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Background: Mechanisms that guide membrane protein folding in the endoplasmic reticulum membrane remain
unresolved.
Results: During aquaporin-4 synthesis, extracellular peptides loops enter the endoplasmic reticulum lumen sequentially,
whereas delivery of cytosolic loops is actively delayed.
Conclusion: The assembled ribosome translocon complex (RTC) shields large regions of the protein from the cytosol through-
out synthesis.
Significance: Early membrane protein folding occurs in a proteinaceous environment provided by the RTC.

Transmembrane topology of polytopic membrane proteins
(PMPs) is established in the endoplasmic reticulum (ER) by the
ribosome Sec61-translocon complex (RTC) through iterative
cycles of translocation initiation and termination. It remains
unknown, however, whether tertiary folding of transmembrane
domains begins after the nascent polypeptide integrates into
the lipid bilayer or within a proteinaceous environment proxi-
mal to translocon components. To address this question, we
used cysteine scanning mutagenesis to monitor aqueous acces-
sibility of stalled translation intermediates to determine when,
during biogenesis, hydrophilic peptide loops of the aquaporin-4
(AQP4) water channel are delivered to cytosolic and lumenal
compartments. Results showed that following ribosome dock-
ing on the ER membrane, the nascent polypeptide was shielded
from the cytosol as it emerged from the ribosome exit tunnel.
Extracellular loops followed a well defined path through the
ribosome, the ribosome translocon junction, the Sec61-translo-
con pore, and into the ER lumen coincident with chain elonga-
tion. In contrast, intracellular loops (ICLs) and C-terminal
residues exited the ribosome into a cytosolically shielded envi-
ronment and remained inaccessible to both cytosolic and lume-
nal compartments until translation was terminated. Shielding of
ICL1 and ICL2, but not the C terminus, became resistant to
maneuvers that disrupt electrostatic ribosome interactions.
Thus, the early folding landscape of polytopic proteins is shaped
by a spatially restricted environment localized within the assem-
bled ribosome translocon complex.

Polytopic membrane protein (PMP)2 folding is generally
thought to occur in three physically distinct environments: the
cytosol, the endoplasmic reticulum (ER) lumen, and the lipid
bilayer (1– 4). In cells, delivery of peptide domains into these
cellular compartments is facilitated by a large macromolecular
machine, referred to here as the ribosome translocon complex
(RTC), which assembles when the translating ribosome is
transferred from signal recognition particle to the Sec61 pro-
tein conducting channel (PCC) and its associated proteins at
the ER membrane (5–9). The RTC performs several critical
functions during PMP biogenesis. It provides a proteinaceous
channel for peptide movement across the ER membrane and a
lateral pathway for transmembrane segment (TM) integration
into the bilayer (10 –19). It processes the nascent polypeptide
by cotranslationally cleaving N-terminal signal sequences (20)
and attaching N-linked carbohydrates (21, 22). It forms a phys-
ical barrier that prevents the nascent chain from prematurely
accessing the cytosol (17, 23–25). It also provides a protected
space for nascent chain accumulation prior to compartmental-
ization (17, 25).

PMP transmembrane topology is generated by dynamic
interactions between the RTC and topogenic determinants
encoded within the nascent polypeptide that direct sequential
cycles of translocation initiation, termination, and membrane
integration (1, 2, 26). In the simplest case, signal or signal
anchor (SA) sequences insert into the PCC (12), open the
translocon pore, and direct peptide movement into the ER
lumen. Subsequent synthesis of a stop transfer (ST) sequence
terminates translocation and redirects the growing nascent
polypeptide into the cytosol (1, 27–33). Certain PMPs, includ-
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ing aquaporin-4 (AQP4), utilize such a strategy and encode
TMs with alternating SA and ST activities that establish topol-
ogy of each successive TM as the nascent polypeptide emerges
from the ribosome (34 –36). Other proteins, however, lack a
well ordered SA-ST-SA arrangement and, as a result, tran-
siently acquire a non-native topology during their synthesis
that is modified during subsequent stages of tertiary folding and
helical packing (37– 42). This latter process may involve subtle
readjustment of TM boundaries (40, 43) or inversion of TMs or
groups of TMs as native helical contacts are established (1, 38,
39, 41, 42, 44 – 46). It remains unknown, however, where these
early folding events take place and how they might be influ-
enced by the physical environment of the nascent polypeptide.

