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Protein N-glycosylation is widespread among biological systems,
and the fundamental process of transferring a lipid-linked glycan
to suitable asparagine residues of newly synthesized proteins
occurs in both prokaryotes and eukaryotes. The core reaction is
mediated by Stt3p family members, and in many organisms this
component alone is sufficient to constitute the so called oligosac-
charyltransferase (OST). However, eukaryotes typically have a
more elaborate OST with several additional subunits of poorly
defined function. In the mammalian OST complex one such sub-
unit, ribophorin I, is proposed to facilitate the N-glycosylation of
certain precursors during their biogenesis at the endoplasmic
reticulum. Here, we use cell culture models to show that ribophorin
I depletion results in substrate-specific defects in N-glycosylation,
clearly establishing a defined physiological role for ribophorin I. To
address the molecular mechanism of ribophorin I function, a
cross-linking approach was used to explore the environment of
nascent glycoproteins during the N-glycosylation reaction. We
show for the first time that ribophorin I can regulate the delivery
of precursor proteins to the OST complex by capturing substrates
and presenting them to the catalytic core.

cross-linking � endoplasmic reticulum � N-glycosylation � RNAi � STT3

In eukaryotic cells, N-glycosylation is typically the most common
protein modification that occurs in the ER lumen. N-

glycosylation is facilitated by a large heterologous protein complex
called the oligosaccharyltransferase (OST), which catalyses the
attachment of a high mannose oligosaccharide en bloc onto suitable
free asparagine residues of newly synthesized nascent chains during
translocation into the ER lumen (1). The addition of an N-glycan
provides a molecular tag that can promote the folding, maturation,
and quality control of a precursor. Defects in the process of
N-glycosylation, for example, congenital disorders, can result in
devastating physiological consequences (2).

Our current understanding of the OST stems from research that
utilizes a number of systems, including simple models such as
prokaryotes and more complex and diverse eukaryotes. The mam-
malian equivalents of many, if not all Saccharomyces cerevisiae (S.
cerevisiae) OST subunits, are known and comprise: ribophorin I
(Ost1p), ribophorin II (Swp1p), OST48 (Wbp1p), STT3A and
STT3B (Stt3), N33 and IAP (Ost3p and Ost6p), and Dad1 (Ost2p)
(3–5). In addition, two other putative mammalian OST subunits,
DC2 and KCP2, have been identified but to date have no known
function (5).

There is now compelling evidence that the catalytic Center of the
OST complex lies with the STT3 subunit(s) (6–9). In mammals, two
STT3 isoforms exist, STT3A and STT3B; these share 70% se-
quence similarity and are expressed at varying levels depending
upon tissue or cell-type (4). Despite their similarity, these two STT3
isoforms are not functionally equivalent when analyzed in vitro (10).
In many prokaryotes, a single STT3 homologue is sufficient to
mediate the N-glycosylation reaction (11–13). This observation
raises the interesting question of why most eukaryotic OSTs contain
multiple distinct subunits and what precise role these other subunits
play during N-glycosylation.

Mammalian ribophorin I and ribophorin II are abundant ER
membrane proteins (14, 15) that were coisolated as part of an
enzyme complex showing in vitro OST activity (16). Although
subsequent studies suggested that ribophorin I and its S. cerevisiae
equivalent (Ost1p) could form part or all of the active site of the
OST complex (17, 18), the case for STT3 playing this role is now
compelling (11). In a previous study, we showed that a subset of
newly synthesized membrane proteins transiently associated with
ribophorin I immediately after their departure from the Sec61
translocon (19). Based on these data, we proposed that ribophorin
I may function to retain potential substrates in close proximity to
the catalytic subunit of the OST, thereby improving the efficiency
of their N-glycosylation (19).

Our subsequent in vitro analysis of ribophorin I function showed
that this OST subunit dramatically enhances the N-glycosylation of
selected substrates but is apparently dispensable for the efficient
N-glycosylation of many others (10). Here, we show for the first
time that ribophorin I depletion has a selective effect upon the
N-glycosylation of endogenous substrates expressed in cultured
mammalian cells. By using a novel combination of siRNA-mediated
depletion and in vitro cross-linking, we find that ribophorin I acts to
selectively regulate the delivery of substrates to the catalytic core of
the OST complex.

