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Crystal structure of bet3 reveals a novel mechanism for 
Golgi localization of tethering factor TRAPP
Yeon-Gil Kim1, Eun Ju Sohn2, Jawon Seo3, Kong-Joo Lee3, Heung-Soo Lee4, Inhwan Hwang2, Malcolm Whiteway5, 
Michael Sacher6 & Byung-Ha Oh1

Transport protein particle (TRAPP) is a large multiprotein complex involved in endoplasmic reticulum–to–Golgi and intra-Golgi 
traffic. TRAPP specifically and persistently resides on Golgi membranes. Neither the mechanism of the subcellular localization 
nor the function of any of the individual TRAPP components is known. Here, the crystal structure of mouse Bet3p (bet3), a 
conserved TRAPP component, reveals a dimeric structure with hydrophobic channels. The channel entrances are located on a 
putative membrane-interacting surface that is distinctively flat, wide and decorated with positively charged residues. Charge-
inversion mutations on the flat surface of the highly conserved yeast Bet3p led to conditional lethality, incorrect localization and 
membrane trafficking defects. A channel-blocking mutation led to similar defects. These data delineate a molecular mechanism 
of Golgi-specific targeting and anchoring of Bet3p involving the charged surface and insertion of a Golgi-specific hydrophobic 
moiety into the channels. This essential subunit could then direct other TRAPP components to the Golgi.

The maintenance of the proper protein and lipid content of intracellular 
organelles, mediated by vesicular carriers, is crucial for the survival of 
eukaryotic cells. Multiple factors have been implicated in ensuring the 
correct delivery of these vesicles to their appropriate compartments. 
One class of these factors is made up of the large, multisubunit tethering 
complexes found on distinct organelles1,2. Because these complexes may 
be involved in the initial stages of vesicle recognition3, ensuring that the 
complexes themselves are delivered to the correct organelles is a critical 
cellular event. So far, it has not been known how these complexes or their 
subunits are directed to their respective membranes.

TRAPP is a large complex (∼1,000 kDa) required for tethering endo-
plasmic reticulum (ER)-derived vesicles to Golgi membranes and for 
intra-Golgi traffic4,5. The complex was first identified in yeast and later 
in human cells4,6,7. The subunits are distributed into two functionally 
distinct complexes consisting of seven to ten proteins that are highly 
conserved in evolution4,7. The interactions between the TRAPP compo-
nents seem to be quite strong, as the complex remains assembled after 
incubation in solutions containing up to 1 M NaCl7. The biochemi-
cal function of any of the constituent proteins is virtually unknown, 
although the TRAPP complex itself is a guanine nucleotide exchange 
factor for Ypt1p8. The function of TRAPP on the Golgi must be vital 
because (i) seven subunits of the complex are indispensable for the 
growth of yeast7 (ii) mutations in the human ortholog of the essential 
yeast subunit Trs20p are responsible for the X-linked recessive skeletal 
disorder spondyloepiphyseal dysplasia tarda9 and (iii) the complex sta-
bly localizes to Golgi membranes10. The ability of purified TRAPP to 

bind specifically to ER-derived transport vesicles5 places this complex 
as one of the most upstream factors in determining specificity in ER-
to-Golgi membrane traffic.

Bet3p is the most highly conserved protein among the TRAPP com-
ponents11. In yeast, Bet3p resides exclusively and functions on Golgi 
membranes4,10. Because many Golgi proteins recycle through the ER12, 
the persistent localization of Bet3p and TRAPP to the Golgi is believed 
to be important for its putative function as a landmark for incoming 
vesicle traffic10. The mechanism mediating the stable localization of the 
complex to the Golgi is unknown. Bet3p and other TRAPP subunits can 
be extracted from membranes by salt but not by the detergent Triton 
X-100 (ref. 7). Furthermore, none of the TRAPP components contains a 
membrane-spanning domain. Together, these observations suggest that 
the complex is anchored on membranes by electrostatic interactions or 
post-translational modifications. 

A variety of proteins synthesized in the cytosol selectively trans-
locate to membrane-bound compartments directed by a distinct 
set of landmark proteins and lipid molecules on the membranes. 
Short-lived activated small G proteins and phosphoinositides are 
the major mediators in the membrane translocation of cytosolic 
or peripheral membrane proteins through protein-protein and 
protein-phospholipid interactions13,14. Lipidation of proteins, such 
as S-palmitoylation, N-myristoylation and prenylation, is another 
major determinant resulting in membrane-anchoring of cytosolic 
proteins15–17. Although many examples of lipidation-mediated 
compartment-specific localization of cytosolic proteins are found in 
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the literature18–20, the molecular mechanism underlying this process 
is still only vaguely understood21–24.

