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Summary

COPII coated vesicles bud from an ER domain termed the transitional ER (tER), but the

mechanism that clusters COPII vesicles at tER sites is unknown. tER sites are closely associated

with early Golgi or pre-Golgi structures, suggesting that the clustering of nascent COPII vesicles

could be achieved by tethering to adjacent membranes. This model challenges the prevailing view

that COPII vesicles are clustered by a scaffolding protein at the ER surface. Although Sec16 was

proposed to serve as such a scaffolding protein, recent data suggest that rather than organizing

COPII into higher-order structures, Sec16 acts at the level of individual COPII vesicles to regulate

COPII turnover. A plausible synthesis is that tER sites are created by tethering to Golgi

membranes and are regulated by Sec16. Meanwhile, the COPII vesicles that bud from tER sites

are thought to nucleate new Golgi cisternae. Thus, an integrated self-organization process may

generate tER-Golgi units.
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Introduction

The transitional ER (tER), also known as ER exit sites, is a ribosome-free ER domain

surrounded by the ribosome-studded rough ER [1–3] (Fig. 1). All eukaryotes studied to date

have tER sites, which range in number from one or two in some protists to several hundred

in a cultured mammalian cell [4, 5]. COPII (coat protein complex II) coated vesicles bud

from tER sites to deliver secretory cargo to the Golgi [6]. COPII assembly is initiated when

the guanine nucleotide exchange factor Sec12 recruits the small GTPase Sar1 to the ER

membrane. Sar1-GTP then recruits the cargo-binding Sec23/Sec24 complex, which in turn

recruits the coat-forming Sec13/Sec31 complex. A COPII vesicle is about 60 nm in diameter

whereas a typical tER site is about 400 nm in diameter. Thus, a tER site is a functionally,

structurally, and biochemically specialized ER domain that generates multiple COPII

vesicles.

Although COPII vesicle formation is reasonably well understood, the biogenesis of tER sites

is still mysterious. These two processes are clearly related. However, there is a key
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difference: a COPII vesicle is a transient carrier, whereas a tER site is a long-lived domain.

tER dynamics have been characterized in the budding yeast Pichia pastoris, which contains

several tER sites per cell [7, 8]. A tER site forms de novo, grows to a steady-state size, and

persists indefinitely. If two tER sites collide, they fuse into a larger domain that gradually

shrinks back to the steady-state size. Similar dynamics are seen with mammalian tER sites

[5, 9]. Therefore, tER sites have a mechanism for preserving their size and identity in the

face of rapid turnover of COPII components. This mechanism is probably based on self-

organization.

Self-organization of membrane compartments

The concept of self-organization is well established in cell biology [10]. Indeed, one might

argue that for cells, self-organization is the only option because no external organizer is

present. But there is another way to build a cellular structure: the organization problem

could have been solved long ago in evolutionary time, with modern cells simply copying an

ancient template. The most obvious example of template-driven organization is DNA

replication. George Palade extended this idea to membrane compartments by postulating

that “membranes act as their own templates… They recognize and incorporate like

components, grow by expansion in two dimensions, and eventually divide into two sets of

descendant membranes, one for each daughter cell” [11]. This paradigm is clearly valid for

compartments such as the ER and mitochondria [12]. As a result, the organelle biogenesis

field was slow to embrace self-organization.

The current view is that self-organization plays an important role in the secretory and

endocytic pathways. There is strong evidence that early Golgi cisternae mature into late

Golgi cisternae, and that early endosomes mature into late endosomes [13, 14]. When an

early compartment matures out of existence, it is apparently replenished by a self-

organization process in which vesicles fuse with one another to generate a new compartment

[15]. Self-organization can also generate domains within a given membrane. In the best-

studied example, Rab GTPases and phosphoinositides and their effectors operate in

feedback loops to create transient membrane domains [16]. However, unlike Rab domains,

tER sites are stable and depend on Sar1 activation, suggesting that a novel self-organization

mechanism is at work.

Does Sec16 organize COPII at tER sites?