Results and Discussion
Ribophorin I Function in Cultured Cells. HepG2 cells express a number
of secretory glycoproteins (20) and hence were selected to study the
effect of ribophorin I depletion by siRNA. Importantly, our pre-
vious work has established that the integrity of the remaining OST
complex is not disrupted after ribophorin I depletion (10), mini-
mizing the possibility of indirect or pleiotropic effects after ribo-
phorin I knockdown. For comparison, the two mammalian STT3
isoforms were also depleted [supporting information (SI) Fig. S1A],
and cells were treated with the antibiotic tunicamycin that inhibits
assembly of the lipid-linked oligosaccharide precursor necessary for
N-glycosylation to occur. Both of these treatments were proven to
be effective at inhibiting protein N-glycosylation in vitro (10).
�1-antitrypsin (�1AT) is a secretory protein with three sites for
N-glycosylation. Whole cell extracts were analyzed after metabolic
labeling and immunoprecipitation; two major intracellular forms of
�1AT were observed (Fig. 1A). The faster migrating species has a
high mannose form of N-linked glycan added [Fig. 1A, lane 6,
�3CHO �1AT(H)] and is sensitive to Endo-H treatment (Fig.
S1B). The second, slower migrating species has more complex
N-linked glycan typically acquired during transit through the Golgi
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complex and is insensitive to Endo-H treatment [Fig. 1A, lane 6,
�3CHO �1AT(C) and Fig. S1B]. Tunicamycin treatment resulted
in a complete loss of N-glycosylation of �1AT (Fig. 1A, lane 5).
Likewise, knocking down either of the two STT3 isoforms, STT3A
or STT3B, also resulted in complete inhibition of N-glycosylation
(Fig. 1A, lanes 2 and 3). In contrast, N-glycosylation of �1AT
appears completely unperturbed by ribophorin I depletion (Fig. 1A,

lane 1), although Western blot analysis confirmed a substantial
reduction of �80% in the cellular levels of the target protein after
siRNA treatment (Fig. S1A) (cf. ref. 10). A second endogenous
HepG2 secretory glycoprotein, transferrin, was also analyzed for the
effects of OST subunit depletion. Once again, tunicamycin treat-
ment and siRNA-mediated depletion of STT3A or STT3B resulted
in a complete loss of N-glycosylated transferrin (Fig. 1B, lanes 2, 3,
5, and 6, see Tr), whereas ribophorin I knockdown did not affect the
N-glycosylation status of transferrin. However, less total material
was recovered from the ribophorin I knockdown compared with the
control cells [Fig. 1B, lanes 1, 5, and 6, see �2CHOTr(H)].

Our previous in vitro studies (10) suggested that the N-
glycosylation of secretory proteins was unaffected by ribophorin I
depletion, and our analysis of endogenously expressed glycopro-
teins in HepG2 cells is entirely consistent with this notion. We next
addressed the substrate specificity of ribophorin I by using Mel Juso
cells, because these express the invariant chain of the MHC class II
complex (Ii) (21), a glycoprotein that we identified as a ribophorin
I dependent substrate in vitro (10). We observed that cellular levels
of ribophorin I, STT3A and STT3B, in Mel Juso cells were
specifically and efficiently knocked down by using siRNA (Fig.
S1D). We also analyzed the effect on the N-glycosylation of two
endogenously expressed membrane proteins, tyrosinase and Ii.
After metabolic labeling and immunoprecipitation, tyrosinase was
found to migrate as a 70-kDa doublet corresponding to products
with 6 and 7 N-linked glycans as previously described (22) (Fig. 1C,
lane 6). Both products are sensitive to Endo-H treatment (Fig.
S1E). Depletion of STT3A and STT3B results in the complete loss
of tyrosinase N-glycosylation (Fig. 1C, lanes 2, 3, 5, and 6), whereas
ribophorin I knockdown has no effect (Fig. 1C, lanes 1, 5, and 6).
When we examined the Ii expressed in Mel Juso cells by using the
same approach, two distinct species of �35 kDa were observed
after immunoprecipitation (Fig. 1D, lane 7). The faster migrating
product has high mannose type N-linked glycans [Fig. 1D, lane 7,
�2CHO Ii(H)] that are Endo-H sensitive (Fig. S1F). The slower
migrating species bears complex N-linked glycans [Fig. 1D, lane 7,
�2CHO Ii(C)] that are insensitive to Endo-H treatment (Fig. S1F).
In contrast to our analysis of tyrosinase, we find that Ii requires all
three OST subunits, ribophorin I, STT3A, and STT3B, for its
efficient N-glycosylation in Mel Juso cells (Fig. 1D, lanes 1, 3, 4, 6,
and 7). Normal levels of N-glycosylation are observed with a control
siRNA and a scrambled version of the ribophorin I specific duplex
(Fig. 1D, lanes 2, 5, and 7). Based on data obtained by using siRNA
mediated depletion of ribophorin I, we conclude that its normal
physiological role is substrate specific. Hence, after a ribophorin I
knockdown, N-glycosylation is either completely inhibited (Ii) or
unaffected (�1AT, transferrin and tyrosinase). This analysis estab-
lishes the cellular role of ribophorin I and provides the first direct
evidence that both STT3 isoforms are required for efficient N-
glycosylation in mammalian cells for the four precursors analyzed
here.