Here, using the crystal structure of mouse bet3, we delineate a novel 
mechanism of how the bet3 subunit of TRAPP targets and localizes 
specifically to Golgi membranes, and propose a mechanism whereby 
this subunit is involved in the correct localization of the TRAPP complex 
to the Golgi.

RESULTS
Overall structure of bet3
The crystal structure of full-length mouse Bet3p (bet3) was solved 
with multiple MAD phasing using a crystal of selenomethionine 
(SeMet)-substituted protein. The final model, refined against data to 
a resolution of 1.9 Å, consists of residues 9–172. The structure is a 
mixed α/β fold containing four α-helices and five β-strands (Fig. 1a). 
A hairpin motif composed of β2 and β3 is juxtaposed with the other 
hairpin, composed of β4 and β5, forming an antiparallel β-sheet. One 
face of the sheet exhibits extensive hydrophobic interactions with α3 
and α4. The other face of the sheet is exposed to the bulk solvent. 
The asymmetric unit of the crystal contained one molecule of bet3, 
which interacts extensively with a symmetry-related bet3 molecule. 
The intermolecular interaction is a typical pattern of domain swap-
ping; β1 (residues 12–16) of one molecule is between β1 and α3 of the 
other molecule, whereas α1 of one molecule interacts with α2 of the 
other molecule (Fig. 1a). The dimer interface buries 1,921 Å2 or 20.3% 
of the total monomeric surface, demonstrating that bet3 is a dimeric 
protein. This conclusion is supported by an immunoprecipitation 

study showing that Bet3p associates with Bet3p-protein A in a yeast 
strain expressing the two proteins7. Bet3p exhibits limited sequence 
homology with two other TRAPP components, Trs31p and Trs33p7. 
This observation suggests potential heteromeric interactions between 
Bet3p and either of these two proteins. We produced and purified 
recombinant mouse trs33 to homogeneity. However, we did not detect 
an interaction with bet3 as judged by both native gel electrophoresis 
and GST pull-down analyses in which one of the two components was 
present in substantial molar excess (data not shown). Nevertheless, 
large-scale yeast two-hybrid assays revealed interactions between Bet3p 
and Trs31p25,26, leaving open the possibility of such hetero-oligomers 
in TRAPP. A database search for homologous structures in the Protein 
Data Bank revealed no protein with analogous folds.

A central hydrophobic channel and a distinctively flat surface
Complete chain tracing revealed that bet3 has a central hydrophobic 
channel defined by apolar side chains emanating from α2, α3 and α4 
of one subunit and Leu18 on α1 of the other subunit (Fig. 1b). The 
channel is accessible from the entryway at one end, at which two com-
pletely disordered residues, Arg67 and Cys68, are located. Notably, the 
channel enclosed two closely juxtaposed elongated electron densities 
in the shape of a long alkyl chain. A myristate molecule could be fit-
ted into the electron density. As the elongated electron densities were 
relatively weak, we suspected that an absolutely conserved residue, 
Cys68, might be acylated, but the flexibility of loop α2-α3 (resi-
dues 64–69) obscured the observation of the possible covalent bond 
formation. Crystals were obtained, however, from a truncated bet3 

Figure 1  Overall structure, hydrophobic channel and S-acylation of bet3. (a) Dimeric structure. Myristoyl-Cys68 is a CPK model. The secondary structures 
are numbered in the order of appearance in the primary sequence. A portion of loop α2-α3, whose electron density was completely or partly missing, is 
red. (b) Myristoyl-Cys68 in the central hydrophobic channel. Left, the Fo – Fc electron densities enclosed by the residues lining the channel, along with the 
final refined model of myristoyl-Cys68 in the structure of full-length bet3 (1.9 Å, 2.5 σ). The electron density map was calculated without myristoyl-Cys68. 
Cys68 was completely disordered, and its coordinates should be considered unfixed. Leu18 from the adjacent subunit is gray. Right, a cutaway view of the 
hydrophobic channel with the complete enclosure of the myristoyl-Cys68. An enlargement of the electron density around Cys68 is in Supplementary Figure 1 
online. (c) Stereo view of the hydrophobic channel in the structure of bet3(8–172). The Fo – Fc electron density map (1.6 Å, 2.5 σ) was calculated with a 
model refined without myristoyl-Cys68. The side chain of Leu82 was modeled based on the coordinates of Ala82, which is conserved as alanine or glycine 
(Fig. 3). The modeling indicated that leucine at this position would not cause a steric hindrance with neighboring residues. (d) ESI mass spectrometric 
analysis of bet3(8–172) produced in E. coli. Deconvoluted mass spectrum shows unmodified, myristoylated (∆210), and palmitoylated (∆238) species. 
The unprocessed spectrum is in Supplementary Figure 3 online.
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(residues 8–172) in which loop α2-α3 is held in shape owing to the 
interaction of this loop with an adjacent molecule. As a consequence, 
a long and well-defined electron density connected to the sulfur atom 
of Cys68 was clearly observed (Fig. 1c and Supplementary Fig. 1 
online) and unequivocally identified as myristate on the basis of the 
high-resolution electron density map. Mass spectrometric analysis 
showed that the protein sample used for the crystallization was a mix-
ture of three species (unmodified, myristoylated and palmitoylated 
bet3(8–172), Fig. 1d).