The known properties of COPII explain how a single vesicle forms, but do not explain how

multiple nascent COPII vesicles cluster to form a tER site. One way to cluster COPII would

be to place a COPII-organizing scaffold at the ER surface. A candidate for such a scaffold

component is Sec16, a large peripheral ER membrane protein that is concentrated at tER

sites [17, 18]. Sec16 has been shown to associate with all four COPII coat proteins, and also

with Sec12 and perhaps Sar1 [18–22]. In mammalian and Drosophila cells, depletion of

Sec16 disrupts tER sites, whereas depletion of COPII still allows Sec16 to form punctate

structures [19, 21, 23]. A punctate Sec16 distribution persists during mammalian mitosis

even when most of the COPII dissociates from tER sites [24]. When Sec16 was ectopically

localized to endosomes in Drosophila cells, COPII proteins were found in the Sec16-
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containing structures [21]. These data are consistent with the view that Sec16 defines tER

sites upstream of COPII recruitment [6, 19, 21].

What might be the molecular basis for a COPII organizing activity of Sec16? Sec16 can

oligomerize [21, 23, 25, 26], suggesting that Sec16 might crosslink patches of COPII into

higher-order structures [17]. Another perspective came from a crystallographic analysis [25]

of the central conserved domain (CCD), which is the most conserved region of Sec16 [17,

23]. The CCD forms an ancestral coatomer element 1 (ACE1) structure, prompting

speculation that this part of Sec16 nucleates COPII coat assembly [25]. Crosslinking and/or

nucleating activities of Sec16 could promote clustering of COPII at tER sites (Fig. 2A).

Moreover, a conserved C-terminal region of Sec16 recruits Sec12 to tER sites in P. pastoris

and possibly also in mammalian cells [22], so Sec16 could be viewed as a scaffold for

localizing Sec12. Yet despite these tantalizing results, we still lack a clear mechanistic

model for how Sec16 might constrain COPII assembly to tER sites.

Sec16 is a regulator of COPII turnover and tER dynamics

Recent biochemical studies revealed that Sec16 can slow Sar1 GTPase activity, suggesting

that Sec16 acts as a negative regulator of COPII turnover [26, 27]. In vivo support for this

idea comes from our finding that displacement of P. pastoris Sec16 to the cytosol

accelerates COPII turnover, causing tER sites to form and shrink at a faster rate [28]. These

effects are reversed by expressing a dominant inhibitory mutant of Sar1. It seems likely that

Sec16 suppresses Sar1 GTPase activity in order to stabilize the assembling COPII coat and

promote efficient vesicle formation [6, 28].

Thus, Sec16 has been proposed to have two distinct functions—organizing COPII assembly,

and regulating COPII turnover—but our analysis of P. pastoris Sec16 leads to a simpler

interpretation. Deletion of the CCD from P. pastoris Sec16 has very little effect on cell

growth, Sec16 localization, or tER structure, so the CCD is not actually required to nucleate

COPII assembly. In P. pastoris, the major COPII-binding region of Sec16 is also the region

that mediates tER localization, and displacement of COPII from tER sites also displaces

Sec16 [28]. The implication is that instead of Sec16 recruiting COPII to tER sites, COPII

assembles at tER sites and then recruits Sec16 as a regulator.

This model explains why the association of P. pastoris Sec16 with tER sites is saturable

[17], and why displacement of P. pastoris Sec16 to the cytosol does not abolish tER sites

[28]. We postulate that loss of Sec16 changes the appearance of tER sites by accelerating

COPII turnover. Thus, when P. pastoris Sec16 is inactivated, tER sites become smaller and

more numerous due to their abnormally fast dynamics. According to this view, P. pastoris

Sec16 has a single major function in regulating COPII turnover, and there is no compelling

reason to think that this protein has an additional role in organizing COPII.

Can this revised conclusion be extended to metazoan Sec16 proteins? The jury is still out.