Analyzing Nascent Chain OST Interactions. To decipher the molecular
basis for ribophorin I function during the process of N-glycosylation
we analyzed the association of ribophorin I�dependent and �in-
dependent substrates with the OST complex. We reasoned that this
could be best achieved by combining an in vitro assay for OST
function (10) with the use of cross-linking, so as to probe the
environment of the nascent polypeptide chain during N-
glycosylation. We initially turned to the model system first used to
identify STT3A as the catalytic subunit of the mammalian OST (8).
Hence, a derivative of the secretory protein pre-prolactin was
constructed that contained a single consensus site for N-
glycosylation together with a lone lysine residue located within this
motif (denoted PPLNKT, cf. ref. 8). Whereas the original study
exploited a photocross-linking approach (8), we were able to
substitute this with the bifunctional amine-reactive reagent disulfo-
succinimide (DSS). To maintain potential interactions between the
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Fig. 1. Effect of OST subunit knockdown on the N-glycosylation of endog-
enously expressed proteins in HepG2 and Mel Juso cells. (A and B) HepG2 cells
were transfected with siRNAs targeting ribophorin I (lane 1), STT3A (lane 2),
STT3B (lane 3), a nonfunctional control siRNA (siRF) (lane 4), or mock treated
(lane 6). To control for loss of N-glycosylation, HepG2 cells were incubated with
2 �g/ml tunicamycin for 12 h before isolation on day 2 (lane 5). Cells were pulse
labeled with [35S] methionine/cysteine for 45 min, solubilized in IP buffer and
specific products recovered by immunoprecipitating with antisera recogniz-
ing �1-antitrypsin (�1AT, see A) or transferrin (Tr, see B). In all cases, the
presence and number (x) of N-linked glycans present on a particular protein is
indicated by the suffix xCHO. For �1AT (A), two populations of glycoproteins
reflecting products with both high mannose type N-linked glycans
[�3CHO�1AT(H)] and complex N-glycans [�3CHO�1AT(C)] were detected.
With Tr (B), only high mannose type glycans were observed. (C and D) Mel Juso
cells were treated with siRNAs or tunicamycin as above. Additionally, a scram-
bled ribophorin I duplex (siRibI scram) was used during the analysis of the
invariant chain (D, lane 2). Cells were labeled with [35S] methionine/cysteine
for 30 min, solubilized in IP buffer and immunoprecipitated with antisera
recognizing tyrosinase (TYR, see C) or invariant chain (Ii, see D). Two closely
migrating forms of tyrosinase were detected representing chains with 6 or 7
high mannose type N-glycans attached [�6/7 CHO TYR(H)]. Two quite distinct
forms of N-glycosylated Ii were detected; these reflect discrete populations of
proteins with high mannose [�2CHO Ii(H)] or complex type [�2CHO Ii(C)]
N-linked glycans as described above for �1AT. The appearance of higher
molecular weight species after inhibiting N-glycosylation of �1AT and Ii (A and
D, filled circles) may reflect aberrant dimerization of the nonglycosylated
proteins (compare with ref. 34). In the case of TYR, Mel Juso cells express a
cross-reacting glycoprotein of �46 kDa (C, open circle) that behaves in a
similar fashion to authentic TYR after treatment with the various siRNAs or
tunicamycin. This product is most likely a splice variant of tyrosinase (35).
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nascent chain and subunits of the OST complex, the translocating
polypeptide was artificially trapped at the ER translocon as a
ribosome-bound peptidyl-tRNA (8). Under these conditions, dis-
crete DSS-dependent cross-linking products were obtained with
PPLNKT translocation intermediates of varying chain length (Fig.
2A). The various PPLNKT nascent chain lengths analyzed could all
be N-glycosylated (Fig. 2A, lanes 1, 3, 5, and 7 �CHO PPL), and
the major adducts observed (Fig. 2A, circles and diamonds in lanes
2, 4, 6, and 8) were consistent with cross-linking to subunits of both
the ER translocon and the OST complex (8).

