York 11973

Biogenesis of the ribbon-like membrane network of the mam-
malian Golgi requires membrane tethering by the conserved
GRASP domain in GRASP65 and GRASP55, yet the tethering
mechanism is not fully understood. Here, we report the crystal
structure of the GRASP55 GRASP domain, which revealed an
unusual arrangement of two tandem PDZ folds that more
closely resemble prokaryotic PDZ domains. Biochemical and
functional data indicated that the interaction between the
ligand-binding pocket of PDZ1 and an internal ligand on PDZ2
mediates the GRASP self-interaction, and structural analyses
suggest that this occurs via a unique mode of internal PDZ
ligand recognition. Our data uncover the structural basis for
ligand specificity and provide insight into the mechanism of
GRASP-dependent membrane tethering of analogous Golgi
cisternae.

Golgi biogenesis involves membrane tethering by two multi-
functional proteins, GRASP65 and GRASP55, which are differ-
entially localized to cis and medial Golgi cisternae, respectively.
GRASP65 is associated with cis Golgi cisternae via both binding
to the cis-localized golgin GM130 and insertion of its myristoy-
lated N terminus (1, 2). GRASP55 is primarily on medial Golgi
cisternae and binds medial-localized golgin-45 and other pro-
teins and is myristoylated and palmitoylated (3, 4). Each protein
contains a conserved N-terminal GRASP domain that mediates
self-association, which results in the formation of homotypic
tethering complexes that link analogous cisternae in adjacent
ministacks (5-8).

The GRASP region is predicted to contain two PDZ-like
domains (4, 9). PDZ domains are ubiquitous globular protein-
protein interaction modules featuring a hydrophobic binding
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groove, which interacts with the C terminus of its target ligand,
although recognition of internal sequences has also been
observed (10, 11). Although recent work supports the presence
of PDZ domains within the GRASP module (8), secondary
structure predictions indicate significant mismatches to the
typical organization of B-strands and a-helices found in
eukaryotic PDZs.

Toward elucidating the structural mechanism of GRASP-
mediated tethering, we solved the crystal structure of the
GRASP domain of GRASP55. Although the GRASP domain
was indeed composed of two PDZ domains, the domains were
circularly permuted, resulting in overall folds that were struc-
turally more similar to prokaryotic PDZs. This unusual
arrangement of a metazoan PDZ revealed that the key (32
strands of the binding grooves lay outside of the previously
predicted PDZ-like regions. Significantly, an internal ligand
sequence mapped in GRASP65 that binds to its first PDZ
domain formed a surface projection that appeared to fit inside a
deep depression within the PDZI-binding pocket. Taken
together, these data suggest a unique internal PDZ ligand inter-
action on opposite sides of the molecule and imply a multimeric
tethering mechanism that mediates Golgi biogenesis.

MATERIALS AND METHODS

Constructs—GFP-ActA (8) was cloned into GRASP55 pCS-2
(12) using Xbal. To generate His-tagged GRASP55, GRASP55
was inserted into pRSETB (Invitrogen) using the EcoRI site.
Point mutations were introduced using the QuikChange proto-
col (Stratagene). Two sequential rounds of mutagenesis were
used for double point mutations. For His-TEV-GRASP55
1-208, the TEV? recognition sequence ENLYFQG was inserted
upstream of the start codon in HisGRASP55, and a stop codon
was introduced after residue 208.

Cell Culture and Immunofluorescence—Transient transfec-
tion of HeLa cells was performed with jetPEI (Genesee Scien-
tific, San Diego, CA) according to the manufacturer’s specifica-
tions, and cells were fixed 24 h after transfection with 3%
paraformaldehyde at room temperature or methanol at —20 °C.
Immunofluorescence, image capture, and analysis were per-
formed as described previously (8).