Protein domain analysis suggests that the tER localization mechanism of P. pastoris Sec16

[28] is similar to that of mammalian and Drosophila Sec16 [19, 21, 23], consistent with the

idea that COPII recruits Sec16 to tER sites in metazoans as well. This effect may only

become apparent with methods that remove virtually all of the COPII from tER sites [28].
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Alternatively, if metazoan Sec16 binds to the ER and establishes tER sites upstream of

COPII, the molecular basis of this pathway will need to be demonstrated. For now, the

conservative interpretation is that Sec16 serves only to regulate COPII turnover and tER

dynamics.

tER sites are associated with early Golgi or pre-Golgi structures

If Sec16 is not the glue that keeps COPII proteins at tER sites, then what other component

could perform this function? An attractive candidate is early Golgi membranes. In many cell

types, tER sites are closely associated with Golgi stacks [3]. For example, in P. pastoris,

tER sites form, fuse, and move in conjunction with Golgi stacks, because both tER sites and

Golgi stacks are embedded in a continuous ribosome-excluding matrix [2, 7] (Fig. 1). The

secretory system of P. pastoris therefore consists of integrated tER-Golgi units. Similarly, in

plant cells, mobile Golgi stacks are tethered to the ER, with COPII proteins concentrated at

the ER-Golgi interface [29, 30]. Mammalian cells are superficially different because many

of the tER sites are distant from the juxtanuclear Golgi, but mammalian tER sites are stably

associated with pre-Golgi membranes of the ER-Golgi intermediate compartment (ERGIC)

[5, 31]. Even in Saccharomyces cerevisiae, which has a fragmented secretory system

consisting of small tER sites and non-stacked Golgi cisternae, many of the tER sites are next

to early Golgi cisternae [32, 33]. These observations suggest that the association of tER sites

with early Golgi or pre-Golgi membranes may be universal.

Early Golgi or pre-Golgi membranes could act as a framework for organizing tER sites (Fig.

2B). In this scenario, early Golgi or pre-Golgi membranes are tethered to nascent and

completed COPII vesicles, thereby constraining the COPII components to the tER site and

the immediately adjacent region of cytoplasm. This concept fits with evidence that COPII

vesicles are restricted to the tER-Golgi interface [2, 30, 34] and can associate with early

Golgi membranes prior to uncoating [35]. It seems likely that COPII vesicles do not diffuse

freely, but instead become attached to their targets as they form [36]. A typical tER site in a

mammalian or P. pastoris cell contains about 4–15 budding or completed COPII vesicles [2,

32, 36], providing the opportunity for multiple tethering interactions. Tethering presumably

occurs with assembled COPII coats and not with free COPII subunits, in a process that may

be regulated by phosphorylation of COPII coat proteins [37]. In addition, tethers may bind

to other COPII vesicle components such as Rabs and SNAREs [38].

The model shown in Fig. 2B can explain the observation that in mammalian cells, a single

ERGIC element can associate with multiple tER sites from distantly connected ER regions

[36]. Apparently, tethering of the ERGIC element to nascent COPII vesicles generates not

only two-dimensional tER sites, but also a three-dimensional “export complex”.

Various components could participate in tethering to COPII vesicles [35]. One such

component is a conserved coiled-coil protein known as p115 in mammalian cells or Uso1 in

yeast. p115/Uso1 is potentially long enough to link Golgi membranes to nascent COPII

vesicles. For example, the coiled-coil portion of Uso1 is ~150 nm in length [39], and the

distance between the ER surface and the first Golgi cisterna in P. pastoris is ~100 nm (Fig.

1). CASP (Coy1 in yeast) is also a conserved coiled-coil protein that may participate in
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tethering at the ER-Golgi interface [40, 41]. Another component is the multi-subunit TRAPP

complex, which binds to Golgi membranes and also to the COPII coat protein Sec23. In

some cells, the tER-Golgi interface includes other putative tethers such as the yeast GRASP

protein Grh1 [32] and the animal cell protein TFG-1 [42].

The tER-Golgi tethering model predicts that if the tER-Golgi association were lost, tER

organization would be disrupted. Such a result was observed after RNAi-mediated depletion

of p115 in Drosophila S2 cells [43]. During the course of p115 depletion, tER sites

progressively lost their association with Golgi membranes, and at the same time, tER sites

broke down into smaller structures. If this finding can be extended to other cell types, it will

provide evidence that clustering of COPII at tER sites requires linkage to early Golgi or pre-

Golgi membranes.