To conclusively identify the cross-linking partners of the
PPLNKT polypeptides, the products were analyzed by immuno-
precipitation. This confirmed that the PPLNKT nascent chains
were efficiently cross-linked to the ER translocon component
Sec61� (Fig. 2B, diamonds in lanes 1, 4, 7, and 10), and the OST
subunit, STT3A (Fig. 2B, circles in lanes 3, 6, 9, and 12). In contrast,
cross-linking to the ER translocon-associated component, TRAM,
was extremely inefficient (Fig. 2B, lanes 2, 5, 8, and 11), consistent
with the location of the lysine residue within the PPLNKT chains
that is primarily responsible for adduct formation (23). This pattern
of adducts confirms that N-glycosylation at the OST occurs while
translocation across the ER membrane is in progress (8). The
normally cotranslocational nature of N-glycosylation is further
underlined by the loss of adduct formation with STT3A upon
puromycin-mediated release of the trapped PPLNKT nascent
chains from the ribosome (data not shown). PPLNKT cross-linking

to STT3A is also strongly inhibited by a short tripeptide OST
substrate, confirming that adduct formation reflects a biologically
productive interaction between the nascent chain and the OST
complex (Fig. S2).

Ribophorin I�Independent Substrates. Having optimized the cross-
linking of PPLNKT nascent chains to STT3A and established that
in our system the longest translocation intermediate gave the
clearest adducts (Fig. 2B, lanes 3, 6, 9, and 12; see also ref. 8), we
analyzed the effect of siRNA mediated depletions upon the N-
glycosylation of PPLNKT. When N-glycosylation of the full-length
protein was analyzed by using an in vitro read out, depletion of
STT3A and STT3B caused an almost complete loss of N-
glycosylation compared with the �30% efficiency observed with
control samples (Fig. 3A, lanes 2–6). In contrast, ribophorin I
depletion had no significant effect on PPLNKT N-glycosylation
(Fig. 3A, lanes 1, 4, and 6). We therefore conclude that PPLNKT
is N-glycosylated independently of ribophorin I function, consistent
with previous in vitro (10) and in vivo (this study) investigations
showing ribophorin I has no detectable role during the N-
glycosylation of four different secretory glycoproteins.

For effective cross-linking to OST subunits, it is necessary to use
artificially trapped nascent polypeptide chains (see above); thus, we
next established whether the N-glycosylation of these rather arti-
ficial substrates reflected that of the full-length protein. When a 170
residue long ribosome-bound translocation intermediate of
PPLNKT was analyzed, the overall efficiency of N-glycosylation was
substantially less than that obtained with the full-length protein
(compare Fig. 3 A and B). Nevertheless, STT3A and STT3B
depletion reduced N-glycosylation to background levels (Fig. 3B,
lanes 2, 3, and 5), whereas ribophorin I depletion had no effect (Fig.
3B, lanes 1, 4, and 6). When the cross-linking of the same nascent
PPLNKT chains to OST subunits was analyzed, depletion of
STT3A led to a huge reduction in adduct formation with this
component (Fig. 3C, lanes 2, 4, and 5), whereas the levels of trapped
PPLNKT chains were unaffected (Fig. 3B, lanes 1–4, 6, PPL-170).
This result confirms the effectiveness of the STT3A knockdown as
independently assessed by immunoblotting (10) (Fig. S1 A and D)
and directly correlates STT3A function with efficient N-
glycosylation. In contrast, the knockdown of ribophorin I had no
significant effect on STT3A adduct formation (Fig. 3C, lanes 1, 4,
and 5), consistent with the normal levels of PPLNKT N-
glycosylation observed after ribophorin I depletion (Fig. 3 A and B,
lanes 1, 2, and 6).