Protein Expression, Purification, and Crystallization—Puri-
fied GRASP55 residues 1-208 were obtained by expression of
His-TEV-GRASP55 1-208 in BL21(pLys) Escherichia coli
induced with 0.5 mwm isopropyl-B-p-thiogalactopyranoside.
Clarified cell lysate after lysis (20 mm Tris-HCI, pH 8.0, 500 mm
NaCl, 10% glycerol, 10 mm imidazole, 1 mm PMSF, 7 mm 2-mer-
captoethanol), sonication, and centrifugation was incubated
with nickel-agarose (Invitrogen) for 2 h at room temperature
and washed with a series of salt concentrations from 300 to 50
mMm NaCl. The protein was eluted with 250 mm imidazole and
incubated with TEV protease overnight while dialyzing against
25 mm Tris, pH 8.0, 50 mm NaCl, 5% glycerol, 5 mm 2-mercap-

2The abbreviations used are: TEV, tobacco etch virus; G55, GRASP55; G65,
GRASP65.
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toethanol. The resulting solution was passed over a nickel-aga-
rose column, collected and concentrated by ultrafiltration, and
separated by size exclusion chromatography on a Superdex G75
gel filtration column (Amersham Biosciences) equilibrated in
10 mm Tris, pH 8.0, 100 mm NaCl, 7 mMm 2-mercaptoethanol, 10
mM tris(2-carboxyethyl)phosphine. Peak fractions were con-
centrated to 10 mg/ml. The purified protein was crystallized by
vapor diffusion using the sitting drop method. The sample was
mixed with an equal volume of mother liquor containing 0.2 M
ammonium acetate, 0.1 M imidazole, 25% polyethylene glycol
400, 10% polyethylene glycol 20,000. Crystals appeared in about
2-3 days and reached full size in 1-2 weeks. The crystals were
frozen in liquid nitrogen before mounting in a nitrogen stream
at 100 K.

Structure Determination—Initial crystals of selenium-methi-
onine substituted GRASP55 1-208 were screened at the Uni-
versity of Pittsburgh School of Medicine Crystallography Facil-
ity using a Saturn 944 CCD detector (Rigaku). High resolution
single anomalous dispersion data were collected at the National
Synchrotron Light Source beamline X25 and processed with
HKL2000 (13). Two of the three selenium positions were
located using HKL2MARP (14), and an initial model was built
into an experimental electron density map using RESOLVE as
implemented with the PHENIX crystallographic software
package (15). Subsequent model building was performed using
COOQT, and refinement was performed using REFMAC5 as
implemented with the CCP4i suite of crystallographic software
(16-18). Crystallographic and refinement statistics are given in
supplemental Table 1.

RESULTS

The GRASP Domain Is a Tandem Array of Circularly Per-
muted PDZ Domains—The GRASP domain lacks the typical
BBBaBBaB secondary structure organization of eukaryotic
PDZ domains. Nevertheless, our structure determination of the
GRASP55 GRASP domain at 1.65 A resolution revealed two
juxtaposed globular domains, each containing a combination of
B-sheets and a-helices reminiscent of a partially opened
B-sandwich typical of PDZ domains (Fig. 14). As with other
PDZ domains, each PDZ of GRASP55 contained a recognizable
peptide-binding groove that was formed between an a-helix
and a B-strand. Remarkably, unlike other eukaryotic PDZ
domains, including those used to model GRASP55, each bind-
ing groove was formed by the final, rather than the second,
B-strand within the fold. This divergence revealed a circular
permutation from a typical eukaryotic PDZ domain (Fig. 1B)
and indicated that the binding grooves were partially excluded
from the previously predicted PDZ-like domains (4).