Two possible models for TM integration provide differing
views of cellular mechanisms of PMP folding. One model pre-
dicts that TMs rapidly partition into the lipid bilayer through
energetically favorable hydrophobic interactions (8, 11, 32,
47– 49). Such a model supports a two-step folding process in
which TMs first equilibrate with membrane lipids as they
emerge from the lateral translocon gate, prior to forming native
intramolecular TM-TM contacts (50, 51). Alternatively, bio-
chemical, cross-linking, and FRET experiments have shown
that TMs can be transiently retained, either within the translo-
con or adjacent to translocon components, before release (2, 28,
33, 36, 52–56). Although the precise mechanism of TM reten-
tion remains unknown, evidence suggests that charged residues
and/or reduced TM hydrophobicity may delay release, thereby
favoring protein-protein over protein-lipid interactions during
early stages of folding (54, 55). These findings raise key ques-
tions regarding the role of the RTC in PMP biogenesis. Does the
RTC act primarily as a passive channel for partitioning of TMs
into a lipid environment (11), or does TM retention provide a
specialized environment to influence early stages of helical
packing and/or tertiary folding (1, 38, 54, 55)?

To address these issues, we monitored the cytosolic and
lumenal accessibility of multiple peptide loops during cotrans-
lational biogenesis of the six-spanning AQP4 water channel.
Our results show that the RTC shields the nascent AQP4 pep-
tide from the cytosol upon exiting the ribosome. Extracellular
loops (ECLs) follow a direct pathway and sequentially enter the
ER lumen coincident with nascent chain elongation. In con-
trast, intracellular loops (ICLs) accumulate beneath the ribo-
some and gain access to cytosol only after the nascent chain is
released from the ribosome. These data indicate that the RTC
provides a cytosolically restricted environment that simultane-
ously accommodates multiple hydrophilic peptide regions dur-
ing early stages of biogenesis and folding.

Experimental Procedures

Plasmid Construction—Cysteine-less rat AQP4 cDNA (AQP4
�6Cys) was constructed from plasmid pSP64.MIWC (34) by
replacing the six native cysteine (Cys) residues with alanine
(Ala) using PCR with overlap extension (57). Using the same
technique, single Cys codons were then reintroduced (Table 1)
at amino acid positions indicated in Fig. 1, A and B. The
sequence of all PCR amplified and cloned regions of DNA were
verified by DNA sequencing.

In Vitro Transcription Translation—Truncated cDNA tem-
plates were generated by PCR amplification of single Cys plas-
mid constructs using a sense oligonucleotide complimentary to
bp 2741 of the pSP64 vector (5�-CGTAGAGGATCTGGCTA-
GCG-3�) and antisense oligonucleotides complementary to
downstream regions of the AQP4 coding sequence. For each
truncation, the last translated codon was converted to valine to
minimize spontaneous hydrolysis of the peptidyl-tRNA bond.
Full-length AQP4 cDNA was generated using an antisense oli-
gonucleotide complimentary to bp 51 of the pSP64 vector
(5�-CACAGGAAACAGCTATGACC-3�).

PCR products were transcribed in vitro at 40 °C for 1 h with
SP6 RNA polymerase in the presence of the RNA cap analog
diguanosine triphosphate (500 �M), as described previously
(58). Capped mRNA was then added directly to a rabbit reticu-
locyte lysate translation reaction supplemented with [35S]me-
thionine and canine pancreatic microsomes (A280 � 5.0, unless
otherwise stated) at 24 °C for 1 h, as described elsewhere (58).
Where indicated nascent chains were released from the ribo-
some via incubation with 50 ng/�l of RNase for 10 min at room
temperature (59).

