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The sorting of proteins to the appropriate compartment is one of the most fundamental 
cellular processes. We found that in the model organism Caenorhabditis elegans, correct 
cotranslational endoplasmic reticulum (ER) transport required the suppressor activity 
of the nascent polypeptide-associated complex (NAC). NAC did not affect the accurate 
targeting of ribosomes to ER translocons mediated by the signal recognition particle (SRP) 
pathway but inhibited additional unspecific contacts between ribosomes and translocons 
by blocking their autonomous binding affinity. NAC depletion shortened the life span of 
Caenorhabditis elegans, caused global mistargeting of translating ribosomes to the ER, and 
provoked incorrect import of mitochondrial proteins into the ER lumen, resulting in a 
strong impairment of protein homeostasis in both compartments. Thus. the antagonistic 
targeting activity of NAC is important in vivo to preserve the robustness and specificity 
of cellular protein-sorting routes. 

I 
n eukaryotes, a substantial fraction of mem 
brane and secretory proteins are cotraosla 
tiooally delivered to and translocated across 
the endoplasmic reticulum (ER) membrane. 
This transport is mediated by the signal 

recognition particle (SRP), which binds to by 
drophobic signal sequence containing ribosome 
nascent chain complexes (RNCs) and targets them 
to the Sec61 traoslocon via the ER membrane 
located SRP receptor (SR) (1 6). However, de 
spite decades of research on SRP mediated ER 
targeting, key questions regarding the require 
ment of additional sorting fattors to guarantee 
accuracy and efficiency of protein transport re 
mained unanswered. One early study disoovered 
that an abundant protein complex termed nas 
cent polypeptide associated complex (NAC) may 
be required to prevent SRP from interaction 
with signal less RNCs (7). This idea bas been 
highly controversial, and the funttion of NAC in 
protein targeting, if any, remains unclear. Fur 
thermore, ribosomes show a SRP independent, 
high intrinsic affinity for Sec61 in vitro. This 
raises the question about the identity and the 
functional importance of a potential negative 
regulator that prevents unspecific nbosome 
traoslocon interactions to ensure corrett RNC 
sorting in vivo (8 12). 

We used the metazoan Caenorhahditis ~ans 
to dissect the fattors underlying ER targeting spe 
cificity in vivo. 
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NAC depletion shortens life span and 
induces ER and mitochondrial stress in 
C. e/egans 
To understand the potential role of the ribosome 
associated a ,l3 beterodimeric NAC in protein 
transport, we used conditional RNA interference 
(RNAi) mediated knockdown in aduh animals 
because deletion ofNAC in C. elegans is embry 
onically lethal (13). The knockdown of a NAC 
and 13 NAC, individually and in combination, 
substantially shortened the life span (Fig.lA), sug 
gestiog an important function in adult C elegans. 

Next, we used various cell compartment specific 
stress reporter strains that express green fluores 
cent protein (GFP) under a specific stress inducible 
promoter. To specifically measure cytosolic stress, 
we used transgenic animals carrying the hsp 
J6.2p::GFP reporter (14). In these ·worms, GFP 
fluorescence strongly increased upon beat shock 
(fig. SlA) (IS), demonstrating the functionality of 
this reporter strain. Knockdown of NAC did not 
increase GFP expression (Fig. lB and fig. SIB). 
Moreover, quantitative polymerase chain reaction 
(PCR) analysis of different mRNAs encoding cyto 

solic beat shock proteins revealed an inconsistent 
expression pattern. One gene was up regulated 
(lwp 70), but the others were unaltered (lwp 16.41 

and hsp 17) and even down regulated lf44e5.4, a 
member of the Hsp70 family), suggesting that 
NAC depletion did not cause a robust cytosolic 
stress response (Fig. lF). However, depletion of 
NAC in animals carrying the hsp 4'/)::GFP report 
er for analysis of ER stress (16) strongly increased 
GFP fluorescence (Fig. lC and fig. SIC). Fur 
thermore, 13 NAC depletion in wild type worms 
(Bristol N2) strongly induced the expression of the 
ER resident chaperones Hsp 4 and Pdi 3 (Fig. lE) 