The myristoyl chain is completely enclosed by the hydrophobic resi-
dues lining the channel. Notably, the two channel entrances, related by 
molecular two-fold symmetry, are located at the edge of an unusually flat 
and wide surface of the bet3 dimer (Fig. 2). The surface is predominantly 
positively charged, having seven exposed basic residues per subunit, and 
therefore seems ideal for interacting with cell membranes. A multiple 
sequence alignment reveals that five (Lys13, Arg62, Arg67, Lys80 and 
Lys84) of the seven basic residues on the flat surface are >84% conserved 
(Fig. 3). Likewise, all of the residues lining the hydrophobic channel are 
virtually conserved (Fig. 3). The structural observations in conjunc-
tion with the sequence conservation pointed toward a mechanism of 
membrane-anchoring of bet3 involving both insertion of an acyl group 
within the hydrophobic channel and electrostatic interactions along the 
charged, flat surface.

Membrane-anchoring of Bet3p does not require S-acylation
Based on the structure of mouse bet3, we generated a mutant form of 
the protein containing the C68S substitution. Indeed, electron spray 

ionization (ESI) mass spectrometric analysis of the resulting protein 
indicated that the recombinant, mutated protein was not acylated (data 
not shown). Given the high degree of identity between bet3 orthologs 
(Fig. 3), we chose to examine the function of the structural features 
described above using the yeast model system. To examine whether 
Bet3p acylation was necessary for the function of the protein, we gen-
erated a yeast Bet3p mutant containing the substitution of the equivalent 
of mouse Cys68 with serine and a C-terminal HA-tag (Bet3p(C68S)-
HA; mouse bet3 numbering is used throughout the text). Yeast cells 
expressing this mutant form of Bet3p as the sole copy of the protein were 
viable at all temperatures examined (Table 1), indicating that acylation 
of Bet3p is not critical for its function and that acylation of the recom-
binant protein was a serendipitous finding.

We next examined the subcellular localization of the HA-tagged 
wild-type and mutant constructs in yeast cells by both indirect immuno-
fluorescence and gradient fractionation. Consistent with a previous 
report for Bet3p-GFP10, the wild-type Bet3p-HA exhibited a punctate 

Figure 2  Unusually flat surface of bet3. (a) Ribbon drawing looking down the 
molecular two-fold axis, which runs perpendicular to the orientation of bet3 
in Figure 1a. Myristoyl-Cys68 is a CPK model. The acidic or basic residues 
exposed on the surface are in ball-and-stick form. The flexible portion of loop 
α2-α3 is red. The coordinates of a completely disordered residue, Arg67, 
should be considered unfixed. (b) Electrostatic surface representation. 
The orientation of the molecule is the same as in a. The positive and 
negative charges arising from the indicated residues in a are in blue and 
red, respectively. Circles, positions of the entryway to the channel on each 
subunit. The two lysines substituted with glutamate (see text) are labeled 
with bold yellow letters.

Figure 3  Secondary structure assignment and sequence alignment. The 
red and blue letters indicate the amino acids that are 100% and >80% 
conserved in 13 representative Bet3p orthologs available in public 
databases. Myr, the myristoyl group bound to Cys68 in the crystal. Filled 
circles, residues lining the wall of the hydrophobic channel. Red arrowhead, 
mutated residue used to limit the access of the fatty-acyl chain into the 
channel. Open circles, basic residues on the flat surface of the molecule. 
The secondary structure assignment at the top of the sequence shows that 
all of the insertions or deletions of amino acids are on loops. The accession 
codes for the Bet3p sequences are listed in the Methods.
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staining pattern representing localization to the Golgi (Fig. 4a). The 
Bet3p(C68S)-HA also exhibited punctate staining nearly indistinguish-
able from that of wild type (Fig. 4a). We then examined Bet3p fraction-
ation by sucrose velocity gradients. In the gradient system used, Golgi 
proteins including Bet3p have been shown to migrate in fractions 4–7 
(refs. 10,27,28). Consistently, both Bet3p-HA and Bet3p(C68S)-HA 
peaked in these fractions (Fig. 4b, black and blue lines). These data 
therefore indicate that acylation of Bet3p is not necessary for its localiza-
tion or function in vivo. Consistent with this notion, metabolic labeling 
of the yeast with tritiated palmitate or myristate did not reveal detectable 
levels of Bet3p acylation (data not shown).