Ribophorin I�Dependent Substrates. We next performed a cross-
linking analysis by using a glycoprotein substrate known to
require ribophorin I for efficient modification. The Ii chain has
two sites for N-glycosylation, and their use is significantly
reduced after ribophorin I depletion and in vitro analysis (10).
Furthermore, no detectable N-glycosylation of endogenous Ii
occurs after ribophorin I depletion in Mel Juso cells (this
study, Fig. 1D). A variety of different length integration
intermediates of Ii were analyzed by DSS-dependent cross-
linking (cf. ref. 24), and a truncated chain of 214 residues found
to form discrete adducts with both the Sec61� and STT3A
(Fig. S3). In each case, adducts were lost upon puromycin
treatment, consistent with the interactions depending upon the
presence of a trapped nascent chain (Fig. S3). When the
N-glycosylation of full-length Ii was analyzed by using an in
vitro readout, we found that STT3A and STT3B depletions
resulted in an almost complete loss of N-linked glycans (Fig.
4A, lanes 2–4, 6) (10). Likewise, the depletion of ribophorin I
caused a substantial drop in N-glycosylation, although some
modification was still apparent in vitro (Fig. 4A, lanes 1, 4–6)
(10). The behavior of the truncated 214-residue long trapped
Ii integration-intermediate (Ii214) was almost identical, al-
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though N-glycosylation was marginally less efficient (Fig. 4B,
compare lanes 1–6).

When the association of Ii214 with the STT3A subunit of the
OST was analyzed by cross-linking, the depletion of ribophorin I
resulted in a significant loss of adduct formation approaching that
seen after STT3A depletion (Fig. 4C, lanes 1, 2, 4, and 5). Thus,
ribophorin I depletion prevents the efficient access of a ribophorin
I�dependent precursor, Ii, to the catalytic STT3A subunit of the
OST but has little, if any, effect upon the association of a ribophorin
I�independent glycoprotein substrate (PPLNKT). We therefore
conclude that ribophorin I acts to present a subset of precursors to
the catalytic core of the OST complex in such a way that efficient
modification can occur.

Complexity of the Mammalian OST. To date, we find that simple
membrane proteins are most commonly dependent on ribophorin
I both in vitro (10) and in vivo (this study). In contrast, other
precursors including several different secretory glycoproteins and
some other membrane proteins, show no detectable dependency on
ribophorin I activity. In this case, such precursors most likely either
have direct access to the catalytic core of the OST, or their
presentation is dependent on one of the other ‘noncatalytic’ OST

subunits. One possibility for ribophorin I function is that this
subunit binds newly synthesized membrane proteins and simply
delays these precursors in the vicinity of the OST complex to
stochastically increase their chances of N-glycosylation (10, 19). On
the basis of our current study this possibility seems unlikely. Hence,
when an Ii integration-intermediate is artificially trapped at the ER
translocon and is close enough to the STT3A subunit to be
cross-linked to it (Fig. 4C), the efficiency of N-glycosylation of the
trapped nascent chain after ribophorin I depletion is no better than
that seen for the same protein without any such trapping (compare
Fig. 4 A and B). Thus, artificially retaining the Ii nascent chain in
proximity of the OST complex cannot rescue the defect in N-
glycosylation caused by ribophorin I depletion, arguing against a
simple stochastic effect.

Surprisingly, STT3B depletion has a marked effect on the
cross-linking of both PPLNKT and Ii-trapped intermediates to the
STT3A subunit, causing a substantial reduction in both cases (Figs.
3C and 4C). Thus, although STT3A levels appear unaffected by
STT3B depletion (10) (Fig. S1), it seems that in the absence of
STT3B the access of substrates to STT3A is inhibited. The simplest
explanation for this observation is that both STT3A and STT3B
may contribute to a functional dimeric OST complex (6, 25, 26).
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expressed as a percentage of the total protein recovered. The values below the lanes are the mean � SEM of three independent experiments. Levels of
N-glycosylation that differ from the mock treated control with a significance of P � 0.02 are indicated by asterisks. (B) A 170-residue PPLNKT translocation
intermediate encoded by an mRNA lacking a stop codon was synthesized as before (compare to Fig. 2) and analyzed as described for A. (C) A proportion of the
PPLNKT-170 translocation intermediates shown in B were treated with DSS and the resulting adducts with STT3A were recovered by immunoprecipitation. The
amount of STT3A-PPLNKT-170 adduct for the mock sample was quantified and set to a nominal value of 100%. Other values are the mean of three independent
experiments where the amount of adduct obtained after the different treatments is expressed relative to the mock treated sample. Values that differ from the
mock treated control with a significance of P � 0.02 are indicated by asterisks.
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However, there is clear evidence that STT3A and STT3B are
present in distinct OST complexes (4) and that the roles of the two
isoforms are not equivalent (10), suggesting such a model is an
oversimplification.

