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Molecular tethers have a central role in the organization of the complex
membrane architecture of eukaryotic cells. p115 is a ubiquitous, essential
tether involved in vesicle transport and the structural organization of the
exocytic pathway. We describe two crystal structures of the N-terminal
domain of p115 at 2.0 A resolution. The p115 structures show a novel
a-solenoid architecture constructed of 12 armadillo-like, tether-repeat,
a-helical tripod motifs. We find that the H1 TR binds the Rabl GTPase
involved in endoplasmic reticulum to Golgi transport. Mutation of the H1
motif results in the dominant negative inhibition of endoplasmic reticulum
to Golgi trafficking. We propose that the H1 helical tripod contributes to the
assembly of Rab-dependent complexes responsible for the tether and
SNARE-dependent fusion of membranes.
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Introduction

The membrane architecture of eukaryotic cells
comprising the exocytic (endoplasmic reticulum
(ER), Golgi, cell surface) and endocytic (endosomes,
lysosomes) pathways is organized by the action of
cytosolic and membrane-associated proteins com-
prising the membrome.' Rab GTPase families
regulate the dynamic assembly and disassembly of
protein complex hubs that integrate membrome
component function with vesicle tethering, docking
and fusion.” Tethering is an essential step in
membrane trafficking and is now thought to
encompass, from a structural point of view, a large
group of a-helix-rich, coiled-coiled proteins, the
Golgins,S']4 multi-subunit transport protein particle
(TRAPP)'>?° and conserved oligomeric Golgi (COG)
complexes,”'?* and numerous Rab effectors that
contribute to the generation of soluble N-ethyl
maleimide-sensitive attachment protein receptor
(SNARE) fusion complexes.34-22.27-32

pl15 is a tether protein that has been studied
extensively.>'>?®> From rotary shadowing,® p115
was suggested to be a myosin-like homodimer with
an N-terminal globular head (~70 kDa) and a smal-
ler (~30 kDa) C-terminal, extended coil-coiled do-
main containing four prototypical, heptads repeats
(CC1-CC 4) involved in SNARE assembly35 termi-
nated by a short acidic domain that auto-regulates
Golgi docking events.”® The yeast homolog of p115,
Usolp, is essential for cell viability, and shows gene-
tic and physical interactions with yeast Rabl
(Ypt1),** thereby stressing a key role for p115 in the
normal function of the exocytic pathway required for
cell proliferation. In mammalian cells, p115 is in-
volved in transport of cargo from the ER to the Golgi,
the structural integrity of the Golgi,”>*”*” and for
recovery of the Golgi stack following disassembly
during mitosis.***° p115 function is facilitated by
interaction with two other Golgin family tethers,
GM130 and giantin.>>**°'>* Consistent with its ce-
tral role in membrane organization, p115 is a target
for apoptotic caspases 3 and 8 that leads to inacti-
vation and fragmentation of the exocytic pathway
and amplification of programmed cell death.5*>
Numerous molecular and biochemical studies sug-
gest that cytosolic p115 is anchored to membranes by
the Ras-superfamily GTPase Rab1, and is involved in
the assembly of SNARE complexes to promote bi-
layer fusion.®>?#347485657 The structural mecha-
nism(s) by which pl115 functions to promote

tethering and SNARE assembly is unknown. Here,
we present the crystal structure of the N-terminal
globular domain of the p115 dimer and suggest a role
for the N-terminal H1 helical tripod structure in
Rabl-mediated ER to Golgi trafficking.

Results

Overall structure

The N-terminal domain of bovine tethering factor
p115 (p115™", residues 1 — 651) was expressed using
bacterial systems and purified by Ni-nitrilotriacetic
acid (NTA) affinity, ion-exchange, and gel-filtration
chromatography (see Materials and Methods). Mono-
mer p115Nt crystallized from a p115Nt monomer pool
based on gel-filtration chromatography and diffracted
to 2.0 A. A multiwavelength anomalous diffraction
(MAD) data set at 2.7 A resolution from a seleno-
methionine derivative was used for the initial phase
calculation (Table 1). The p115Nt monomer structure
revealed a right-handed, a-solenoid structure com-
posed exclusively of helices and loops (Fig. 1a).”® The
overall shape of the 130115Nt monomer corresponds to a
bowed cylinder 115 A long and 55 A in diameter.

p115™ crystals were obtained also from a dimer
pool of p115™, based on gel-filtration chromatogra-
phy, that diffracted to 2.18 A resolution. The dimer
has two molecules in the asymmetric unit, while the
monomer structure has one molecule in the asym-
metric unit. The dimer assembly is not observed
after applying the symmetry operators in the mono-
mer crystals. Superposition of the monomer onto
each chain of the dimer did not reveal any major
conformational change [root-mean-square difference
(rmsds) range from 1.5 A (main chain) to 1.8 A (all
atoms)]. The p115™* dimer reveals a Yin and Yang
assembly consisting of two single a-solenoids that
adopt a left handshake-like structure, with the
a-solenoid acting as the palm and an additional
helix at the C-terminus, which is disordered in the
p115™" monomer, acting as the thumb in the dimer
structure (Fig. 1b and c). The buried surface area
of the p115 homodimer interface is 810 A* per
protomer,>*°? composed of three distinct sets of
residues corresponding to Arg195-Asn243, Glu528-
Glu533, and Ser585-GIn595 (Fig. 2). A total of 111
interactions are made in the dimer interface, in-
cluding 4 salt bridges, 23 hydrogen bonds, and 84
van der Waals contacts (Fig. 2).61-63 The surface
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Table 1. Data collection, phasing and refinement statistics