Golgi targeting of Bet3p requires an open hydrophobic channel
As acylation of Bet3p was not needed for the function of the protein, 
we next examined the role of the hydrophobic channel. The fact that 
the recombinant protein was acylated was probably a serendipitous 
finding indicating that the channel could accommodate an acyl group. 
Therefore, we sought to block the channel by site-directed mutagenesis 
and examine the effects in vivo. A modeling experiment indicated that 
substitution of Ala82, a conserved residue located in the middle of the 
channel (Fig. 1c), with leucine seemed to have no effect on the local 
structure around the residue (Fig. 4c and data not shown), but would 
block access to most of the channel. In terms of a fatty-acyl chain, this 

mutant would allow accommodation of only 
the terminal six-carbon segment into the chan-
nel owing to steric hindrance. This mutation 
(A82L) was conditionally lethal (Table 1) and 
all experiments with it were done by preshifting 
the cells to 37 °C before analysis. Unlike the wild 
type and the C68S mutant, indirect immuno-
fluorescence of Bet3p(A82L)-HA exhibited a 
nondescript pattern suggesting localization 
to a variety of intracellular compartments in 
the cell (Fig. 4a). Sucrose velocity gradient 
fractionation showed a wide distribution of 
this mutant protein throughout the gradient 
compared with wild-type Bet3p-HA (Fig. 4b, 
red line), again suggesting that the protein is 
found on multiple membranes. Although we 
did not detect acylation of Bet3p in vivo, one 
interpretation of the A82L phenotype is that if 
Bet3p were acylated, a substantial portion of 
the fatty-acyl chain from residue Cys68 would 
be exposed in the cytosol owing to the channel-
blocking mutation. This would in turn drive 
nonspecific interactions of the mutant with 
membranes of various organelles or other 
hydrophobic molecules. Alternatively, because 
acylation of Cys68 is not essential, a Golgi-
specific hydrophobic moiety may not have 
access to the Bet3p channels, resulting in asso-
ciation of this protein with numerous mem-
branes via a nonselective process.

To distinguish between these two possi-
bilities, we constructed the double mutant 
Bet3p(C68S A82L)-HA, in which the acylated 
cysteine residue was changed to a serine and 
the hydrophobic channel was blocked. If the 
phenotype of the Bet3p(A82L)-HA mutant 
yeast were due to acylated Bet3p’s inability 
to sequester the acyl group, then the double 

mutant should behave as the Bet3p(C68S)-HA mutant and suppress the 
temperature-sensitive growth of the single Bet3p(A82L)-HA mutation. 
If, however, the Bet3p(A82L)-HA mutation were blocking access to a 
hydrophobic moiety from the Golgi (either from a protein or lipid), then 
the double mutant should behave like the Bet3p(A82L)-HA mutant. The 
Bet3p(C68S A82L)-HA double mutant behaved as the Bet3p(A82L)-HA 
mutant (Table 1). This result indicates that the conditional lethality of 
the Bet3p(A82L)-HA mutant was not due to acylation of Bet3p and 
suggests that Bet3p requires an open hydrophobic channel, for insertion 
of an acyl group from another molecule, to properly localize to Golgi 
membranes.

Figure 4  Phenotype of wild-type and mutant yeast Bet3p. (a) Indirect immunofluorescence. Yeast cells 
expressing either wild type, HA-tagged Bet3p (Bet3p-HA), or the mutants Bet3p(K13E K84E)-HA, 
Bet3p(C68S)-HA, and Bet3p(A82L)-HA were processed for indirect immunofluorescence as described 
in Methods. A representative cell at high magnification (100×) is shown in each panel. Scale bars, 
1 µm. (b) Sucrose velocity gradient fractionation. Yeast cells expressing either Bet3p-HA or mutants 
were processed for sucrose velocity gradient fractionation as described in Methods. Fractions (1 ml) 
were collected from the top of the gradients and the Bet3 proteins were detected with anti-HA by 
western blot analysis. Cells in a and b were shifted to 37 °C for 1 h before the experiment. (c) CD 
spectroscopy. Overall structures of the recombinant wild-type mouse bet3 or the mouse mutant proteins 
were analyzed by CD spectroscopy as described in Methods. (d) Carboxypeptidase Y trafficking in wild-
type and mutant Bet3p yeast cells. Yeast cells expressing either Bet3p-HA or mutants were shifted to 
37 °C for 30 min before labeling with [35S]methionine. Samples were then removed (lanes 1, 3, 5 
and 7), unlabeled amino acid was added and the incubation was continued for 25 min (lanes 2, 4, 
6 and 8). Carboxypeptidase Y was immunoprecipitated from lysates and detected by autoradiography. 
The positions of p1 (ER form) and m (vacuolar form) CPY are indicated at left.