and revealed enhanced hsp 4 transcript levels 
as wen as elevated levels of total and spliced 
xbp 1 mRNA that encodes the main transcription 
:factor of the ER stress response (Fig. 1F). Deple 
tion of the 13 NAC subunit by means of RNAi 
resulted in the destabilization oftbe a NAC sub 
unit (and vice versa) and thus resuhed in depletion 
of the entire complex (Fig. IE). Thus, NAC deple 
tion provokes an ER stress response in adult C 
elegans. In addition, GFP fluorescence was slightly 

increased in animals carrying the lwp 6p::GFP 
reporter (17) that specifically monitors mi tocb on 
dria1 stress (Fig.lD and fig. SID). Consistent with 
'mitochondrial stress, we detected enhanced ex 
pression oftbe mitochondrial chaperone Hsp 60 
in wild type worms upon knockdown of 13 NAC 
(Fig. IE). Transcript levels of hsp 60 as well as of 
another mitochondrial chaperone, hsp 6, were 
also significantly elevated (Fig. lF). 

Might NAC thus regulate the transport of pro 
teins from the cytosol to the ER and mitochon 
dria? To address this possibility, we impaired the 
transport pathways to these compartments by 
.depleting the crucial targeting factors SR(3 and 
tomm 20, respectively, and analyzed the resulting 
stress responses in dependence of NAC. Knock 
down of 13 NAC together with SR(3 increased the 
ER stress response (Fig. 1, G and H, and fig. S2A), 
whereas the combined knockdown ofl3 NAC and 
tomm 20 did not provoke an enhanced mitocbon 
dria1 stress response (fig. S2C). Thus, NAC bas a 
critical function in regulating the cotranslational 
protein transport to the ER but seemingly does 
not affect the sorting of proteins to mitocbon 
dria directly. Consistent with a potential role of 
NAC in ER targeting, the ER stress response was 
also increased when 13 NAC was depleted together 
with SRa or together with SRP54, which is an 
essential subunit of SRP (fig. S2, A and B). 

NAC prevents SRP·independent binding 
of ribosomes to ER translocons 

.Next, we separated whole animal extracts into 
cytosolic and membrane fractions and investi 
gated ribosomal particles through sucrose den 
sity gradient sedimentation analysis. As noted 
previously (18), we observed a decline of cy 
·tosolic polysome levels in 13 NAC depleted an 
imals (Fig. 2A). Conversely, however, the levels 
of membrane bound ribosomes were strongly 
increased, suggesting that ribosomes were re 
distributed from the cytosol toward the ER 
membrane in the absence of NAC (Fig. 2B). 
Consistently, immunoblot analysis also showed 
a clear shift of the ribosomal protein RPL 10 
from the cytosol toward the membrane frac 
:tion in 13 NAC depleted animals (Fig. 2C). 12% 
of total ribosomes were membrane attached in 
control animals, whereas in 13 NAC depleted 
animals, this ribosome pool increased to 31% 
(Fig. 2D). RNAi mediated depletion of Sec6la 
the major constituent of the ER translocon, 
individually and in combination with 13 NAC 
strongly reduced the levels of ribosomes in the 
membrane fraction and, concomitantly, increased 
.them in the cytosolic fraction (Fig. 2, C and D, 
and fig. S3A). Because the Sec6la levels were 
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unaltered in 13 NAC depleted animals (Fig. 2C 
and fig. S3C), these data suggest that ribosomes 
interact to a much greater extent with ER trans 
locons in the absence of NAC. 