Monomer (3grl )

Dimer (3gq2)

Se-Met
Native derivative Native
A. Data collection
Space group C222, C222, P2,
Unit cell parameters
a (A) 155.6 156.4 78.2
b (A) 174.7 174.6 159.8
¢ (A) 87.5 87.4 81.4
° . 115.1
Wavelength (A) Peak Inflection Remote
. 1.000 0.9794 0.9796 0.9537 1.100
Resolution (A) 50.00 — 2.00 50.00 — 2.70 50.00 —2.18
(2.03 - 2.00) (2.75 - 2.70) (2.25-2.18)
Observed reflections 342,057 237,930 238,874 237,523 287,986
Unique reflections 79,589 61,434 61,939 63,557 91,304
Completeness (%) 98.7 (94.6) 99.9 (100.0) 100.0 (100.0) 100.0 (100.0) 96.7 (76.4)
/o 34.3 (1.5) 31.6 (5.5) 26.2 (3.9) 18.6 (2.1) 14.3 (1.2)
Reym (%) 4.9 (54.6) 5.2 (24.9) 6.2 (35.0) 9.0 (61.7) 9.1 (59.3)
B. Phasing
No. sites 12
FOM after SOLVE 0.53
FOM after RESOLVE 0.70
FOM after DM and phase extension 0.60
C. Refinement
Resolution (A) 40.00 - 2.00 20.00 — 2.18
Reryst 17.8 19.9
Rfree 20.4 254
Number of protein atoms 4691 9694
Number of solvent atoms 390 607
Mean B-value
Protein (A% 35.4 31.4
Solvent (A% 41.0 323
rmsd from ideal
Bond lengths (A) 0.012 0.012
Bond angles (°) 1.25 1.36
Ramachandran plot
Favored (%) 95.8 93.4
Allowed (%) 34 5.1

Values in parentheses are for the highest resolution shell.

Rsym= 31 —<I>1 / 311;1 where I; is the scaled intensity of the ith measurement and <[> is the mean intensity for that reflection.
Reryst= 31 1 Fopsl = | Featel |/ 31 Fops| where Feaie and Fops are the calculated and observed structure factor amplitudes, respectively.
Rgree=as for Ry, but for 5.0% of the total reflections chosen at random and omitted from refinement.

? These values represent the residual B following TLS refinement.

electrostatic potential®* of the p115 dimer revealed

both negatively and positively charged regions (Fig.
1d), potentially reflecting distinct, ligand-binding
surfaces. We did not observe density for residues 1-
18 for either monomer or dimer crystal structures,
suggesting that they may be disordered.

Structurally similar proteins

A search for structurally similar proteins using
the Dali server® revealed that importin o, a ke
transport protein in selective nuclear import,®
had the highest similarity to p115 (Z-score of 23.0
for subunits of the dimer) (Supplementary Data
Table S1). Importin a contains a tandem array of 10
helical, tripod-like, armadillo-consensus sequence
repeats, organized in a right-handed a/a/a-
solenoid. A high level of similarity was observed
for the a-solenoid armadillo repeat of pB-catenin,®
the armadillo-like repeat of the chaperone HspBP17’

and, more weakly, for importin 3, which contains
helical-hairpin (al-loop-a2) HEAT repeats that
form an o/a solenoid (Supplementary Data
Table S1).7'73

Structural organization of p115 repeat motifs

Each subunit of the dimer contains 12 tandem,
triple-helical (a1-a2-a.3) repeats that forms the right-
handed o/a/a-solenoid, referred to herein as the
tether-repeat (TR) motif (Fig. 3a, Supplementary
Data Table S2). The p115 TR is similar to that of
armadillo repeats, despite the fact that each repeat
sequence is different, with only the distinct H1 and
H2 TR motifs being evolutionarily conserved, sug-
gesting that H1 and H2 TRs have functionally diffe-
rent roles in docking and/or fusion (Supplementary
Data Table S2; see below). The first 11 TRs form a
continuous right-handed superhelix, and an incom-
plete C-terminal tether repeat (lacking helix 3) forms
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Fig. 1. Structure of p115Nt. (a) Overall architecture of the p115Nt monomer in a ribbon representation. The color of
ribbon changes from blue to red gradually from the N- to the C- terminus of p115™". Arg39 involved in stabilization of the
N-terminal region is shown in ball-and-stick representation. (b) p115™" dimer in a ribbon representation. One chain of the
dimer is shown in green and the other in cyan. Top view of p115™" dimer with the C-termini pointing toward the viewer in
the upper panel and the side view in the lower panel. The additional C-terminal helix acting as the thumb in the left hand
shake-like dimer structure is indicated by the asterisk (*) in the lower panel. (c) Surface representation of the dimer in the
same orientation with the colors as in (b). (d) Electrostatic surface potential of p115™" dimer. Red surfaces indicate negative
potential and blue surfaces indicate positive (15 kT/e); the top view is in the upper panel, and the side view is in the
lower panel. All molecular graphics were prepared with MOLSCRIPT/BOBSCRIPT, ! Raster3D,'> or Pymol.!!!

a cap region (Fig. 3a). The p115™* subunit is com-  (for the first 11 TRs) between adjacent repeats results

posed of TRs that are arranged roughly parallel,  inaright-handed, superhelical twist along the entire
with neighboring repeats separated by an average  length of the molecule (Fig. 3a). The tight and con-
translation of 11 A. A rotation of approximately 30°  tiguous packing of the helices leads to an extended
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Fig. 2. Salt bridges and hydrogen bond interactions involved in p115™" dimerization. Hydrogen bonds and salt
bridges are shown as broken lines, with interacting residues in ball-and-stick representation.

hydrophobic core along the length of the solenoid.
Packing of TRs is further stabilized by hydrogen
bonds and salt bridges from hydrophilic residues
that are accessible to solvent.