Mass Tagging with PEG-Mal 5,000 —ER microsomes con-
taining newly synthesized AQP4 polypeptides were isolated
from translation reactions following dilution in an equal vol-
ume of buffer A (50 mM HEPES-KOH (pH 7.5), 100 mM KCl, 5
mM MgCl2), by pelleting through buffer A containing 0.7 M

sucrose supplemented with 1 mM DTT at 175,000 � g at 4 °C for
10 min. Pelleted microsomes were then suspended in an equal
starting volume of buffer A containing 0.1 M sucrose and 50 �M

DTT. Ribosome nascent chain complexes (RNCs), prepared in
the absence of ER microsomes, were pelleted by layering trans-
lation reactions over buffer A containing 0.7 M sucrose supple-
mented with 1 mM DTT and centrifuging at 386,000 � g at 4 °C
for 1 h. Pelleted RNCs were suspended in equal starting volume
of buffer A in 0.1 M sucrose and 50 �M DTT.

RNCs or microsomes prepared as described above were
incubated on ice for 1 h with 2 mM methoxypolyethylene glycol
maleimide 5,000 Da (PEG-Mal 5,000) (Sigma) after addition of
0.5 M NaCl, 20 �M melittin (Sigma), or 2% (w/v) digitonin (Cal-
biochem, Darmstadt, Germany), where indicated. Aliquots
were then quenched with 0.2 M DTT at room temperature for
15 min, solubilized in 4 volumes of Laemmli sample buffer (8%
(w/v) SDS and 0.1 M Tris-HCl (pH 8.9)) with 1 M DTT, and run
on 10 –18% continuous gradient SDS-PAGE gels. Bands were
quantified by phosphorimaging using a Personal FX Phosphor-
Imager and QuantityOne software (Bio-Rad). Pegylation effi-

TABLE 1
cDNA encoding AQP4 �6Cys mutant was subjected to oligonucleo-
tide-mediated, site-directed mutagenesis, creating a series of mutants
in which single cysteines were incorporated into the peptide
Residue numbers refer to the amino acid numbers as reported in previous studies of
AQP4 (36).

Residue No. Amino acid change Codon change

9 Thr3 Cys ACT3 TGC
40 Ser3 Cys TCA3 TGC
68 Gly3 Cys GGC3 TGC
121 Gly3 Cys GGA3 TGC
161 Thr3 Cys ACT3 TGC
195 Ser3 Cys TCC3 TGC
240 Leu3 Cys CTA3 TGC
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ciency was calculated from pegylated and unpegylated bands
using the formula,

Fraction pegylated � P/�U � P� (Eq. 1)

where P � band intensity of pegylated protein and U � band
intensity of unpegylated protein. To quantify accessibility of
nascent ribosome-attached polypeptides, pegylation efficiency
was determined from bands corresponding to the intact pepti-
dyl-tRNA species. Pegylation of full-length AQP4 and RNase-
released polypeptides was determined by quantification of
bands corresponding to the chain-terminated peptides.

AQP4 Functional Studies—Xenopus laevis oocytes were sur-
gically harvested under tricaine anesthesia and digested for 3 h
at room temperature with 0.2 units/ml of Blendzyme III (Roche
Applied Sciences) in Ca2�-free MBSH (88 mM NaCl, 1 mM KCl,
24 mM NaHCO3, 0.82 mM MgSO4, 10 mM HEPES-KOH (pH
7.4)) supplemented with 0.41 mM CaCl2. Stage VI oocytes were
then collected and injected with 50 nl of RNA transcript and
incubated at 17 °C in MBSH plus 100 units/ml of penicillin, 100
�g/ml of streptomycin sulfate, and 50 �g/ml of gentamicin.
Osmotic water permeability was measured 48 h after injection
by transferring individual oocytes into 24-well plates contain-
ing a 10-fold dilution of MBSH in distilled water, and collecting
digitized images at 1-s intervals by phase-contrast microscopy

using IP-Labs 3.5 Morphometric software (BD Bioimaging).
Total oocyte volume at each time point was calculated based on
the two-dimensional projected area (average diameter), assum-
ing a spherical shape, as reported previously by us and others
(39, 60). Osmotic water permeability was calculated from the
initial swelling rate (first 30 s) using the following equation,