Next, we !mocked down SRP54 to investigate 
whether the SRP pathway contnbuted to the in 
creased binding of nbosomes to the Sec61 com 
plex in NAC depleted animals. As expected, SRP54 
depletion shifted ribosomes from the ER mem 
brane toward the cytosol (Fig. 2, C and D, and fig. 
S3B). Sud! ribosome redistribution did not occur 
in animals depleted of both 13 NAC and SRP54 
(Fig. 2, Cand D, and fig. S3B). Because knockdown 
efficiencies of SRP54 and 13 NAC were comparable 
in the single and double RNAi setup; (fig. 830), 
these data demonstrate that ribosomes get re 
cruited to the ER membrane SRP independently. 
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The increased, SRP independentbindingofRNCs 
to ER translooons suggested that nbosomes di 
rectly interact with Sec61. To test this possibility, 
we incubated puromycin and high salt stripped 
nbosomes as wen as microsomes in the presence 
and absence of NAC and then repurified micro 
somes by means of centrifugation. In the absence 
of NAC, ribosomes readily bound to the micro 
somal fraction, whereas this binding was elfi 
ciently blocked when NAC was added (Fig. 2E). 
The interaction of NAC with ribosomes was 
necessary for this blocking activity becanse a 
ribosome binding deficient mutant of NAC, 
RRK/AAANAC (fig. 84), did not prevent binding 
of ribosomes to microsomes (Fig. 2E). Further 
more, we tested whether NAC also played a role 
in releasing ribosomes from the ER membrane 

after translation termination. We extracted native 
rough microsomes and tested the puromycin 
induced release of bound ribosomes in depen 
dence ofNAC. As previously shown (19), treatment 
with puromycin only marginally released ribo 
somes from membranes; however, the addition 
of NAC strongly enhanced the puromycin 
induced nbosome release, whereas RRK/AAANAC 
had no effect (Fig. 2F). Thus, NAC is a strong neg 
ative regulator of ER transport that prevents di 
rect, SRP independent interactions of ribosomes 
with ER translocons. 

NAC overexpression impairs 
SRP.dependent ER targeting 

We reasoned that if NAC generally acts as an 
ER targeting inhibitor, NAC overexpression could 
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Fig . 1. NAC d epletion s hor1ens adult life s pan and induces s1ress in the 
ER and mitochondria. (A) Life span survival curves of N2 worms grown at 
2o•c on empty vector control (ev. blue; median life span 20 days) . a -NAC RNAi 
(red; median life span 12 days), p-NAC RNAi (orange; median life span 12 days), 
or a-NAC + p-NAC RNAi (green; median life span 10 days). (B) hsp-16.2p::GFP 
cytosolic stress reporter worms were grown on empty wctor control (ev) or 
o-NAC + p-NAC RNAi. GFP fluorescence was assessed on day 3 of adulthood 
(fig. Sl, A and B). BF, bright-field. Scale bar, 0.5 mm. (C) hsp-4p::GFP ER stress 
reporter worms were grown on empty vector control (ev) or a-NAC + p-NAC 
RNAi. and GFP fluorescence was assessed on day 3 of adulthood (fig. SlC). BF. 
bright-field. Scale bar. 0.5 mm. (D) hsp-6p::GFP mitochondrial stress reporter 
worms were grown on empty vector control (ev) or o-NAC + p-NAC RNAi. and 
GFP fluorescence was assessed on day 2 of adulthood (fig. SlD). BF. bright-field. 