Despite the high degree of variability in the amino
acid sequences within each TR, they share very
similar overall structures (Fig. 3b). The concave
(inner) surface of the p115 N-terminal superhelix is
formed from the longest helix (helix 2, yellow) of the
11 TRs. The convex (outer) surface contains more
diverse secondary structure elements, including a
variety of different length loops and short helices,
which are formed primarily from helices 1 (salmon)
and 3 (light blue) of the TRs and their connecting
regions. The loop insertion between any two adja-
cent helices varies from 0 to 23 residues, except for
the 5th, 8th and 12th TRs, which have additional
helical insertions between helices 1 and 2. The
rmsds between pairs of TRs range from 1.1 Ato
3.2 A (main chain). Superimposition of TRs 1-11
(Fig. 3c) reveals a remarkably conserved structural
fold comprising a helical tripod (rmsd 1.87 A, main
chain). The incomplete TR found at the C-terminus
also follows the right-handed, superhelical twist
formed by previous 11 TRs, but with a rotation of
approximately 75° instead of 30° for the 11th TR
(Fig. 4). This incomplete TR is stabilized through
extensive interactions with the concave (inner)

surface (helix 2) of tether repeats 8, 9, 10 and 11,
which results in this motif acting as a C-terminal
cap region of the superhelix formed by the
previous 11 TRs, and provides a means to link to
the extended coiled coil, the C-terminal region of
p115 (residues 652 — 961), likely via a linker region
(residues 666—700) that exhibits a low coiled-coiled
propensity (PAIRCOIL2).”*7

Sequence diversity in the TR structural motif

Each TR consists of 32-44 residues that form three
helices; helix 1 consists of 9-14 residues, helix 2 14—
21 residues and helix 3 7-15 residues(Supplemen-
tary Data Table S2). Variable leucine-rich motifs
present in each TR correspond roughly to x,LLx;.
>LLxq,LLx, for helices 1 and 2, and x,LLx,, for helix
3, where x;, can be up to 23 residues for connections
between helices, and L represents obligate hydro-
phobic residues whose side chains point into the
solenoid (Fig. 3; Supplementary Data Table S2).
These conserved hydrophobic residues can include
Leu, Ile, Cys, Ala, Val, Gly, Met, Phe and Pro. The
organization for each of the pl15 TRs can be
identified weakly by using the conserved residues
of the armadillo-consensus repeat (Supplementary
Data Table S2), but are sufficiently divergent to be
defined as armadillo-like TRs that contribute to the
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formation of right-handed «/a/a-solenoids.
Despite the lack of sequence conservation, the
variable, leucine-rich motifs that define the p115
TRs can be detected in a number of tethering protein
family members (see Discussion; Supplementary
Data Table S2).

The H1 TR motif directs p115—-Rab1-GTP
complex formation

pl15 contains two sequence-conserved regions
that, from a structural perspective, can be referred to
as the HI-TR (residues 21-54) and the H2-TR
(residues 200-252), with yeast Usolp being the
most divergent member (Fig. 5). Glu201 and Lys241
in the H2 region contribute to the stability of the
dimer interface (Fig. 2). Previous biochemical studies
utilizing monomeric forms of the N-terminal domain
of p115 (residues 1-651) did not detect Rab1 binding
to the globular head domain.*>?° In contrast, we
found that Rab1-GTP, but not Rab1-GDP, bound
strongly to the full-length p115 dimer and to the
dimeric form of the p115Nt globular domain, but not
to monomeric p115Nt, based on gel-filtration chro-

matography, with the latter result being consistent
with previous reports (Fig. 6a).>>

To further assess the potential role of residues in
the evolutionarily conserved H1 TR motif involved
in Rab1-GTP binding, we mutated selected charged
residues in the H1 TR and expressed recombinant
p115Nt protein for analysis of binding in vitro (Figs. 3
and 6b). Mutation of Arg39 in helix 2 to Glu (R39E)
completely disrupted Rab1-GTP binding in vitro to
full-length p115, a result consistent with its orienta-
tion and key role in structural stabilization of the H1
helical tripod (Fig. 6b). Interaction with Rab1-GTP
was partially disrupted by mutation of Arg29 to Glu
(R29E) in helix 1 facing the solvent on the face
opposite the interface between helix]1 and helix2
(Fig. 6b). Thus, the N-terminal H1-TR can confer
Rab1 interaction in vitro. Interestingly, mutation of
Glu2l to lysine, which was recently shown to
disrupt the interaction between p115 and the
COPI p-subunit of the COPI coat complex, 76 had
no effect on Rab1 interaction in vitro, suggesting that
H1 has an additional binding site for other proteins,
or that COPI p has a sequence or structural motif
similar to Rab1 (Fig. 6b).