Pf � 	d�V/V0�/dt
/	�S/V0�Vw�Osmout � Osmin)] (Eq. 2)

where d(V/V0)/dt is the initial rate of swelling, S/V0 � 50 cm�1,
Vw � 18 cm3 mol�1, and Osmout � Osmin � 180 mosmol. Four
to seven oocytes were analyzed for each construct, and each
experiment was independently repeated 3 to 6 times. Average Pf
values obtained in a given experiment were normalized to wild-
type AQP4 evaluated in the same experiment. Results are pre-
sented as mean 
 S.E. of 3– 6 independent experiments.

Results

The AQP4 water channel is an attractive model PMP with a
highly conserved six-membrane spanning topology and well
defined tertiary structure (Fig. 1, A and B). Previously we
showed that TMs 1, 3, and 5 encode SA activity that initiates
polypeptide translocation into the ER lumen, whereas TMs 2, 4,
and 6 encode ST activity that cotranslationally terminates
translocation and redirects the growing polypeptide into the

FIGURE 1. AQP4 topology is unaffected by single cysteine (Cys) substitution and is accurately predicted by PEG-Mal accessibility. A, crystal
structure of AQP4 monomer showing sites where single Cys residues (cyan) were incorporated into the AQP4 �6Cys mutant (modified from Protein Data
Bank code 3gd8) (83). B, two-dimensional schematic showing topology of transmembrane segments and single Cys substitution as in panel A. C, AQP4
�6Cys mutant function as measured by osmotic water permeability. D, SDS-PAGE analysis of AQP4 Cys mutants treated with PEG-Mal 5,000. Residues
predicted to be cytosolic were modified by PEG-Mal prior to permeabilization. Lumenal residues were pegylated upon addition of digitonin or melittin.
Pegylated (P) and unpegylated (U) bands are indicated by single (*) and double asterisks (**), respectively. E, quantified pegylation efficiency from
SDS-PAGE in panel D, showing fraction pegylated data calculated from pixel intensity of (P/U � P). F, data from panel E, showing fraction pegylated data
normalized to PEG-Mal only.
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cytosol (34 –36, 39). These results predict that topology of each
TM segment is acquired during synthesis as the RTC dynami-
cally coordinates movement of sequential peptide regions into
their appropriate compartment.

Defining Peptide Accessibility by Cysteine Modification—In
the current study, native AQP4 Cys residues were substituted
with Ala and single Cys residues were systematically introduced
at the N and C termini and within each ICL and ECL (Fig. 1, A
and B). Importantly, AQP4 �6Cys retained water channel
activity (�60% of wild type), indicating that folding in the mem-
brane is not grossly perturbed (Fig. 1C). To establish baseline
accessibility of peptide loops, full-length Cys-substituted con-
structs were translated in the presence of ER-derived canine
rough microsomes (CRMs) and subjected to covalent modifi-
cation by the aqueous, membrane-impermeable reagent, PEG-
Mal 5,000 as described under “Experimental Procedures” (17,
25, 61). Although the extent of pegylation varied for different
sites, residues predicted to reside in the cytosol (Cys-9, Cys-68,
Cys-161, and Cys-240) were modified in intact microsomes
(0.3– 0.7 fraction pegylated) and exhibited minimal or no fur-
ther increase in pegylation upon microsome permeabilization
(Fig. 1, E and F). Lumenal residues (Cys-40s, Cys-121, and Cys-
195) exhibited low basal reactivity (0.06 – 0.12; Fig. 1D), and a
4 –7-fold increase in pegylation following membrane permea-
bilization (Fig. 1, E and F). Thus, PEG-Mal modification accu-
rately reports on the topology of in vitro synthesized AQP4 in
the ER membrane.