Scale bar. 0.5 mm. (E) N2 worms were grown on empty wctor control ( ev) or 
p-NAC RNAi. On day 3 of adulthood. levels of indicated proteins were assessed 
with immunoblotting. lmmunoblot against Pas-7 served as loading control. (F) 
N2 worms were grown on empty vector control (ev) or p-NAC RNAi. On day 3 of 
adulthood. mRNA levels of indicated genes were assessed by means of 
quantitative rewrse transcriptase- PCR (RT-PCR). Data are represented as 
mean ± SD. A Student"s t test was used to assess significance: *P < 0.05. **P < 
0.01; ns. not significant. xbp-lsp = xbp-1 spliced. (G) hsp-4p::GFP ER stress 
reporter worms were grown on empty vector control ( ev). p-NAC RNAi, p-NAC + 
SRp RNAi, or SRp RNAi. and GFP fluorescence was assessed on day 2 of adult­
hood (fig. S2A). BF, bright-field. Scale bar. 0.5 mm. (H) N2 worms were grown on 
empty vector control (ev) or indicated RNAi. On day2 of adulthood. Hsp-4 1evels 
were analyzed with immunoblotting. Actin served as loading control. 
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interfere with the binding of ribosomes to ER 
translocons. We thus established transgenic ani 
mals overexpressing both NAC subunits from a 
strong and ubiquitous promoter (eft 3p). The 
transgenic strains showed a moderate two to 
threefold overexpression ofNAC (Fig. 3, C and D). 
All attempts to get strains with a much stronger 
overexpression by injecting higher an10unts of 
DNA produced no transgenic progeny, indicat 
ing that NAC expression over a critical thresh 
old was lethal in C. elegans. Consistent with 
this, the moderately NAC overexpressing strains 
were already slightly delayed in development. 
The levels of cytosolic polysomes were slightly 
increased in NAC overexpressing animals (Fig. 
3A; quantification is provided in fig. S5A). In 
contrast, the levels of membrane attached ribo 
somes were markedly reduced (Fig. 3B and fig. 
S5A). hnmunoblot analysis of RPL 10 ronfirmed 
the membrane to cytosol shift of ribosomes, aJ 
though the levels of Sec6la were unchanged 
(Fig. 3C). Moreover, Hsp 4 levels were signifi 
cantly increased in NAC overexpressing woons, 
indimting ER stress (Fig. 3D). Thus, NAC over 
expression interferes with the targeting of ribo 
somes to ER translocons, likely by impairing the 
SRP pathway. To investigate this possibility, we 
analyzed whether NAC overexpression altered 
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the binding of SRP to ribosomes that would 
be expected upon targeting inhibition. The 
total levels of SRP were unchanged in NAC 
overexpressing animals (Fig. 3E). However, the 
binding of SRP to ribosomes was significantly 
shifted to late polysomes (Fig. 3F), indicating 
that new rounds of translation initiation on 
mRNAs encoding SRP substrates occurred in 
the cytosol because overexpressed NAC delayed 
the timely targeting of RNCs to the ER. To fur 
ther explore the effects of NAC overexpression 
on ER targeting, we depleted critical SRP path 
Wlrf components by means of RNAi in the first 
larval stage (U) so as to compromise protein 
transport to the ER The knockdown of SRP54, 
SRa, and S~ induced developmental defects in 
wild type worms that resulted in a partial larval 
arrest (fig. S5B). NAC overexpressing animals 
were hypersensitive to these RNAi treatments 
(fig. S5B), whereas NAC depleted animals were 
Jess sensitive (fig. S5C). This suggests that NAC 
expression above a critical threshold counteracts 
the activity of the SRP pathway. To corroborate 
this, we assessed ER targeting directly by analyz 
ing the distnbution of four ribosome associated 
mRNAs encoding specific SRP substrates (ile 2, 
sre 61, R186.3, and hsp 4) between the cytosol 
and the ER membrane. As expected, knockdown 

of SRP54 in control animals strongly shifted these 
RNCs toward the cytosol (Fig. 3G). NAC over 
expression strongly aggravated the targeting de 
fects induced by SRP54 depletion (Fig. 3G). Thus, 
'NAC may act as a general ER targeting inhibitor 
whose expression levels need to be accurately 
balanced to allow a specific derepression of ER 
'targeting by the SRP pathway. 