Fig. 3. Tether repeat (TR) motif. (a) Structural features of the 12 TRs in the p115Nt monomer. Except for the C-terminal
TR, each TR includes three o-helices, which are shown in salmon, yellow and light blue, respectively. The insertions
between any adjacent helices are colored gray. Arg39 is shown in ball-and-stick representation; the side view is in the left-
hand panel, and the top view is in the right-hand panel. (b) The conformation of three adjacent tether repeats (TR5, TR6,
and TR7) highlights the tight packing of the conserved hydrophobic core throughout the solenoid, where the hydrophobic
residues involved in stabilizing the solenoid are shown in ball-and-stick representation. (c) Superimposition of the three
12 TR motifs from the dimer and monomer p115™" structures show the structural conservation.
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Fig. 4. Conformation of the incomplete tether motif at
the C-terminus of p115™". The 12th TR motif is shown in
thicker ribbon representation than other tether repeats
where it functions as a C-terminal cap for the a-solenoid.
Residues involved in stabilization of the helical domains
and the connecting loops of TR12 are represented by ball-
and-stick figures. Hydrogen bonds are indicated by
broken lines.

The H1 TR is required for ER to Golgi traffic

To test whether the H1 TR is involved in Rabl-
dependent trafficking of cargo between the ER and
the Golgi, we examined whether p115 H1 TR
mutants, which would likely function as dimers,
given the extensive C-terminal interactions, could
function as dominant negative inhibitors of traffick-
ing. For this purpose, mutants were over-expressed
in cells expressing vesicular stomatitis virus glyco-
protein (VSV-G), a type 1 transmembrane protein
that is efficiently transported between the ER and the
Golgi in a pl15-dependent fashion. >*°72%46:26:77
Overexpression (~10-fold), using a vaccinia transi-
ent expression system in the presence of the Sarl-
H79G dominant negative mutant that inhibits COPII
vesicle formation,”®”? prevents the export of VSV-G
from the ER and acquisition of endoglycosidase H
(endo H) resistance, a hallmark of processing by cis
Golgi a-mannosidases and glycosidases (Fig. 6¢c).*"*
Over-expression of the N-terminal (1-650) or C-
terminal p115 domains (651 — 960) (data not shown)
or full-length p115 protein (Fig. 6¢) had little effect on
VSV-G trafficking from the ER to the Golgi, as indi-
cated by acquisition of endo H resistance, suggesting
that the intact protein is required for function and
that excess p115 does not inhibit the activity of inter-
acting components likely functional at the bilayer.
Moreover, neither over-expression of single mutants
that were tested for interaction with Rabl in vitro
(Fig. 6b) (and data not shown), nor deletion of the H1
TR motif (residues 20-60) from the full-length

protein, generated a dominant negative phenotype
(Fig. 6¢). The inability of the R39E mutation to bind
Rab1 (Fig. 6a) is consistent with the inability of this
mutant to function as a dominant negative inhibitor,
particularly if recognition of Rabl through the H1
motif is the first step in p115 recruitment to mem-
branes. These results suggest that a dominant
negative interaction cannot arise by complete abla-
tion of the Rab1l binding site. In contrast, mutants
that may partially perturb the interaction of the H1
domain with Rab1 without disrupting the structural
organization of the H1 domain (see Discussion) may
show a dominant negative phenotype. Indeed,
mutants harboring the R29V-S33V-D37V-D38V-
N41V combination showed a strong dominant
negative effect on VSV-G processing to the endo H
resistant form (Fig. 6¢). Analysis of binding of this
mutant to Rabl in vitro (Fig. 6b) was not possible,
given its poor expression in Escherichia coli. Because
mutants expressing the R29V-533V or D37V-D38V-
N41V combinations were not dominant negative in
vivo (Fig. 6¢c), we conclude that residues 29 — 41
provide a platform involving both a1 and a2 helical
domains for interaction with Rab1 and possibly other
factors. The H1 tripod may facilitate the assembly
and/or disassembly of tethering-fusion complexes in
ER to Golgi trafficking and Golgi integrity.

Discussion

Structural basis for p115 tether function

We have demonstrated that the evolutionarily
conserved tether p115 has a N-terminal head domain
assembled from a-helical tripod TRs. The p115 TR
a-solenoid is structurally related to the well-studied,
superhelical a-solenoid importin o, and B-catenin
proteins that are constructed of tri-helical armadillo
repeats.®””>® Importin « belongs to a large family of
related proteins that serve as adaptors for targeting
many proteins to the nucleus.®* Importin o is a
monomeric helicoidal protein, and binds protein
ligands through conserved basic nuclear localization
signals to its highly flexible internal and external
a-helical faces.?>8¢ Similarly, monomeric B-catenin
utilizes its a-helical faces to organize the assembly of
complexes involved in cell signaling.83'87 In contrast,
pl115 forms a dimeric helicoidal protein where the
internal faces are largely restricted to maintaining
an energetically stable dimer interface in the cytosol.
Thus, p115 has utilized the interaction surface of
the helicoidal head domain to largely limit interac-
tions to its external faces, of which only two TRs, H1
and H2, are highly conserved. Intriguingly, the H2-
TR has recently been proposed to bind the conserved
oligomeric Golgi (COG) complex.”” COGs are multi-
meric complexes that are believed to have a critical
role in Golgi structure and retrograde trafficking of
a number of Golgi glycan processing enzymes.?>
Disruption of COG function leads to a number of
inherited glycosylation disorders.”’ While we found
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(a)

