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The mammalian translocon is assembled from four core pro-
teins (the heterotrimeric Sec61, Sec61, Sec61, and translo-
cating nascent chain–associated membrane protein [TRAM]) 
and various accessory proteins, only some of which have well-
defined functions (e.g., the signal peptidase and the oligosac-
charyltransferase; Rapoport, 2007). This assembly forms the 
aqueous, gated pore that transports nascent proteins through the 
membrane (Crowley et al., 1994). Because two molecular ma-
chines, the ribosome and the translocon, function simultane-
ously on the same nascent protein during cotranslational protein 
trafficking, they presumably function together as a unit (the  
ribosome–translocon complex [RTC]) that includes all proteins 
regularly associated with the translocon. Yet these machines are 
commonly treated as separate entities in papers and talks; ribo-
somologists tend to assume that membrane-bound ribosomes 
are indistinguishable from free ribosomes except for their loca-
tion, whereas translocophiles tend to consider the ribosome 
simply a source of substrate that docks on the translocon. However, 
the results published in this issue (see Pool on p. 889) demon-
strate that the identity of the nascent chain being synthesized alters 

Ribosomes synthesizing secretory and membrane proteins 
are bound to translocons at the membrane of the endo­
plasmic reticulum (ER). Both the ribosome and translocon 
are complex macromolecular machines whose structural 
and functional interactions are poorly understood. A new 
study by Pool (Pool, M.R. 2009. J. Cell Biol. 185:889–
902) has now shown that the structure of the translocon is 
dictated by the identity of the protein being synthesized by 
the ribosome, thereby demonstrating that the two macro­
molecular machines are structurally coupled for func­
tional purposes. The study also identifies an unexpected 
component in the apparent molecular linkage that con­
nects the two machines, a discovery that shows the current 
view of translocon structure is oversimplified.
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RTC structure, thereby revealing that the two machines are 
indeed coupled.

The nascent chain moves through the large ribosomal sub-
unit via an 100-Å-long tunnel that is contiguous with the 
aqueous pore formed by the translocon (Fig. 1 A; Crowley et al., 
1994; Beckmann et al., 1997; Nissen et al., 2000). Nascent 
chain control of protein trafficking from inside the ribosome 
was first identified when the location of a nascent chain trans-
membrane segment (TMS) in the tunnel was found to dictate 
whether the nascent chain was exposed to the cytosolic, lume-
nal, or neither side of the ER membrane (Liao et al., 1997).  
It was postulated that a weakly nonpolar patch in the tunnel  
nucleated the folding of the TMS into an -helix, which in turn 
elicited conformational changes in the RTC that triggered com-
plementary changes at each end of the pore to minimize ion 
passage/leakage through the translocon during integration.  
A later study revealed that ribosome-induced folding of a nascent 
chain TMS did occur, and this folding coincided with TMS photo-
crosslinking to Rpl17 at a constriction in the tunnel (Fig. 1 B; 
Woolhead et al., 2004), a site formed in part by a loop of Rpl17 
that extends far into the large ribosomal subunit (Nissen et al., 
2000; Berisio et al., 2003).

Pool (2009) found that ribosomal protein Rpl17, located 
primarily at the ribosomal surface near the tunnel exit, was 
chemically cross-linked to Sec61, thereby showing that 
Sec61 is adjacent to Rpl17 in all RTCs. But when the ribo-
some was synthesizing a membrane protein, Rpl17 also cross-
linked to RAMP4, a small ribosome-associated membrane 
protein associated with the translocon (Schröder et al., 1999). 
Strikingly, Rpl17 cross-linking to RAMP4 was detected only 
after the TMS in the nascent chain reached the tunnel constric-
tion (Fig. 1 B). The coincidence of these two cross-linking 
events, TMS to Rpl17 and Rpl17 to RAMP4, indicates that di-
rect contact between the nascent chain TMS and Rpl17 inside 
the tunnel triggered a conformational change that was transmit-
ted through the Rpl17 extension to the ribosomal surface and 
that stimulated RAMP4 association with the RTC close to Rpl17. 
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2000; Berisio et al., 2003; Van den Berg et al., 2004), and it is 
difficult to overstate how important those studies have been in 
terms of influencing subsequent RTC research. Yet no single 
technique is a panacea, and the data shown by Pool (2009) 
dramatically highlight the limitations of assuming that crystal-
lographic and cryo-EM studies provide all that one needs to 
understand the structural aspects of how a machine works, 
much less the functional, mechanistic, and/or regulatory as-
pects. For example, RAMP4, the core protein TRAM, and 
other translocon-associated proteins have not been identified in 
cryo-EM images of the detergent-solubilized RTC as a result of 
their small size, flexibility, and/or weak association with the 
Sec61 core. Similarly, the existence of ribosome-induced TMS 
folding inside the ribosome tunnel and its regulation of na-
scent chain accessibility to alternate sides of the ER membrane 
would not have been detected with samples that had been  
detergent-treated and lacked water, the lipid bilayer, and some of 
the core and associated translocon proteins. Thus, although 
models derived from crystallographic and cryo-EM images of 
detergent-treated, incomplete, anhydrous, and nonfunctional 
RTC samples may prove to be accurate, well-designed experi-
ments and controls using intact samples in aqueous solution 
must be performed to directly correlate structural and func-
tional states and thereby fully appreciate subtle and sophisti-
cated operational and regulatory mechanisms that do not withstand 
harsh treatment.