Global mistargeting of ribosomes to 
the ER in t he absence of NAC 

Next, we used a genome wide microarray ap 
proach to measure the global distribution of 
ribosome associated mRNAs between the cyto 
sol and the ER membrane. Because NAC deple 
tion in C. elegans results in a strongly reduced 
brood size (18), we used a temperature sensitive 
sterile mutant (88104) to minimize the risk of 
artifacts owing to unequal embryonic gene ex 
pression. The sterile mutants showed a NAC 
RNAi phenotype similar to wild type worms 
(fig. 86, A to E). To testER targeting specificity, 
we isolated cytosolic and membrane attached 
'ribosomes and quantified the translated mRNAs 
using DNA microarrays. The majority of mRNAs 
(93%) that were significantly enriched in the 
cytosolic fraction of control animals encoded 
proteins without a predicted N terminal signal 
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sequence or a transmembrane domain (Fig. 4A). 
Conversely, most mRNAs (88%) that were sign if 
icantly enriched in the membrane fraction en 
code proteins containing a predicted N terminal 
signal sequence, a transmembrane domain, or 
both (Fig. 4A). Thus, ER targeting in control 
animals was accurate, and our fractionation 
protocol appeared valid We next compared the 
distribution of these mRNAs between control 
and NAC depleted animals. Scatter plot analy 
sis of log2 transformed mRNA ratios between 
membrane and cytosol revealed that the dis 
tribution of the membrane enriched mRNAs 
was indistinguishable between control and NAC 
depleted animals [correlation coefficient (r) : 
1.0356] (Fig. 4B). However, the cytosol enriched 
mRNAs were strongly shifted toward the mem 
brane fraction in NAC depleted worms, as evident 
by the lower linear regression slope (r: 0.5533) 
(Fig. 4B). Thus, NAC depletion does not affect 
the specific, SRP mediated targeting of ribo 
somes to the ER membrane but induces addi 
tiona! unspecific binding of incorrect ribosomes. 
We verified these data for several mRNAs with 
quantitative PCR in wild type worms. In agree 
ment with the microarray data, mRNAs encod 
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ing nuclear, cytosolic, and mitochondrial proteins 
were strongly mistargeted to the ER membrane 
in ~ NAC depleted animals (Fig. 4C). The addi 
tional knockdown of SRP54 did not reduce the 
levels of these mRNAs at the ER membrane, 
confirming that mistargeting occurs in a SRP 
independent manner. Moreover, ~ NAC depletion 
did not alter the distnbution of mRNAs encod 
ing ER proteins, whereas lmockdown of SRP54 
strongly shifted these mRNAs toward the cytosol 
(Fig. 4C). Thus, NAC depletion does not impair 
the activity and specificity of the SRP pathway. 
The additional knockdown of ~ NAC partially 
restored the targeting defect in SRP54 depleted 
worms (Fig. 4C), suggesting that in the absence 
of NAC ribosomes translating SRP substrates 
bound ER translooons in a SRP independent 
manner. This explains why the larval arrest in 
duced by impairment of the SRP pathway was 
significantly lower in NAC depleted animals 
(fig. SSC). Furthermore, although targeting of 
SRP substrates was partiaTiy restored in NAC/ 
SRP54 depleted worms, we consistently observed 
a further moderate increase of ribosome mis 
targeting (Fig. 4C). Enhanced mistargeting and 
at the same time less specific targeting explains 
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why the combined depletion of NAC and essen 
tial SRP pathway components provoked such an 
increased ER stress response (Fig. I, G and H, 
.and fig. S2, A and B). 