Integrated self-organization of associated compartments

Association between two compartments is a well-known way to generate membrane

domains. Examples include the nucleus-vacuole junction as well as contact sites between the

ER and other organelles [44]. Membrane domains can also be established by cell-cell

interactions, as exemplified by neural and immunological synapses [45]. However, in those

cases the apposing compartments have an independent existence, whereas tER and Golgi

compartments are more intimately related because tER sites appear to nucleate the formation

of Golgi cisternae [15]. Golgi cisternae may return the favor by helping to define tER sites.

Thus, self-organization is proposed to occur at the level of an integrated unit consisting of a

tER site and its associated early Golgi or pre-Golgi membranes.

The details of such a self-organization process are speculative, but a reasonable scenario can

be envisioned. As COPII vesicles bud from the ER, they tether and fuse with one another to

generate pre-Golgi membranes [15]. The pre-Golgi membranes remain temporarily linked to

the ER, thereby clustering COPII components to form a tER site. This tER site continues to

nucleate new pre-Golgi membranes, which in turn continue to tether and cluster COPII,

leading to a dynamic but long-lived tER-Golgi unit.

Higher levels of organization can be achieved by linking tER-Golgi units to other cellular

structures. In vertebrate cells, microtubule-dependent transport generates a ribbon of

interconnected Golgi stacks. In many other organisms, individual tER-Golgi units show

distinctive positioning [3]. Centrins appear to play a role in tER-Golgi positioning in

Trypanosoma brucei [46]. It seems likely that different cell types use a variety of

mechanisms to position tER-Golgi units.

Testing the model

A central prediction of the new model is that a tER site will be stable only if it is associated

with early Golgi or pre-Golgi membranes. To falsify this model, one could seek to identify

conditions in which tER sites exist stably when the Golgi is absent. Novel approaches would

be needed because previous treatments with Golgi-perturbing drugs have been inconclusive.

For example, brefeldin A disrupts the Golgi without substantially perturbing tER sites, but

the tER sites in those cells remain associated with ERGIC-like membranes [47]. Moreover,
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when the mammalian Golgi ribbon is fragmented by depolymerizing microtubules with

nocodazole, the individual Golgi stacks are closely associated with tER sites [5]. Thus, tER

sites have not been shown to exist on their own.

As described above, a promising strategy is to characterize and disrupt the matrix that links

tER sites to early Golgi or pre-Golgi membranes. The expectation is that loss of this matrix

will eliminate stable tER sites. Another possible strategy builds on the observation that in P.

pastoris, about half of the tER sites are on the nuclear envelope, which is part of the ER [8].

Purified nuclei from P. pastoris might therefore be a good experimental system to study the

requirements for tER site assembly.

Conclusions

Cell biologists typically take a reductionist approach when trying to understand the

properties of a specific cellular compartment. This perspective led to the assumption that

clustering of COPII at tER sites must be due to an upstream organizer. Sec16 emerged as a

candidate for such an organizer, but reevaluation of the evidence suggests that the main role

of Sec16 is actually to regulate COPII turnover and tER dynamics. tER sites may not in fact

be stand-alone membrane domains. Instead, they may be part of integrated self-organization

units that include early Golgi or pre-Golgi membranes. Tests of this model will help us to

understand how the cell creates the compartments of the secretory pathway.
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Figure 1.
Cross-section through a tomographic reconstruction of a tER-Golgi unit in P. pastoris. The

ribosome-free tER site (orange) is continous with the ribosome-excluding Golgi matrix,

which extends to the trans-Golgi network (red). COPII vesicles (yellow) are found at the

interface between the tER site and the early Golgi (green). Bar, 100 nm. Adapted with

permission from Ref. 2.
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Figure 2.
Two possible mechanisms for clustering COPII vesicles at tER sites.

A: According to the tER scaffold model, a protein such as Sec16 resides at the ER surface,

where it recruits and/or crosslinks COPII components. B: According to the tER-Golgi

tethering model, proteins such as p115/Uso1 link COPII components to adjacent early Golgi

or pre-Golgi membranes.
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