AQP4 Targeting to the ER and RTC Formation—Like most
PMPs, AQP4 encodes an N-terminal type II SA that targets the
RNC to the ER membrane (25, 34, 35). To determine the min-
imum chain length required for targeting, AQP4 mRNA was
truncated and translated in the presence of CRMs (Fig. 2A).
Membrane-bound nascent chains were recovered by ultracen-
trifugation, analyzed by SDS-PAGE (Fig. 2B), and plotted as a
function of chain length (Fig. 2C). Half-maximal targeting was
observed when the nascent chain reached a length of �65 aa
and targeting was essentially complete at a length of 80 aa (Fig.
2C). Membrane binding also became resistant to high salt con-
ditions at a truncation length of �90 amino acids, presumably
due to hydrophobic interactions between Sec61 and the SA
sequence (25).

RTC Assembly Controls Nascent Chain Access to Cytosol—To
understand how the RTC facilitates localization of PMP
domains, we determined the accessibility of cytosolic and lume-
nal loops in truncated AQP4 polypeptides that were cotransla-
tionally captured within intact RTCs. Programmed integration
intermediates were synthesized from truncated RNA tran-
scripts to generate uniform populations of nascent polypep-
tides that remain attached to the ribosome via a covalent pep-
tidyl-tRNA bond (Fig. 3A). Thus, each truncation site provides
a static snapshot of the equilibrated nascent chain conforma-
tion in the context of native biosynthetic machinery (25, 36,
62– 65). Nascent chain accessibility was then determined at
defined stages of synthesis, by PEG-Mal modification of Cys
residues that were engineered into cytosolic and lumenal pep-
tide loops (25, 43, 61, 66).

When translation was performed in the absence of CRMs
(Fig. 3A), all peptide regions examined became accessible to

PEG-Mal as the tether from the peptidyl-transferase center
(PTC) reached a length of 30 –50 residues, consistent with the
predicted span of the ribosome exit tunnel (Fig. 3B). Following
ribosome binding to the ER membrane, however, fractional
pegylation was reduced 5–10-fold for all sites examined (Fig. 3,
C–I). Surprisingly, the entire polypeptide, except the N termi-
nus, remained inaccessible to cytosolic PEG-Mal throughout
translation even when the ribosome had reached the last resi-
due prior to the termination codon, which is �70 residues from
the C terminus of TM6 (Fig. 3, C–I). Thus, ribosome binding to
the translocon restricts AQP4 cytosolic exposure throughout
synthesis of the entire polypeptide, excepting the N terminus.

Lumenal Loops Follow a Prescribed Path through the RTC—
We next determined when lumenal loops move into the ER
lumen. Because high salt (0.5 M NaCl) disrupts electrostatic
interactions between the ribosome and Sec61 (25, 67, 68), an
increase in pegylation following NaCl treatment indicates that
the probe site has exited the ribosome tunnel and resides near
the ribosome translocon junction (Fig. 4A) (9, 17, 25). In con-
trast, an increase in pegylation following membrane permeabi-
lization indicates that the probe resides in the ER lumen (Fig.
4A). To follow the movement of the nascent chain, pegylation
profiles were determined for Cys-40, Cys-121, and Cys-195,
and plotted as a function of chain length (Fig. 4, B–D). Each
peptide loop became sensitive to high salt as the tether length
between the Cys probe and the PTC was increased from 30 to
60 aa (Fig. 4, B–D). Upon further elongation, ECLs underwent a
coordinated transition characterized by loss of salt sensitivity
and increased sensitivity to melittin, which plateaued at levels