H1 domain sequence alignment
pli5_bovine 21 ETIQKLCDRVASSTLLDDRRNAVRALKSLSKKYR

P115_human 21 ETIQKLCDRVASSTLLDDRRNAVRALKSLSKKYR
Pll5_mouse 21 ETIQKLCDRVASSTLLDDRRNAVRALKSLSKKYR
Pl115_rat 21 ETIQKLCDRVASSTLLDDRRNAVRALKSLSKKYR

54
54
54
54

dpll5 25 ETVEKLVDRVYSSTLLEDRRDACRALKALSRKYR 58
usol 18 ETIPTLCDRVENSTLISDRRSAVLGLKAFSRQYR 51
kk: ok khkk _ kkk: khkk *k  Kkk.ok. o kk

H2 domain sequence alignment

Pl15 bovine 200 IQKIVAFENAFERLLDIITEEGNSDGGIVVEDCL 233
pl15_human 200 IQKIVAFENAFERLLDIISEEGNSDGGIVVEDCL 233
Pll5_mouse 200 IQKIVAFENAFERLLDIITEEGNSDGGIVVEDCL 233
pll5_rat 200 IQKIVAFENAFERLLDIITEEGNSDGGIVVEDCL 233
dpl15 203 IQKIVAFENAFDRLFEIVREEGCSDGGIVVEDCL 236
usol 219 VQKLVAFENIFERLFSIIEEEGGLRGSLVVNDCL 252
:*t:ttit* t:tt:'l; o de ke t';ti;!it

pll5 bovine 234 ILLONLLKNNNSNQ
pl15_human 234 ITLONLLKNNNSNQ
pll5_mouse 234 ILLONLLKTNNSNQ
p115_rat 234 ILLONLLKNNNSNQ
dplls 237 ILLLNLLKNNSSNQQ
usol 253 SLINNILKYNTSNQ'

252
252

252
252
255
271

Fig. 5. Sequence alignment and structural orientation of p115 conserved subdomains H1 and H2. (a) Sequence
alignment of H1 and H2 regions. While yeast Usolp (uso1) is more divergent than that observed within higher eukaryotes,
its level of conservation suggests significant overlap in functional properties related to the function of domains H1 and H2
in vesicle trafficking. (b) Location of H1 and H2 domains in the p115 dimer structure, with H1 and H2 shown in red and
dark blue, respectively; the top view is shown in the left-hand panel, and the side view is shown in the right-hand panel.

that over-expression of a variety of mutants in the
H2 domain had no dominant effect on VSV-G
transport to the Golgi (data not shown), complete
deletion of the H2 domain results in Golgi fragmen-
tation and reduction in ER to Golgi transport,??
consistent with an important role for both of the
conserved H1 (shown herein) and H2* domains in
p115 function.

While H2 binds COG,* we found that the N-
terminal H1 TR can bind Rabl. Previous observa-
tions demonstrated that Rab1l binds to a coiled-coil
region (CC1) (residues 650-961) that lacks predicted
TRs and is distal to the N-terminal globular domain
reported here.?® This CC1 domain (residues 650-780)
is thought to form a cryptic binding site masked by
the acidic tail domain (residues 875-920) that, in the
absence of the Golgin tether GM130, displaces the
acidic domain and would prevent Rab1 binding.**””
Interaction of Rab1 with a coiled-coil domain is not
unlike the recent structural complex reported for the

yeast Sec4 Rab GTPase bound to a coiled-coil motif in
the Sec4 GEF,%%®° or Rabé interaction with GCC185.”
Interestingly, the CC1 region was inactive in Rabl
binding when isolated as a monomeric CCl1
fragment.”> One possibility is that the CC1 region
may function only as a dimer, as observed for Rabl
binding to the N-terminal globular domain here. It is
possible that both the Rabl and CC1 interaction
domains in the monomeric state are more unfolded
and/or flexible in solution when compared to the
dimer and, therefore, unable to productively bind
Rab1. The identification of the H1 TR domain as a
binding partner for Rabl raises the possibility that
two different Rabl binding regions may have
different functions in the sequential events that
direct tethering and SNARE assembly, which facil-
itate vesicle docking and fusion.3>36.77.9091 We
suggest that the H1 domain may initiate these
events, given the complexities associated with
GM130 exposing the CC1 motif.>*”” Although the
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Fig. 6. Role of H1 TR in Rab1 function in ER to Golgi trafficking. (a) Binding of Rab1-GTP, but not GDP, to the full-
length p115 dimer and to the dimeric form of the p115Nt globular domain, but not to monomeric p115™'. GST-Rab1-GDP
(control; lanes, a, ¢, and e) and GST-Rab1-GTP bound to GST-beads (lanes b, d, and f) were incubated with recombinant
full-length wild type (p115™; lanes a and b) and mutant monomer (lanes ¢ and d) or dimer (lanes e and f) p115™" as
described in Materials and Methods. A silver-stained gel is shown of Rab1 (lanes a—f), pllSF ! (lanes a and b) or pllSNt
(lanes c—f) retained on beads. (b) The effect of mutation of H1 residues on Rab1l binding to p115F1. p115 mutants were
generated and p115" interaction with Rabl was performed as described in Materials and Methods. p115 binding is
reported as a percentage of total wild type p115™ bound relative to total GST-Rab1 coupled to beads. Inset: Structural
orientation of residues mutated for biochemical studies are shown in ball-and-stick representation. (c) Effect of mutations
in p115 (left-hand panel) on trafficking of VSV-G (right-hand panel). Transport of VSV-G from the ER to the Golgi was
followed by pulse—chase with [*°S]Met for the indicated length of time and treatment of cell lysates with endoglycosidase
(endo) H followed by SDS-PAGE, as described in Materials and Methods. The reduction of processing to the endo H
resistant glycoform reflects decreased delivery to Golgi compartments. Sarl-H79G, or the indicated wild type or mutant
full-length p115 construct was over-expressed ~ 10-fold relative to endogenous p115 using a vaccinia transient expression
system, as described in Materials and Methods.