Mitochondrial proteins get mislocalized and 
degraded by ERAD upon NAC depletion 

Knowing that a posttargeting signal sequence 
recognition and proofreading step takes place 
at the Sec61 complex (9), we analyzed whether 
or not the mistargeted ribosomes translocate 
'their nascent chains across the ER membrane. 
We reasoned that potential mislocalized pro 
_teins might be degraded by the ER associated 
degradation (ERAD) pathway (20). To enrich 
these substrates we depleted Sel I, an essential 
component of the ERAD ubiquitin ligase com 
plex (21). The knockdown of Sell provoked a 
moderate ER stress response (fig. S7). The com 
bined knockdown of Sell and ~ NAC strongly 
enhanced the ER stress response, which sug 
gests that the ERAD pathway is indeed activa 
ted in NAC depleted animals to maintain ER 
protein homeostasis (fig. S7). Many proteins 
;that enter the ER lumen are N glycosylated on 
asparagine residues in N X S/T sequence motifs 
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hood, the distribution of indicated ribosome-associated mRNAs between 
cytosol and ER membrane was assessed by means of quantitative RT-PCR. 
Depicted is the lo~-transformed membrane· to-cytosol ratio for indicated 
mRNAs. Data are represented as mean ± SO. 
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(22). We speculated that misdirected substrates 
containing such motifs would be N glycosylated, 
which could be used as a footprint for mis 
translocated proteins. We thus isolated glycosyl 
ated proteins using the lectin Concanavalin A 
(ConA) and analyzed with mass spectrometry 
(MS) proteins that only appeared in 13 NACjSell 
depleted animals. One prominent hit in the MS 
analysis was the mitochondrial protein Hsp 60, 
which contains the potential N glycosylation site 
N T S (Fig. SA). A substantial amount of Hsp 60 
accumulated in the ConA bound fraction of ani 
mals depleted of both 13 NAC and Sell (Fig. 5B). 
Thus, the mitochondrial protein Hsp 60 is mis 
localized to the ER and degraded by ERAD in 
NAC depleted animals. We then tested a second 
mitochondrial protein, Atp 2, that contains the 
predicted N glycosylation motif N A S (Fig. 5A). 
Similar to Hsp 60, Atp 2 was also strongly en 
riched in the ConA bound fraction (Fig. 5B). 
Treatment of the lysate with the peptide N 
glycosidase F (PNGaseF) to remove N glycans 
before the lectin affinity purification strongly 
diminished ConA binding of Hsp 60 and Atp 2, 
corroborating that these mitod10ndrial proteins 
were indeed N glycosylated (Fig. 5C). The highly 
abundant cytosolic protein actin (Act 1) that 
harbors the predicted N glycosylation site N G S 
(Fig. 5A) did not accumulate in the ConA bound 
fraction (Fi~ 5B), although Act 1 RNCs were mis 
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targeted to the ER translocon (Fig. 4C). This 
could indicate that mitochondrial targeting se 
quences override the proofreading function of 
the ER translocon pore. To analyze this more 
closely, we made use of a split GFP (spGFP) 
complementation approach (23). We engineered 
different cell compartment specific spGFP frag 
ments for the cytoplasm, as well as for the ER 
and mitochondria by fusing specific targeting 
sequences to spGFP (Fig. 5D). The spGFP frag 
ments, when expressed in the same compart 
ment, complemented only in the expected cell 
organelle (Fig. 5D). Animals expressing spGFPl 
10 in the ER and spGFPll in the cytosol only 
showed a weak background signal, and 13 NAC 
depletion did not increase GFP fluorescence 
(Fig. 5E~ However, knod<down of 13 NAC strongly 
increased the GFP fluorescence in animals ex 
pressing ER tugeted spGFPllO and mitodlondria 
tugeted spGFPll (Fig. 5F). The GFP fluorescence 
in these worms showed a typical reticular ER 
pattern, revealing that the mitodlondria targeted 
spGFP fragments were misdirected to the ER in 
the absence of NAC (Fig. 5G). Thus, mitochon 
drial proteins in particular are incorrectly trans 
ported to the ER and subsequently degraded 
by ERAD. This could explain why NAC deple 
tion induces both ER and mitochondrial stress. 
NAC is both an essential negative regulator for 
ribosome translocon interaction to sustain ER 
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[II ~-NAC 

c 3 
0 ., 
~ 
0 2 

targeting accuracy and is also important to pre 
serve the specificity of cellular protein sorting 
to mitochondria. 

Discussion 

These findings have revealed the essential an 
tagonistic role of NAC in regulating cotransla 
tiona! protein transport to the ER. Only the 
combined opposing activities of SRP and NAC 
guarantee a robust sorting gystem that ensures 
the fidelity and specificity of protein translo 
cation in vivo. The importance of NAC is un 
derlined by the mistargeting of noncognate 
RNCs and by the fact that the in built proof 
reading mechanism of the Sec61 translocon (9) 
can be overruled by mistargeted ribosomes trans 