Table 1  Summary of yeast Bet3p mutations

 Mutation Phenotypea

 K13E K84E ts

 C68S ND

 A82L ts

 C68S A82L ts

Growth was tested on YPD medium. ts, temperature-sensitive for growth at 37 °C. ND, 
no detectable growth defects.
aAll genes were expressed under the endogenous BET3 promoter.
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The surface of Bet3p is crucial for Golgi-specific targeting
Because the channel-blocked mutant (Bet3p(A82L)-HA) was found on 
multiple compartments in the yeast cell, we speculated that there must 
be another, less specific way to bring the subunit to the membranes. We 
therefore focused our attention on the flat, positively charged surface 
of bet3, which is adjacent to the entrances to the hydrophobic chan-
nels. Of the highly conserved basic residues exposed on the flat surface 
(Fig. 3), we doubly substituted Lys13 and Lys84 with glutamate and 
examined the localization of the charge-inversion mutant (Bet3p(K13E 
K84E)-HA). This mutation was conditionally lethal (Table 1) and all 
experiments with it were done by preshifting the cells to 37 °C before 
analysis. The Bet3p(K13E K84E)-HA mutant gave a diffuse pattern with 
weak punctate stains (Fig. 4a), suggesting that this mutated protein is 
soluble. Sucrose velocity gradient fractionation of this mutant showed 
that virtually all of the mutant protein was detected in the soluble frac-
tion (Fig. 4b, green line, fraction 1). Taken together, the data indicate 
that the charge-inversion mutant could no longer be targeted to the 
membranes. Therefore, the flat surface with the prominent positive 
electrostatic nature is indeed important for membrane recognition and 
seems to function upstream of the hydrophobic channel to mediate 
Golgi-specific localization of bet3.

To rule out the possibility that the introduced mutations perturbed 
the structural integrity of the protein, we expressed and purified 
recombinant yeast and mouse Bet3p and the mutants from Escherichia 
coli and analyzed them by several biophysical methods. Wild-type and 
mutant mouse bet3 proteins exhibited unaltered biophysical proper-
ties as analyzed by analytical ultracentrifugation, size-exclusion chro-
matography or circular dichroism (CD) spectroscopy (Fig. 4c and 
data not shown). In all cases, the proteins behaved as dimers with 
identical secondary structures. Owing to poor expression, solubility 
and instability, we could only record the CD spectra for wild type, 
Bet3p(C68S) and Bet3p(K13E K84E) from yeast that were virtually 
identical to each other (Supplementary Methods and Supplementary 
Fig. 2 online). These results, together with the high degree of identity 
between yeast and mouse bet3, suggest that the observed phenotypes 
of the mutants used in this study are not attributable to a change in 
the overall structure of the resulting proteins.

Mislocalization of Bet3p affects ER-to-Golgi transport
We next investigated the effect of the expression of the mutants on 
the intracellular trafficking of the marker protein carboxypeptidase Y 
(CPY). During pulse-chase experiments, CPY can be found in several 
forms including a p1 (ER) form, a p2 (Golgi) form and the mature 
vacuolar form29. Trafficking of CPY in yeast cells expressing either 
Bet3p-HA, Bet3p(C68S)-HA, Bet3p(K13E K84E)-HA or Bet3p(A82L)-HA 
was assayed by pulse-chase analysis. All strains exhibited the p1 form of 
CPY after the pulse (Fig. 4d, lanes 1, 3, 5 and 7). After the chase, only 
Bet3p-HA and Bet3p(C68S)-HA could process p1 CPY to the mature 
form (Fig. 4d, lanes 2 and 6). Both Bet3p(K13E K84E)-HA and 
Bet3p(A82L)-HA showed a block in ER-to-Golgi traffic as only the p1 
form of CPY was seen after the chase (Fig. 4d, lanes 4 and 8). Therefore, 
each of the yeast Bet3p mutations that affect membrane localization of this 
subunit also show a block in CPY trafficking at the ER-Golgi level.

DISCUSSION
We have presented the first study addressing how a component of a 
tethering complex involved in intracellular transport is localized to a 
specific cellular organelle. The main mechanism driving Bet3p to the 
membranes involves the large, flat, charged surface found on the bet3 
protein. In particular, Lys13 and Lys84 in mouse bet3 seem critical for 
this process. Once bound to the membranes, a hydrophobic moiety 
could then insert into the hydrophobic channels of the bet3 dimer, thus 
anchoring the protein to the membranes. The hydrophobic moiety is 
probably a hydrocarbon chain of a lipid molecule rather than a protein 
side chain, considering the narrow and deep dimension of the hydro-
phobic channel. We speculate that this hydrophobic moiety must be 
enriched on Golgi membranes to impart Golgi-specific localization of 
bet3. This notion is supported by the fact that, when access to the hydro-
phobic channels is blocked, bet3 can associate with multiple intracellular 
membranes. In this way, bet3 could ‘sample’ the membranes and would 
be stably anchored only to the membrane containing the hydrophobic 
moiety to be inserted into the channels.