Glu21 residue in the H1 TR has recently been
reported to interact with the p-subunit of COPI,”
we were unable to detect an effect of mutating this
residue on the interaction with Rabl. This is

consistent with the fact that the Rab1-H1 interacting
domain likely involves residues 29-41.

While TRs define the a-solenoid structural orga-
nization of the N-terminal globular head domain,



Insight into Membrane Tethering

35

(a) P15(RaDY) Bt

Gm130(Rab1) — ] L.

Gmap210(ARF1) (2! Lt =

Golgin245(ARL1)* - Lt e — I
Gianlin(Flah1) H i S 8 I LE B | e T
o EEE— ™
" B EEEE BE B B B
Golging4(Rab1) e mrw =’
BicaudalD1(Rabg) FLL 0=
Iporin(Rab1) | ]
Micali(Rab1) ! DJE
Rabenosyn5 d&;
(Rab4,5,22)*
Rabaptin5(Rab5)*{ — H“,
EEA1(Rab5) g !
@ coiled-coil

Rim3(Rab3A) —
Noc2(Rab3A) e —

(b)

o2

ol

they lack sequence conservation except for notable
leucine-rich motifs that can be best described as
armadillo-like features (Supplementary Data Table
52). Although an extensive database analysis using a
variety of current alignment algorithms failed to
reveal a consensus motif that could be used to define
a TR family/superfamily (P.R. & A.G., unpublished

8 GTPase binding
8 TR motif

Fig. 7. Conservation of TR
structure. (a) Predicted coiled-coil
regions are shown in cyan boxes
above each protein (with its binding
partner); putative TR-containing
regions (see Discussion for further
details; and see Supplementary
Data Table S2) that overlap with
predicted coiled-coil regions, are
shown in orange boxes below each
protein. The region binding ARL1,
ARF1 or Rab GTPases is shown by
the gold boxes within the protein.
An asterisk (*) indicates TR motifs
with known structure. (b) Super-
imposition of TR motifs of p115™
and structurally characterized Rab
GTPase effector complexes: (upper
panel) helices 1 and 2 in the H1 TR
of p115™* (cyan) with Rabenosyn-5
(441-501, PDB 1ZOK) (gray); (mid-
dle panel) helices 1 and 2 in the H1
TR of p115™" (cyan) with Rabeno-
syn-5 (734-784, PDB-1ZQ)J) (gray);
and (lower 1gamel) helices 2 and 3 in
H1 of p115™" (cyan) and Rabaptin5
(804-849, PDB-1TU3) (gray).