lating mitochondrial proteins. The prevailing 
view has been that only nascent polypeptide 
chains with sufficiently hydrophobic signal se 
quences or transmembrane domains can open 
the translocation channel, whereas nonauthen 
·tic substrates would be rejected. In this work, 
mitochondrial targeting sequences consisting of 
a stretch of alternating positively charged and 
hydrophobic amino acid residues forming an 
amphipathic helix (24) could, at least in part, 
open the ER translocation channel. This is con 
sistent with several studies showing the exist 
ence of ambiguous signals directing proteins 
to both mitochondria as well as the ER (25). 
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Fig. 4. NAC de pletion induces s trong ER mistargeting . (A) Pie charts show the prediction for 
N-terminal signal sequences (SS) and transmembrane domains (TM) in proteins encoded by 
ribosome-associated mRNAs that were significantly enriched in the cytosolic (left) and mem­
brane (right) fraction of empty vector control SS104 animals. (B) Scatterplot comparing the 
distribution of ribosome-associated mRNAs in empty vector control (fN. x axis) and o-NAC + 
p-NAC-depleted (y axis) SS104 worms. Depicted is the IO&;!·transformed ratio between mem­

L_ _ _ T4---_..,.2---t0----,2---4r---' brane and cytosol for mRNAs that were significantly enriched in the cytosolic (left) and 
membrane (right) fractions of control animals. Color code is based on predicted localization 
of the encoded proteins as shown in (A). Gray circles indicate genes for which no protein 
sequence could be assigned. The green and red lines show the linear regression lines through 
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membrane- and cytosol-enriched mRNAs, respectively. (C) N2 worms were grown on empty 
vector control (ev) or indicated RNAi. On day 3 of adulthood, the distribution of indicated ribosome-associated mRNAs between cytosol and ER membrane 
was assessed by means of quantitative RT-PCR. Depicted is the lo&;!·transformed membrane-to-cytosol ratio for select mRNAs coding for proteins with 
destinat ion in the nucleus (Nuc). mitochondria (Mito). cytosol (Cyto). peroxisomes (Perox). and ER. Data are represented as mean ± SO. 
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Our C elegans study reveals thatNAC rounter 
acts the autonomous binding of ribosomes to 
Sec61 to ensure ER targeting specificity. A role 
for NAC in ER protein targeting has been in 
dicated by several in vitro analyses (7, 11, 26). 
However, this hypothesis was rapidly dismissed 
by other in vitro studies providing contrary re 
suits (27, 28). Moreove~; yeast in vivo studies 
showed no aberrant translocation phenotype 
upon NAC deletion (29, 30). Why the importance 
of NAC in ER protein targeting was missed in 
yeast studies is unclear. The discrepancy could be 
explained bythefactthatyeastcells use a distinct 
posttranslational ER targeting system, which is 
seemingly not used in such a pronounced way 
by higher eukruyotes (31). Consistent with this, 
yeast is the only known organism in which co 
translational ER targeting by the SRP pathway 
is not essential (32). Another possible explana 
tion for the different effects of NAC depletion 
in yeast and higher eukruyotes could be the po 
tential disparate engagement of available Sec61 
channels in the translocation of correct sub 
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strates. Our study in C elef!Pns reveals that NAC 
depletion does not impair the correct target 
ing of ribosomes to the ER membrane. Rather, 
vacant translocons that exist in adult worms 
become occupied by incorrect nbosomes in a 
SRP independent manner. It is very likely that 
in yeast under optimal growth conditions most 
if not all translocons are saturated, thus coun 
teracting the potential mistargeting of ribosomes 
occurring in the absence of NAC. 

The Sec61 translocon interacts with the nbo 
some primarily via two cytoplasmic loops of 
Sec6la as well as with the N terminal helix of 
Sec6ly. Both contact the ribosomal proteins uL23 
and eL29 as well as the backbone of the 28S 
ribosomal RNA (rRNA) adjacent to the nascent 
peptide exit site (33). The extensive binding sur 
filces account for the very high inherent affinity 
ribosomes exhibit for the Sec6l complex (8, 9,11). 
Cross linking data suggest that NAC contacts the 
ribosome via the ribosomal protein uL23 (34). 
Because this ribosomal protein is also a major 
rontact point between the ribosome and Sec61, it 