Interestingly, other co- and posttranslational modifications of
proteins synthesized at the ER are also mediated by oligomeric
complexes where a minority of the subunits has catalytic activity.
The glycosylphosphatidylinositol (GPI) transamidase complex is
responsible for the addition of lipid anchors to cell surface proteins
synthesized at the ER. The mammalian and S. cerevisiae transami-
dases each consist of five subunits, yet it is the GPI8/Gpi8p subunit
alone that appears to be catalytic (27). The precise function of the
other subunits is less clear, and a role for one or more of these
components in regulating substrate access to the catalytic Center of
the transamidase has been suggested (27), akin to the proposed
function of ribophorin I. The mammalian signal peptidase complex
is responsible for the proteolytic removal of ER targeting signals
consists of five subunits, yet only two of these appear to be
catalytic (28).

In summary, the elaborate OST complexes found in many
eukaryotes most likely reflect their ability to modify a wide range
of potential glycoprotein substrates (12) and to refine the selection
of the dolichol-linked oligosaccharide donor used for the modifi-
cation (29). In the case of ribophorin I, we propose that this subunit
acts to directly present a subset of potential substrates such as simple
membrane proteins, to the catalytic core of the mammalian OST.
This model is further supported by a recent structural study of the
S. cerevisiae OST that places its ribophorin I homolog, Ost1p, close

to the STT3 catalytic Center (6). It should be noted that whereas
cultured mammalian cells appear to be able to tolerate ribophorin
I depletion for a limited period (ref. 10, this study), studies in C.
elegans show that both STT3 and ribophorin I are essential for
viability (30) (www.wormbase.org). This indicates that ribophorin I
facilitates the biosynthesis and N-glycosylation of developmentally
crucial glycoproteins in more complex multicellular organisms.

Materials and Methods
Reagents and Antibodies. Cell culture reagents were purchased from GIBCO, BRL,
Cambrex, or Lonza. RNA polymerase and rabbit reticulocyte lysate were pur-
chased from Promega and EasyTag L-[35S]methionine was purchased from
PerkinElmer (U.K.). All other chemicals were purchased from Sigma or BDH/
Merck. Rabbit polyclonal antisera recognizing ribophorin I, Sec61�, TRAM, and
STT3A were made to order by Invitrogen. Antisera recognizing transferrin and
the invariant chain were kindly provided by P. Woodman (University of Manches-
ter, U.K.) and B. Dobberstein (Universität Heidelberg, Germany) respectively.
Antiserum specific for �1-antitrypsin was purchased from Abcam. Antiserum
recognizing tyrosinase from Santa Cruz was kindly provided by N. Bulleid (Uni-
versity of Manchester, U.K.). 21-nulceotide duplexes corresponding to human
ribophorin I (siRibI, aagcgcacagtggacctaagc), STT3A (STT3A, gcagtaggatcatattt-
gatt), STT3B (STT3B, tatcaacgatgaaagagtatt), scrambled ribophorin I (siRibI
scram, aggaatgcgcacccggactaa), and the Risc-free siCONTROL were purchased
from Dharmacon Research. Mel Juso cells were kindly provided by J. Trowsdale
(University of Cambridge, U.K.).

cDNA Constructs. Bovine pre-prolactin with arginine replacing the lysines at
residues 4 and 9 of the wild type sequence (cf. ref. 23) was used as a template for
site-directed mutagenesis, and additional lysines located at residues 72, 78, 99,
136,and154werechangedtoarginine.AconsensusN-glycosylationsitewasthen
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Fig. 4. Molecular analysis of ribophorin I dependent substrate. (A) Full-length invariant chain (Ii) was synthesized as above (Fig. 3) to determine the extent of
its N-glycosylation. The resulting glycosylated (�2CHOIi) and nonglycosylated (Ii) polypeptides and the proportion of N-glycosylated products obtained after
various treatments are indicated as described for Fig. 3. (B) A 214-residue integration intermediate of Ii was synthesized by using a truncated mRNA lacking a
stop codon and analyzed as described for A. (C) A proportion of the 214-residue Ii–integration intermediates were treated with DSS and the resulting STT3A
adducts recovered by immunoprecipitation. The relative percentage of STT3A adduct formation under the various experimental conditions was calculated as
before (compare to Fig. 3). Symbols are as defined in the legend to Fig. 3.
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introduced by replacing the sequence YAQ at amino acids 74–76 of the wild type
coding region with NKT (cf. ref. 8), the resulting coding region was inserted into
the pGEM4 vector and the construct named PPLNKT. The invariant chain cDNA is
in the pSPUTK vector as described (10).