results), it is of note that, upon visual inspection, a
leucine-rich pattern separated by sequences of
variable length, as found for p115Nt, can be detected
in a broad spectrum of tether proteins that are
involved in exocytic and endocytic trafficking path-
ways (Supplementary Data Table S2). While it is
difficult to assign statistical significance to such
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Fig. 8. A model of the Rab1-GTP-p115 complex in membrane tethering. (a) Superimposition of helices 1 and 2 of the
TR like-motif in GRIP domain (red) (from the ARL1-GTP-GRIP complex, PDB 1R4A) with H1 of 1;)115Nt (cyan) based on
superimposition of consensus hydrophobic residues. (b) Superimposition of ARL1-GTP and Rab5-GTP (PDB 1TU3), with
ARL1-GTP (red) and Rab5-GTP (blue). The switch and interswitch regions that interact with the GRIP or H1 TR muotifs are
facing the viewer. (c) Superimposition of the ARL1(GTP)-GRIP (PDB 1R4A) (red) with the H1 domain of p115Nf and Rab5-
GTP (PDB 1TU3) (blue) illustrating a possible molecular model for the Rab1-GTP-p115 complex. The unstructured
23-residue hypervariable domain of Rab1 containing two C-terminal geranylgeranyl prenyl lipids (purple) is indicated
with blue lines. (d) Rab1-GTP—p115 complex interface. The Rab1-GTP model (purple) was generated by mutation of
corresponding residues of Rab5-GTP (cyan) on the basis of sequence alignment. The indicated residues in p115 were
mutated for analysis of their effects on Rab1 binding, as described in the text. Mutation of Asp38 to Lys had no effect on
Rab1 binding (Fig. 6b), consistent with its orientation in the homology model. In contrast, while Arg39 does not have
direct interactions with Rab1, it is likely required for stabilization of the H1 TR domain and thereby strikingly disrupts
interactions with Rabl when mutated (Fig. 6b). Arg29 likely interacts with the switch regions to alter Rabl binding
(Fig. 6b). Lys47 and Lys51 may affect stabilization of the TR1 domain and have differential effects on Rabl binding
(Fig. 6b). (e) Structural model of p115 ER-Golgi tether-fusion pathway. Binding of p115 by Rab1-GTP*’**’ to the bilayer
through the C-terminal prenyl lipids of Rab1 links p115 to ER to Golgi transport vesicles.3”*8 The first step in recognizing
the Golgi at a distance is by interaction with the Golgi-associated, extended tether giantin to form tethering complex 1
(TC1) through interaction with the acidic-C-terminal domain of p115.%*°"**!*¢ In the subsequent tethering complex (TC2),
pl15 is bound to the more compact, Golgi-associated GM130 tether, again through the p115 acidic C-terminal
domain.®39° Close juxtaposition of the vesicle bilayer to the Golgi bilayer by TC2 promotes SNARE assembly (TC3) and
fusion.®>*”#357 The molecular and biochemical events directing transitions between TC1-3 are unknown. p115, giantin
and GM130 were structurally modeled on the basis of the distribution of potential TRs (green and cyan icons based on
Supplementary Data Table S2) and predicted coiled-coiled motifs. The v-SNARE and t-SNARE partial and complexed
structures are illustrated based on the intact SNARE complex (PDB 1N7S). All protein components illustrated are
calibrated approximately to their predicted physical dimensions.
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manual assignments, it is interesting to note that the
leucine-rich pattern separated by sequences of
variable length are found nearly exclusively in pre-
dicted coiled-coiled regions”™ of Golgins and other
Rab effectors where binding to Rab, Arf, and Arl
GTPases has been demonstrated.*® One possibility is
that these regions, despite our current inability to
recognize them computationally, comprise a broad
family of evolutionarily related, a-helix-rich sub-
domains that adopt structural features to facilitate
GTPase-regulated membrane trafficking. The pre-
sence of both di-helical and tri-helical interaction
domains found in a number of Rab-effector com-
plexes is consistent with this hypothesis (Fig. 7b;
Supplementary Data Table S2).*® Here, two out of the
three a-helices appear to be involved in generating a
GTPase-binding platform, whereas the third helix
contributes to structural orientation of the platform.
These differences suggest that GTPase interaction
with tethering components can involve a multiplicity
of structural motifs, involving a-helical domains,
that may have different functional consequences.”

Homology model of the Rab1-p115 complex

The structure of the small GTPase ARL1 bound to
the C-terminal, a-helix-rich fragment corresponding
to the GRIP domain in the tether Golgin 245 has been
determined.””* Like Rab1, ARL1 belongs to the Ras
superfamily of GTPases that retains a highly
conserved core fold that is augmented with unique
switch and interswitch regions that direct specific
function.”®” We performed a structural alignment
of the p115 H1 TR with the Golgin 245 GRIP domain
bound to ARL1 (PDP codes 1R4D, 1UPT).”>%*
Superimposition of consensus hydrophobic residues
of the a1 and a2 helices of the GRIP domain with the
al and a2 helices of p115™t H1-TR yielded an rmsd
of 0.8 A (main chain), which indicated similar struc-
tural configurations (Fig. 8a). Because ARL1 and
Rabs have nearly identical core GTPase folds that
bind guanine nucleotide, we were able to align the
Rab5 nucleotide binding domain (PBD code 1TU3)
with that of ARL1 (PDB code 1R4D) (Fig. 8b). By
substitution of the Rab5 switch domain residues to
the corresponding Rab1 switch regli\lon residues, we
could generate a model for the p115™"-Rab1 complex
(Fig. 8c) that illustrated the role of R39 in stabilizing
the structure of the H1 TR, and R29, and potentially
D38, for interaction with Rab1 (Fig. 8d). This align-
ment yields an orientation consistent with the inter-
pretation that the switch and interswitch regions of
Rabl1 are involved in binding the H1 TR in p115. The
orientation of the truncated C-terminus of Rab1 (Fig.
8¢c) suggests that binding of either one or two Rabl
molecules to the lipid bilayer can be readily accom-
modated by insertion of the prenyl lipids covalently
attached to conserved cysteine residues at the C-
terminus (Fig. 8e).

Our knowledge of the structure of the globular
head region, combined with the extensive bioche-
mical analysis of p115 function in trafficking and
SNARE assembly,>”-#14344 provides an opportunity

to model the membrane tethering and docking events
in ER to Golgi trafficking that involve p115 (Fig. 8e).
p115 is recruited to activated Rab1-GTP on the donor
vesicle through the H1 TR domain and likely is
retained on the bilayer by the flexible 23 residue,
hypervariable, prenylated C-terminus of Rabl.”
Because p115 interacts with the highly elongated
tether giantin that is attached to the acceptor cis Golgi
compartment,””*'% we raise the possibility that
tethering can initially occur at a distance of up to
200 nm from the bilayer. Following this step, p115
may be handed on to the more structurally compact
GM130 tether (Fig. 8e).35373957 This would serve to
physically draw the membrane surfaces together,
and, based on current models,””” is expected to
accelerate the release of the autoinhibitory acidic
domain found at the C-terminus of p115 to allow
interaction with Rabl on the acceptor membrane
with the CC1 region of p115, thereby stabilizing
association of opposing membranes.3>3%77 This
physical model of tethering explains the observation
that, while giantin and GM130 are regulatory, they
are not essential for either Golgi assembly or ER to
Golgi transport.*>**?° Rather, tethering at a distance
may improve the overall efficiency of trafficking in
higher eukaryotes by reducing a 3D walk in the
cytosol to a more restricted 2D walk along the surface
of the Golgi.'"’! Finally, p115-dependent SNARE
assembly at the CC1 region would direct bilayer
fusion (Fig. 8e). We conclude that the dimeric sole-
noid structure of the N-terminal region of pl15
described here provides a Rabl-dependent binding
platform on the nascent vesicle to initiate a cascade of
tethering-fusion events culminating in the transfer of
cargo between the ER and the Golgi.