Notably, although Cys68 is 100% conserved over all known bet3 
orthologs, we found that this residue was not essential for Bet3p struc-
ture or function under the laboratory conditions used in this study. 
Convincing proof of this was provided by the identical phenotypes 
between wild type and the Bet3p(C68S) mutant (Fig. 4). This is in con-
trast to the acyl group on the catalytic subunit of cAMP-dependent 
protein kinase, which influences protein structure30. It is possible that 
conservation of the cysteine residue proximal to a hydrophobic channel 
may be necessary under different conditions. We believe that acylation of 
bet3 is merely opportunistic, because the cysteine residue is located near 
a channel that can accommodate a acyl group with high transfer poten-
tial, such as myristoyl-CoA, and because the protein is heterogeneously 

Figure 5  Model for Golgi-specific targeting and localization of TRAPP. 
The flat surface of mouse bet3, which is predominantly positively charged, 
would interact with negatively charged polar head groups of lipids. The 
landed bet3 protein could search for its Golgi-specific partner protein 
in a two-dimensional fashion. The secondary and firm attachment of 
bet3 to the Golgi occurs via the insertion of the acyl chain of the partner 
protein into the hydrophobic channel of bet3. In the beacon model, 
bet3 first attaches to the Golgi and directs the recruitment of the other 
TRAPP subunits. In the headlight model, the complex or a portion of the 
complex is preassembled in the cytosol and directed to the Golgi by the 
bet3 subunit. Secondary attachment to the Golgi would occur via the acyl 
groups as described above. The schematic drawing of the TRAPP complex 
does not reflect how TRAPP components interact with each other in the 
complex, which is as yet unknown.
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acylated in E. coli. If it exists at all, the acylated protein may represent 
only a small proportion in eukaryotic cells. In this case, we speculate that 
acylated Bet3p would be nonfunctional because the channel would be 
inaccessible to other hydrophobic moieties.

Two models for the Golgi-specific targeting and localization of 
mammalian TRAPP via the bet3 subunit based on the presented data 
can be envisioned (Fig. 5). In one model, which we refer to as the 
‘headlight’ model, bet3, as part of an assembled mammalian TRAPP 
complex, could search for and recognize organelles in a nonspecific 
fashion through an electrostatic interaction between the unique surface 
and negatively charged head groups in the membranes. Once in con-
tact with the Golgi, the bet3 protein searches for the putative partner 
protein, which carries a post-translationally modified fatty acyl chain. 
We assume that this hydrophobic moiety is not properly sequestered 
in a hydrophobic environment, and the channel on the bet3 protein 
provides an energetically favorable hiding place to drive the binding of 
the two, resulting in the tight anchoring of this TRAPP subunit to the 
Golgi. According to this model, the putative partner protein would be a 
Golgi-specific protein that is not extractable from the membranes by a 
salt wash. If the bet3 protein failed to be anchored owing to association 
with another organelle, the protein would eventually be released and 
free to search for the correct compartment. In this process, the flex-
ibility of loop α2-α3 may serve several purposes. The loop could (i) be 
involved in binding to the putative Golgi-specific partner, thus bringing 
the acyl chain in close proximity to the hydrophobic channel; and/or 
(ii) be involved in shielding the channel from the polar environment. 
Although it is possible that the charged surface of bet3 interacts with a 

negatively charged surface on a protein, we do not favor 
this possibility, because the A82L mutant was capable of 
interacting with multiple organelles, suggesting that such 
an interacting protein would be distributed over a wide 
array of membranes. Such a scenario would then com-
pete bet3 away from the Golgi, where it is needed for its 
function4. In the second model, referred to as the ‘beacon’ 
model, bet3 is first anchored by itself or with a subset of 
TRAPP subunits to the Golgi in a similar manner to the 
headlight model. The bet3 protein would then serve as a 
landmark responsible for the Golgi-specific recruitment 
of some or all of the other mammalian TRAPP compo-
nents. In this model, bet3 would function analogously to 
how Sec3p has been proposed to function for the exocyst 
tethering factor in yeast31. The two models are not mutu-
ally exclusive and bet3 could bind to membranes both 
with and without other TRAPP subunits.