Surprisingly, the GRASP55 domains exhibited highest struc-
tural similarity to prokaryotic PDZ domains. For example,
GRASP55 PDZ1 matched the second PDZ domain of RseP (Fig.
1C), which is a bacterial protein that also contains two circu-
larly permuted tandem PDZ domains (19). Interestingly, super-
imposing the structures of the two PDZ domains of GRASP55
revealed remarkable overlap, despite differences in the second-
ary structure assignments using the PyMOL software (Fig. 1D).
These results demonstrate that the GRASP domain is com-
posed of two structurally similar PDZ domains distinct from
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FIGURE 1. Structure of the GRASP domain and comparison of its PDZ
domains. A, graphic structure of GRASP55 1-208 showing globular domains
of PDZ1 (left) and PDZ2 (right) separated by a short «a-helix. B, ordering of
secondary structural elements within GRASP55 PDZ1 and PDZ2 indicates a
circular permutation of a typical eukaryotic PDZ domain. C, graphic represen-
tation of GRAS55 PDZ1 (blue) and RseP PDZ2 (green) demonstrates high struc-
tural overlap. D, comparison of G55 PDZ1 (blue) and G55PDZ2 (purple) shows
high overall similarity with one another.

typical eukaryotic PDZ domains and suggest that new sequence
analysis criteria may reveal a host of unidentified eukaryotic
PDZ domains.

Sequence Comparison of GRASP55 and GRASP6S and
Organelle Tethering—Despite the structural similarity of the
two GRASP55 PDZ domains, the sequence identity is only 38%
(Fig. 2A). Interestingly, the percentage of identity between
GRASP55 and GRASP65 within the PDZ domains is ~70% (Fig.
2A), raising the possibility that the functions of the correspond-
ing PDZ domains of GRASP55 and GRASP65 are conserved.
Indeed, when we modeled the structure of GRASP65 using
GRASP55 as a template, non-conserved residues between the
two proteins were excluded largely from the area of the putative
binding grooves (Fig. 2, B and C).

Accordingly, we sought to determine whether our previous
disrupting mutations in the putative PDZ1- and PDZ2-binding
grooves of GRASP65 (8, 20) actually mapped to the binding
grooves of GRASP65 modeled using the GRASP55 struc-
ture as a template. Strikingly, the PDZ1 pocket mutant
G65"°%59 that blocked membrane tethering mapped to res-
idues facing the groove of PDZ1 (Fig. 3A), and the
G655 1534 that disrupted GRASP65 Golgi localization
mapped to residues facing the groove of PDZ2 (Fig. 3B).
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FIGURE 2. Comparison of GRASP55 and GRASP65 PDZ domains. A, the percentage of identical residues between individual PDZ domains of G55 and G65 is
shown. B, G65 modeled from the G55 structure showing residues that are identical (dark blue), conserved (light blue), and non-conserved (yellow) indicates
highest similarity within the binding grooves of PDZ1 (red arrow) and PDZ2 (green arrow). C, sequence alignment of the four individual PDZ domains of G55 and
G65 indicates highest similarity within ligand-binding domains formed by the second a-helix (shown in blue) and second B-strand (shown in red). Asterisks
indicate sequence identity across domains, two dots indicate highly conservative changes, one dot denotes moderately conservative changes, and zero dots

indicate little or no similarity between residues.

Thus, these GRASP65 activities likely result from bona fide
and functionally distinct PDZ interactions.

To investigate whether GRASP55 mediates organelle tether-
ing using a mechanism similar to that of GRASP65, we made
targeted mutations using the crystal structure as a guide and
assayed the functional consequences. First, one residue each
within a2 and B2 of the PDZ1-binding groove was mutated, and
for this purpose, we chose two prominently exposed hydropho-
bic residues facing the interior of the groove (Fig. 3C). Next, we
targeted what we believed would be the ligand that binds the
PDZ1 groove for tethering. Recent work identified a 20-residue
peptide at the end of the GRASP domain of GRASP65, Cys'**—
Lys*"?, that binds the GRASP65 PDZ1-binding groove, and
mutations within the stretch ***IGYGYL'® blocked binding,
tethering activity, and Golgi ribbon formation (21). The core
sequence of this internal PDZ ligand and most of its surround-
ing residues are conserved in GRASP55; thus, this sequence
(Fig. 3D) was deleted.