Materials and Methods

Preparation of monomer and dimer p115
N-terminal domains

The N-terminal domain of bovine p115 from residue 1 -
651 was cloned into the pET-28a vector. The protein was
expressed with E. coli strain BL21 (DE3) cell and purified
using Ni-NTA (Qiagen), ion-exchange (Mono Q, Pharma-
cia), gel-filtration chromatography (Superdex 200, Phar-
macia) and thrombin digestion. The purified protein was
concentrated to 10 mg/ml in 50 mM Tris—-HCI, pH 8.5. Se-
Met protein was expressed with B834 (DE3) cell in Se-Met-
containing minimal medium, and purified under reducing
conditions, containing 10 mM p-mercaptoethanol. The
protein used to prepare the p115 dimer was generated as
described for the monomer, with the exception that the
protein was engineered to contain a tandem N-terminal
HA/Hise tag in a pET-11d vector. Protein samples were
designated monomer or dimer on the basis of their gel-
filtration profiles.

Crystallization

Monomer crystals were obtained from 1.2 M NaH,PO,/
K,HPO,, pH 5.5. Se-Met protein crystals were grown from
similar conditions with 10 mM p-mercaptoethanol. Dimer
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crystals were obtained from 10% (v/v) methyl-2,4-
pentanediol (MPD), 18% polyethylene glycol (PEG) 4000
and 0.1 M Tris-HCI, pH 8.4. The native monomer data set
was collected at SSRL 9-2 to 2.0 A resolution, and a three-
wavelength MAD data set with Se-Met derivative was
collected at ALS 8.2.1 to 2.7 A. The dimer data set was
collected at ALS 5.0.2 to 2.18 A. All data sets were
processed with the program HKL2000."% Phases to 2.7 A
were obtained from the MAD data set with the program
SOLVE, and density modification was performed by
RESOL\{E.]O3 Phases were extended with the native data
set (2.0 A) with the program DM.'?* The automatic model
building program ARP/ wARP'® and manual building
were used to build both main chain and side chains from
the phase-extended map. The resulting model was
initially refined with CNS'® and completed with
REFMAC5 using TLS refinement.'” Manual model
fitting was carried out using the programs O'® and
COOT.'® The dimer phases were solved from native
data set with the molecular replacement program
Molrep,104 using the monomer structure as the search
model. The stereochemical quality of the models were
verified using AutoDepInputTool'® MolProbity,!! and
WHATIF 5.0.12 Data collection and refinement statistics
are summarized in Table 1. The dimer crystals have one
dimer in the asymmetric unit, while the monomer crystals
have one monomer in the asymmetric unit. The dimer
configuration cannot be constructed from any of the
symmetry operators in the monomer crystal unit cell.

Binding of p115 to Rab1

A 25 png sample of recombinant GST-Rab1 protein was
immobilized to 5 pl of GST beads (GE Healthcare, Piscat-
away, NJ) in reaction buffer (25 mM Hepes-KOH (pH 7.4),
100 mM NaCl, 1 mM MgCl,, 1 mM DTT) followed by
nucleotide exchange with GTPyS or GDP.*” A 50 ug sample
of purified full-length p115 was incubated in the reaction
buffer plus 1 mM nucleotide at 4 °C overnight followed by
washing three times with reaction buffer. Protein bound to
the beads was eluted with denaturing buffer (10 mM Tris—
HCI (pH 7.0), 1% (w/v) SDS, 1% p-mercaptoethanol) at
37 °C for 10 min, and analyzed by SDS-PAGE with silver
staining to determine purity.

Generation of p115 N-terminal domain mutants

Point mutations in the p115 H1 domain (residues 21-54)
were engineered using pFastBACl-hexaHis-p115 wild
type as the template and complimentary mutagenic
oligomers with the Quikchange Kit (Stratagene,
#200518). Following sequence confirmation, mutagenized
p115 fragments (residues 1-456) were excised by digestion
with Ndel-Bsu36l and ligated back into the similarly
digested FastBAC-Hisg-p115 template. DH10BAC. E. coli
was transposed with the pFastBAC1-Hisg¢-mutant p115
plasmids to generate mutant Hisg-p115 bacmids using the
BAC-to-BAC Baculovirus Expression System (GibcoBRL/
Invitrogen Corp.). Sf9 insect cells were transfected with
the bacmids to produce recombinant mutant Hisg-p115
baculoviruses, which were then used to infect TN5 insect
cells for protein expression.

Transport in vivo

[**S]Met pulse—chase labeling and vaccinia transient
expression and quantification were as described.'"

Protein Data Bank accession codes

Coordinates and structure factors have been deposited
in the PDB with accession codes 3gq2 (dimer) and 3grl
(monomer).
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