The described process should be conserved through-
out all eukaryotes, because TRAPP components, espe-
cially Bet3p, share unusually high sequence homologies 
throughout evolution. This is supported by the marked 
correlation between the structure of mouse bet3 protein 
and the function of yeast Bet3p probed by the mutagen-
esis study presented here. It is formally possible that the 
bet3 mutations affect the assembly of the complex, thus 
indirectly affecting membrane attachment. However, 
the differential behavior seen with the Bet3p(A82L) 
and Bet3p(K13E K84E) mutants would argue strongly 
in favor of a direct interaction between bet3 and mem-
branes. In addition, such an alternative explanation 
would necessitate acylation of another TRAPP subunit 
for insertion of the lipid into the bet3 channel, which is 
not supported by metabolic labeling of yeast with triti-
ated palmitate or myristate (data not shown). Thus the 

simplest interpretation consistent with all of our data is that the muta-
tions directly affect bet3-membrane interactions.

Another class of proteins whose lipid groups are found in differ-
ing microenvironments are the rab GTPases. Prenyl groups on these 
proteins are sequestered by either rab GDP dissociation inhibitor 
(rab-GDI) or rab escort protein, both of which appear to have a deep 
cavity or a binding groove to accommodate the geranylgeranyl moi-
eties32. With the isoprenoid-binding cavity, rab-GDI can extract the 
membrane-inserted isoprenoids to solubilize rab proteins. In the pro-
posed models, bet3 accepts an improperly sequestered acyl group from 
a Golgi-bound protein and then is stably anchored on the Golgi. This 
acyl group could be found in several possible places before insertion 
into the hydrophobic channel of bet3. The acyl group could be partially 
buried within the lipid bilayer, and bet3, like rab-GDI, could extract the 
lipid and sequester it in the hydrophobic channel. An alternative possi-
bility is that acylation of the Golgi-localized protein occurs in response 
to TRAPP binding to the Golgi membranes. This might be mediated by 
the TRAPP subunit Trs20p/sedlin, whose structure reveals similarities 
to the N-terminal portion of the SNARE protein Ykt6p33. Recently, 
Ykt6p has been shown to mediate the nonenzymatic acylation of the 
protein Vac8p before vacuolar fusion34. Taken together, bet3 binding 
to Golgi membranes may be coupled to Trs20p-mediated acylation 
of the putative Golgi-localized protein, thus coordinating membrane 
recognition with stable attachment to the Golgi.

In conclusion, we have delineated a novel mechanism for Golgi-
specific recruitment of the Bet3p subunit of the tethering factor TRAPP 
through two unusual structural features: a flat and positively charged 

Table 2  Data collection, phasing and refinement statistics

 bet3  SeMet-bet3  bet3
 (full-length) (full-length) (8–172)

Data collection

Space group P43212 P43212 P3121

Cell dimensions (Å)

 a 54.25 54.37 72.73 

 b 54.25 54.37 72.73 

 c 113.76 109.77 56.56

 peak inflection remote

Wavelength 1.5418 0.97928 0.97942 0.97175 1.5418

Resolution (Å)  30.0–2.7 30.0–2.7 30.0–2.7

Rsym
a  3.3 (14.8) 3.0 (13.9) 2.7 (14.7)

I / σIa  29.8 (3.8) 32.7 (4.3) 36.3 (4.5)

Completeness (%)a  93.1 (86.2) 93.6 (87.4) 94.5 (90.1)

Redundancy  8.5 9.4 10.6

Refinement

Resolution (Å) 30.0–1.9    30.0–1.6

No. reflectionsb 141,514    200,289

Rwork / Rfree 21.7 / 26.0    20.6 / 22.4

No. atoms

 Protein 1,288    1,272

 Water 67    134

B-factors

 Protein 34.02    16.93

 Water 41.87    27.96

R.m.s. deviations

 Bond lengths (Å) 0.0134    0.00548

 Bond angles (°) 1.5958    1.13873

aValues in parentheses are for the highest resolution shell. bReflections of |Fobs| > 1.0 σ.
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surface that is likely to recognize membranes in a self-sufficient manner 
and a hydrophobic channel capable of sequestering a fatty-acyl chain. We 
have also presented models whereby this subunit could direct the local-
ization of all or some of the other TRAPP components. The mutants 
generated in this study are now being used in yeast genetic screens to 
identify other components responsible for Golgi-specific localization 
of this complex.

METHODS
Protein expression and purification of bet3. The bet3 gene was amplified by PCR 
from a mouse lung cDNA library (Stratagene) and ligated into the pGEX-4T3 vec-
tor. bet3 was produced in E. coli BL21 (DE3) strain as a fusion protein containing 
glutathione S-transferase (GST) at the N terminus. Bacterial lysates were prepared 
by sonication in buffer A consisting of 50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 
and 1 mM DTT. The protein bound to GST-bind resin (Novagen) was eluted with 
buffer A containing 10 mM glutathione. The eluted solution was reacted with 
thrombin (Roche Molecular Biochemicals) for 5 h at 24 °C and loaded onto a 
Resource Q column (Amersham Biosciences). bet3 was eluted with a 0–500 mM 
linear NaCl gradient in buffer A. The protein was further purified using a HiLoad 
26/60 Superdex 200 gel-filtration column (Amersham Biosciences). bet3(8–172) 
was purified according to the same procedure described above.