D 

is very likely that NAC sterically inhibits this 
high affinity translocon interaction site. How 
eve~; recent studies challenge the interaction of 
NAC with uL23 and suggest that NAC binds to 
el.31 (35, 36). This ribosomal protein is placed 
like uL23 near the tunnel exit; thus, NAC could 
block the functional coupling of ribosomes and 
·translocons also via el.31. In agreement with a 
'function as a general ER targeting inhibito~; NAC 
is present in equimolar concentration relative to 
nbosomes, it can interact with virtuaJJy all RNCs, 
and binds reversibly to ribosomes (29, 34, 37). 
The reversible binding mode allows a specific de 
repression of ER targeting. We propose that dis 
placement of NAC from RNCs could be mediated 
·by SRP that, similar to NAC, also contacts the 
ribosomal protein uL23 at the tunnel exit (1). The 
high affinity of SRP to hydrophobic signal se 
quences or transmembrane domains in nascent 
chains (6, 27) probably gives SRP a selective ad 
vantage over NAC for ribosome binding. A com 
petition between NAC and SRP for ribosome 
binding has been previously indicated by several 
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Fig. 5. Mitochondrial proteins are mislocalized to the ER and degraded 
by ERAO upon NAC depletion. (A) Schematic illustration showing predicted 
N-glycosylation sites in the mitochondrial proteins Hsp-60 and Atp-2 and the 
cytosolic protein Act-1. Predictions were performed with NetNGiyc 1.0. (B) N2 
worms were grown on empty vector control (ev) or indicated RNAi. On day 3 
of adulthood. glycosylated proteins were isolated by using the lect in Con­
canavalin A (GonA). and the levels of indicated proteins in the total extract 
(Input) and the lectin-bound fraction were analyzed with immunoblotting. 
(C) Total extracts (Input) of N2 worms grown on ~-NAG + Sel-l RNAi were 
treated or not with theN-glycosidase PNGaseF followed by Concanavalin A 
(GonA) affinity purification. The levels of GonA-bound Hsp-60 and Atp-2 were 
then assessed with immunoblotting . (0 ) Fluorescent micrographs of intes-
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tina! cells in worms expressing complementing split-GFP fragments in the cy­
toplasm (left). in the ER (middle) and in mitochondria (right). Scale bar, lO J.lm. 
SS, ER-specific signal sequence: KDEL, ER retention motif; MTS, mitochondrial 
targeting sequence. (E) Transgenic worms expressing split-GFPHO in the ER 
and split-GFPll in the cytoplasm were grown on empty vector control (ev) 
or ~-NAG RNAi. and GFP fluorescence was assessed on day 2 of adulthood. 
BF. bright-field. Scale bar, 0.5 mm. (F) Transgenic worms expressing split­
GFPl-10 in the ER and split-GFPll in mitochondria were grown on empty 
vector control (ev) or p-NAG RNAi, and GFP fluorescence was assessed on 
day 2 of adulthood. BF. bright-field. Scale bar. 0.5 mm. (G) Fluorescent mi­
crographof intestina l cells in ~-NAG-depleted worms as shown in (F). Scale 
bar, l0).lm. 



in vitro studies (26, 36, 38). However, at which 
specific step the inhibitory action of NAC on ER 
targeting is counteracted by the SRP pathway is 
unclear. 

NAC is evolutionarily conserved from yeast to 
man and is essential in eukaryotes, except for 
yeast (13, 30, 39, 40). Knockdown of a NAC in 
human HeLa S3 cells also activates ER stress re 
sponses and causes mitochondrial dysfunction 
( 41). Thus, the function of N.AC as an ER targeting 
inhibitor appears to be well conserved during 
evolution, at least from C. elegans to mamma 
lians. Recent studies showed that NAC is se 
questered by cytosolic aggregates under protein 
folding stress conditions (18, 42). This raises the 
question whether proteotoxic stress in the cy 

to plasm causes dysfunction of NAC, leading to 
incorrect sorting of proteins to the ER and 
mitochondria. A link between cytosolic protein 
aggregation and ER stress is well established 
( 43), and it will be interesting to investigate the 
role ofNAC in this context. 
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