To measure the organelle-tethering activity of the mutated
groove or ligand constructs, we used a previously described
assay in which the protein is targeted to the outer membrane of
mitochondria by expressing a fusion protein containing the
mitochondrial targeting sequence of ActA (8). When expressed
in HeLa cells, the wild-type GRASP55 construct induced mito-
chondrial clustering (Fig. 3E, G55-ActA), indicating that, like
GRASP65, GRASP55 tethered membranes. In contrast, expres-
sion of the PDZ1 pocket mutant failed to cluster mitochondria
(Fig. 3E, G55-°219945) Thus, similar to GRASP65, the mem-
brane-tethering activity of GRASP55 was dependent on the
binding groove of PDZ1, implying a PDZ interaction. Further,
the ligand-deleted construct also failed to cluster mitochondria
(Fig. 3E, G55%79°~1%%), Thus, the internal ligand mapped in
GRASP65, and conserved in GRASP55, is also required for
GRASP55-tethering activity, indicating the presence of an
internal PDZ ligand in PDZ2 that mediates self-interaction by
binding the PDZ1-binding groove.
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The GRASP Self-interaction Suggests a Novel Mode of Inter-
nal PDZ Ligand Binding—To gain insight into the binding
mechanism of the internal PDZ ligand of the GRASP domain,
we analyzed the structural features of the PDZ1-binding groove
as well as the ligand. Interestingly, the interface between the
second a-helix and second B-strand of the PDZI-binding
domain contains a deep depression and resembles more of a
pocket than a groove (Fig. 44). By contrast, analysis of the
PDZ2 groove indicates a phenylalanine at position 150 that
occludes the pocket (Fig. 4B) and thus likely provides a
mechanism of ligand binding specificity between the two
PDZ domains. Moreover, the core sequence of the internal
ligand (***YGYL'®) forms a conspicuous surface protrusion
near the C terminus of PDZ2 that appears well designed to fit
into the pocket of PDZ1 (Fig. 4C). Taken together, these obser-
vations suggest a novel mode of internal PDZ ligand binding of
the GRASP domain that bypasses the requirement for a free C
terminus.

DISCUSSION

The GRASP domain structure reveals two circularly per-
muted eukaryotic PDZ domains that show overall structural
similarity yet confer distinct biological functions. For
GRASP65, PDZ2 targets the molecule to cis Golgi membranes
by binding a PDZ ligand present at the C terminus of cis-local-
ized GM130, whereas PDZ1 likely binds a similarly targeted
GRASP65 molecule on an adjacent membrane, thereby form-
ing a trans complex that bridges the two membranes. A parallel
reaction may take place on medial Golgi cisternae involving
GRASP55. Strikingly, the tethering interface of each self-inter-
action involves a deep binding pocket in PDZ1 and a surface
protuberance on PDZ2 comprising an internal PDZ ligand.

The GRASP domain internal ligand is unique in both its con-
formation and its position. PDZ domain proteins are wide-
spread in eukaryotes and eubacteria and typically bind to C-ter-
minal peptide ligands. Relatively few cases of binding to internal
ligands are documented, but at least two different mechanisms
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FIGURE 3.Binding groove and surface mutations that block PDZ function.
A and B, representations of GRASP65 modeled after the crystal structure of
GRASP55 showing binding groove residues (red) that blocked tethering (A)
and Golgi localization (B). C, representation of the pocket residues (shown in
red) introduced into GRASP55 PDZ1. D, a surface representation of GRASP55
highlighting the internal ligand residues on PDZ2 that we targeted for dele-
tion (shown in red). E, Hela cells expressing the wild-type construct (G55-GFP-
ActA), the pocket mutant construct (G55-°27994%), or the deleted internal
ligand construct (G55*79°~"%°) were analyzed after a 24-h transfection. Cells
were imaged using GFP fluorescence to identify transfected proteins and
MitoTracker™ to identify mitochondrial membranes. Quantification was by
radial profile analysis (2, 7, 8), which reports averages corresponding to the
fraction of total fluorescence presentin each concentric circle drawn from the
centroid.

have emerged that permit the internal ligand to bypass the
requirement for a free C terminus. The internal ligand in neu-
ronal NOS makes a sharp 3-turn to avoid the carboxylate-bind-
ing loop in the groove of its binding partner syntrophin (10),
and the binding of Pals-1 to the groove of Par-6 deforms the
carboxylate loop to alleviate the steric hindrance (11).