Crystallization and structure determination. Crystals of bet3 and bet3(8–172) 
were obtained by hanging-drop vapor diffusion at 24 °C by mixing and equili-
brating 2 µl of each of the protein solutions with a precipitant solution. The 
precipitant for bet3 contained 28% (v/v) PEG 600, 5% (w/v) PEG 1000, 10% 
(v/v) glycerol, and 0.1 M MES, pH 5.8. That for bet3(8–172) contained 28% 
(w/v) PEG monomethyl ether 2000, 0.2 M ammonium sulfate, and 0.1 M sodium 
acetate, pH 4.5. A MAD data set was collected with a crystal of SeMet-substituted 
bet3 on beamline 6B of the Pohang Accelerator Laboratory. Phase determination 
and improvement were carried out with SOLVE35 and RESOLVE36, respectively. 
Model building and refinement were done with O37 and CNS38, respectively. The 
native diffraction data for both bet3 and bet3(8–172) crystals were collected with 
a Raxis IV++ area detector system on a Ultrix-18 X-ray generator (Rigaku). All 
diffraction data were processed using DENZO and SCALEPACK39. The crystals 
of both bet3 and bet3(8–172) contained one protein molecule in the asymmetric 
unit. The structure of bet3(8–172) was determined by molecular replacement 
with the CCP4 version of AmoRe40 using the structure of bet3. Crystallographic 
data statistics are summarized in Table 2.

Construction of plasmids and yeast transformation. The BET3 gene was 
obtained from yeast genomic DNA by PCR. All the mutant Bet3p genes were 
created by two sequential PCR reactions and confirmed by sequencing. The PCR 
products were cloned into pBluescript (KS+) (Stratagene) to produce the proteins 
with an HA-tag at the C terminus. Each of the genes was transferred to pVT-U, a 
yeast expression vector using the ADH promoter with a URA3 selection marker. 
The resulting plasmids were then digested with BglII and either SmaI (for wild 
type and K13E K84E mutant) or XhoI followed by blunt-end repair of the XhoI 
site (for C68S and A82L mutants). The ∼600-bp fragments were inserted into 
pRS315 (CEN, LEU2) containing the BET3 ORF with upstream and downstream 
untranslated elements by first removing most of the ORF with BglII and SnaBI 
and ligating the tagged constructs into the resulting BglII and blunt sites. Yeast 
cells (MATa/α ura3/ura3 leu2/leu2 BET3/bet3:URA3) were then transformed with 
each of the plasmids. Transformants were selected on SD-Leu plates, sporulated 
and dissected. LEU+URA+ colonies, in which the sole copy of BET3 originates 
from the plasmid, were used in the experiments described.

Indirect immunofluorescence, CPY trafficking and sucrose gradient frac-
tionation. Standard methods were used for these procedures and are described 
in detail5,10. Antibodies used for these procedures were: anti-HA (Covance, 
1:2,000), goat anti-mouse-CY3 (Jackson Immunoresearch, 1:1,000), anti-mouse-
HRP (Santa Cruz Biotechnology, 1:5,000) and anti-CPY (gift from T. Stevens, 
University of Oregon).

CD spectroscopy. Data were collected on a Jasco J-715 spectropolarimeter at 
25 °C in a cuvette with 3-mm path length. CD spectra were recorded with protein 
samples (2.7 µM) in 5 mM phosphate buffer, pH 7.5, over a range of 180–260 nm 

in a nitrogen atmosphere. Each spectrum is the accumulation of three scans 
corrected by subtracting signals from the buffer control.

Sequence alignment and accession codes. Sequences of 13 Bet3p ortho-
logs available in public databases were aligned using ClustalW41 (Fig. 3). The 
GenBank accession numbers for the Bet3p sequences are H. sapi. (Homo sapi-
ens, NP_055223), M. musc. (Mus musculus, AAH03736), G. gall. (Gallus gallus, 
XP_417772), X. laev. (Xenopus laevis, AAH53802), D. reri. (Dario rerio, AAH78259), 
D. mela. (Drosophila melanogaster, AAF50270), C. eleg. (Caenorhabditis elegans, 
NP_499100), A. thal. (Arabidopsis thaliana, NP_200286), P. falc. (Plasmodium 
falciparum, NP_702835), D. disc. (Dictyostelium discoideum, AAO51174), 
E. goss. (Eremothecium gossypii, AA54790), S. pomb. (Scizosaccharomyces pombe, 
NP_593886) and S. cere. (Saccharomyces cerevisiae, NP_012994).

Coordinates. The coordinates of the bet3 and bet3(8–172) structures have 
been deposited in the Protein Data Bank (accession codes 1WC8 and 1WC9, 
respectively).
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