There is much left to learn about the RTC. Rpl17 acts as a 
direct communication conduit between a TMS in the tunnel and 
the translocon, but it remains to be seen whether RAMP4 then 
mediates transmembrane communication and triggers BiP bind-
ing. Similarly, RAMP4 interactions with the RTC have not been 
characterized nor have the protein composition, arrangement, 
and dynamics of the mammalian ER translocon in intact mem-
branes. Thus, additional intriguing surprises are ahead.

Thus, a structural feature found only in nascent membrane pro-
teins caused a structural realignment of the RTC. This change 
correlates with the transition of RTC operations from transloca-
tion to integration seen in earlier studies (Liao et al., 1997; 
Haigh and Johnson, 2002; Woolhead et al., 2004).

The data shown by Pool (2009) also demonstrate that the 
translocon, at least in mammals, is not as structurally defined as 
has been portrayed. Uncertainties in the composition, stoichi-
ometry, exchangeability, and macromolecular arrangement of 
the core and associated translocon proteins, as well as trans-
locon dynamics and homogeneity, have been recognized for some 
time (Johnson and van Waes, 1999), but only recently have 
translocon heterogeneity (Snapp et al., 2004; Shibatani et al., 
2005), conformational changes (Hamman et al., 1997), and ex-
changeable membrane proteins (e.g., importin -16 appears to 
be a sorting factor for inner nuclear membrane proteins; Saksena 
et al., 2004, 2006) been documented. The data now show that 
RAMP4 in the bilayer associates with the RTC near Rpl17 when 
a TMS binds Rpl17 inside the ribosome (Pool, 2009). Thus, 
translocon structure is dynamic and involves more proteins than 
the core Sec61, Sec61, Sec61, and TRAM proteins. Equally 
important, as shown by Pool (2009), translocon structure can be 
altered by a nascent chain structural feature from inside the ribo
some. Thus, the structures of the ribosome and translocon are 
intimately coupled, and the conversion of the RTC from one 
functional state to another involves structural changes (e.g., the 
introduction of a new protein) not accommodated in current 
models of translocon structure and function.

The study by Pool (2009) also emphasizes the importance 
of using multiple approaches to examine complex systems, es-
pecially those containing membranes. Protein crystallography 
and cryo-EM have made tremendous strides recently in de-
scribing the structures of molecular assemblies such as the  
ribosome and translocon (Beckmann et al., 1997; Nissen et al., 

Figure 1.  Nascent chain control of translocon structure from inside the ribosome. (A and B) A nascent secretory protein is fully extended during syn-
thesis (A), whereas the TMS in a nascent membrane protein (B) folds into an -helix upon reaching a tunnel constriction formed by Rpl4 and Rpl17. 
Although Sec61 is always adjacent to Rpl17 in an RTC, RAMP4 is recruited to the RTC and is cross-linked to Rpl17 only when a TMS reaches the 
constriction. The cross-linking of Rpl17 to a TMS and to RAMP4 coincides with the BiP-mediated closure (either directly, as depicted, or indirectly) of 
the lumenal end of the aqueous pore and the subsequent opening of the ion-tight ribosome–translocon junction (depicted by a tilting of the ribosomal 
subunit). PTC, peptidyl transferase center.
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