Two prominent features of the GRASP internal ligand are its
sharply curved backbone and the outward projection of its tyro-
sine and leucine side chains, which suggests a novel type of
internal PDZ ligand interaction for two reasons. First, the car-
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FIGURE 4. Model of GRASP-mediated tethering at the Golgi membrane. A,
G55 PDZ1 contains a deep depression (asterisk) within its ligand-binding
domain. B, G55 PDZ2 has a phenylalanine at position 150 (asterisk) making the
binding domain shallower. C, surface view of residues 192-204 of PDZ2
(shown in red) docked into the binding pocket of PDZ1 (shown in blue), dem-
onstrating the fit of the two surfaces. D, schematic rendition of GRASP
domains in two apposing membranes with myristoylation (green segment)
and golgin partner (blue coiled-coils) hypothetically placed.

boxylate-binding loop is avoided by a surface projection inher-
ently formed via the side chains of two critical residues rather
than a previously observed B-turn topology. Second, the com-
pletion of the B-sheet does not occur following ligand binding
as the sharply curved backbone of the ligand is incompatible
with B-strand formation. Instead, the ligand-binding domain of
PDZ1 forms a deep, pocket-like depression that appears
designed to accommodate the outward projection of the inter-
nal ligand in PDZ2.

The PDZ1 and PDZ2 domains of GRASP65 and GRASP55, in
total, present four similar binding grooves, yet experimental
evidence indicates the functional importance of specificity in
their interactions. The homologous PDZ domains in the two
GRASP paralogs are more similar to each other than PDZ1 is to
PDZ2, as would be expected because the two isoforms are
believed to have evolved from a common ancestor that already
contained tandem PDZ domains. This divergence is likely the
basis of specificity, for example, of GRASP65 PDZ1 mediating
self-interaction while PDZ2 binds GM130. What is less clear is
what prevents GRASP65 from forming stable complexes with
GRASP55 (22). Although there are minor differences in the
PDZ1 grooves of the two GRASPs that could contribute to
specificity in interactions with their respective internal ligands,
the internal ligands themselves are nearly identical. One possi-
bility is that non-conserved residues present outside the core of
the ligand sequence also contribute to binding. Another possi-
bility is that the differential localization of GRASP65 and
GRASP55 in the Golgi restricts their ability to make heterotypic
contacts. Interestingly, heterotypic interaction would provide a
satisfying explanation for the contribution of the GRASP pro-
teins to stacking of Golgi cisternae (1, 22).

A significant feature of the GRASP domain structure is that
the internal ligand for self-interaction is on the surface opposite
that of the PDZ1 groove to which it binds (Fig. 4D). This pro-
vides a structural explanation of the previously observed tend-
ency to form multimers (23) and suggests that interdigitation of
the molecules may occur during tethering. It also provides a
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critical restriction in modeling the orientation of the molecule
on the membrane because both the ligand and the groove need
to be available for interactions in trams. PDZ interactions
involve a specific orientation of the groove and ligand; thus,
restriction of the orientation of the binding partners will impact
binding. Given its dual anchoring on the membrane by myristic
acid insertion and golgin binding, it is likely that GRASP
domain orientation is restricted. Indeed, removal of either
anchor promotes interactions in cis and blocks tethering (20).
Thus, identification of the membrane orientation will be a crit-
ical step in elucidating the in vivo tethering complex that links
Golgi cisternae.

In conclusion, the structure of the GRASP domain reveals
unusual metazoan PDZ folds in which one PDZ contains a
unique internal peptide ligand that, in an intermolecular reac-
tion bridging adjacent membranes, inserts into a pocket in the
binding groove of the other PDZ. Further, the structure pro-
vides a platform for future analyses of homotypic membrane
tethering and other reactions carried out by the multifunctional
GRASP proteins.
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