RNA Interference. HepG2, Mel Juso, and HeLa cells grown in 10-cm2 dishes,
seeded24hbeforetreatment,weretransfectedwith60 �lof20�MsiRNAduplex
by using Oligofectamine (Invitrogen, Paisley, U.K.) as described (31). HepG2 cells
were transfected for a second time after 24 h to achieve the most efficient
knockdown. RNAi-treated cells were incubated for 48 h, whereas tunicamycin (2
�g/ml) was added 12 h before the preparation of semipermeabilized cells (32) or
metabolic labeling.

Metabolic Labeling of Cells. Before starvation, Mel Juso cells were either pre-
treated for 4 h with 150 �g/ml leupeptin (Sigma) for Ii pulse chase analysis or
pretreated for 1 h with 10 �M proteasome inhibitor II (Calbiochem) for tyrosinase
pulse chase analysis. Cells were starved for 20 min in methionine/cysteine-free
MEM (Sigma) with 2 mM glutamine, and then metabolically labeled with the
same medium containing 20 �Ci/ml of [35S]methionine/cysteine (1,175 Ci/mmol,
11.9 mCi/ml) protein labeling mix for 30–45 min. Cells were rinsed twice with PBS
and solubilized in Triton X-100 IP buffer (33) containing 1 mM PMSF and 1 mM
cold methionine/cysteine. Samples were pre-cleared and immunoprecipitated
with antisera specific for �1-antitrypsin, transferrin, tyrosinase or invariant chain
before SDS/PAGE and phosphorimaging.

In Vitro Transcription, Translation, and Cross Linking. DNA templates for the in
vitro transcription of mRNAs, with or without a stop codon as required, were
generated by PCR using appropriate primers and transcribed as described (10).
Semipermeabilized cells were prepared from siRNA transfected HeLa cells as
outlined above, and a rabbit reticulocyte lysate system (Promega) used to trans-
late either truncated mRNAs lacking a stop codon for 35 min at 30°C, or full-
length mRNAs for 60 min at 30°C, in the presence of 0.75 mCi/ml [35S]methionine/

cysteine and RNAi treated semipermeabilized HeLa cells. Aurintricarboxylic acid
(ATCA) was then added to a final concentration of 100 �M to inhibit further
initiation, and the samples were incubated at 30°C for 10 min. Membrane-
associated products were isolated by centrifugation for 2 min at 16,000 � g and
washed by resuspension in KHM buffer (20 mM HEPES pH 7.2, 110 mM potassium
acetate, 2 mM magnesium acetate). For cross-linking, samples were incubated at
30°C for 10 min either in the presence of the amine-reactive cross-linking reagent
DSS at 1 mM or an equivalent dimethyl sulfoxide (Me2SO) solvent control. The
reaction was quenched by the addition of 40 mM glycine for 10 min on ice, and
samples were either analyzed directly or after immunoprecipitation in the pres-
ence of 0.2% SDS as described (23). All samples were treated with RNase A (7
�g/translation reaction) to remove any tRNA that remained attached to stalled
polypeptide chains and then incubated with 25 �l of sample buffer for 10 min at
70°C and analyzed on 10, 12 or 14% SDS-polyacrylamide Tris-glycine gels. The
resulting gels were dried and then visualized by using a Fuji BAS 3000 Phospho-
rImager system (Fuji Photo Film, Tokyo, Japan).

Competitive Tripeptide Block. In vitro translations of truncated, 170-residue
long, PPLNKT chains were performed for 25 min in the presence of 1 mM
tripeptide inhibitor (N-benzoyl-Asn-Leu-Thr-methylamine), 1 mM control
peptide (Asp-Asn-Arg-Glu-Arg-Gln-Glu-His-Asn-Asp-Arg-Ser) or without any
additions.

Statistical Analysis. All N-glycosylated and cross-linking assays were carried out
in at least three independent experiments and subsequent statistical analysis
(two-sample t test) performed by using SPSS 10.1 software.
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