FIGURE 2. AQP4 targeting to the ER membrane. A, schematic indicating
truncation site relative to position of transmembrane segments in ribosome-
attached intermediates. B, SDS-PAGE of AQP4 �6Cys truncated integration
intermediates showing total translation products (T), supernatant (S), and
membrane pellet (P) fractions. Peptidyl-tRNA bands are indicated by the
downward arrow (�). C, quantified fraction of nascent chains in Panel B that
remained associated with the microsomes after pelleting 
NaCl, as indi-
cated. In the absence of high salt (open circles), the nascent chain was tar-
geted to the membrane at 72 aa.
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similar to those observed for full-length AQP4 (Figs. 4, B–D).
As expected, melittin did not affect pegylation within the salt-
sensitive junctional space. Thus, all three ECLs followed an
orderly progression into the ER lumen. Movement of each loop
occurred sequentially and independently of subsequent loops,
whereas the nascent polypeptide remained fully shielded from
the cytosol; first by the ribosome exit tunnel, then the ribo-
some-translocon junction, and finally by the physical barrier of
the ER membrane (Fig. 4A).

The Ribosome Simultaneously Shields Multiple ICLs through-
out Synthesis—We next examined movement of ICLs. Our pre-
vious studies demonstrated that AQP4 TM1 undergoes head-
first insertion and inversion when expressed as a fusion protein
from which downstream TMs have been removed (25). In the
presence of downstream TMs, however, it was difficult to dis-
tinguish distinct melittin or salt-sensitive phases for the N ter-
minus (Cys-9) during the early stages of synthesis (Fig. 5A). A
modest melittin sensitivity was observed upon membrane tar-
geting (�100 aa length), and gave way to a weak salt sensitivity
at nascent chain lengths of �150 aa. As the nascent chain was
elongated to �180 aa, pegylation efficiency gradually increased
to a level similar to full-length AQP4, suggesting the N termi-
nus had moved into the cytosol.

On other hand, ICL1, ICL2, and the C terminus exhibited
salt-sensitive pegylation when the Cys probes were �40 – 60
residues from the PTC (Fig. 5, B–D). Residue Cys-68 (in ICL1)
also exhibited a transient increase in melittin sensitivity for
unclear reasons that may reflect brief exposure of ICL1 to lume-
nal contents. Salt-sensitive pegylation of ICL1 and ICL2
decreased severalfold as synthesis continued beyond 180 and
230 aa, respectively, and remained below that observed for full-
length AQP4 throughout translation (Fig. 5, B and C). In con-
trast, the C terminus remained inaccessible to cytosol, but in a
salt-sensitive environment.

Ribosomes Shield the Nascent Chain in a Salt-resistant
Manner—Ribosome binding to Sec61 is mediated primarily
through electrostatic interactions between the exit tunnel and
L8 and C-terminal residues of Sec61 (68). To determine
whether the persistent cytosolic shielding observed for ICL1
and ICL2 was ribosome independent, microsomes were treated

FIGURE 3. The ribosome shields membrane-targeted AQP4. A, schematic showing organization of RNC complexes and membrane-bound RTCs containing
the nascent chain with the Cys probe (cyan). RNCs and RTCs were generated from truncated mRNAs in the absence and presence of CRMs, respectively. B,
pegylation of each single Cys mutant RNC was plotted as a function of Cys probe distance from the PTC. C-I, cysteines were inaccessible to PEG-Mal in the
presence of microsomes. In addition, pegylation of full-length, membrane-targeted AQP4 polypeptide was plotted (dotted line).

FIGURE 4. Progressive translocation of AQP4 ECLs into the ER lumen. A,
schematic showing location of the Cys probe (cyan) within the assembled RTC
and effect of high salt (NaCl) on ribosome translocon junction versus melittin
on ER membrane integrity. B-D, pegylation of the indicated Cys residues plot-
ted as a function of nascent chain length. For each sample, pegylation was
performed in intact microsomes (blue), following the addition of 0.5 M NaCl
(green) or melittin (black). Data show that ECL1, ECL2, and ECL3 remain inac-
cessible to bulk cytosol as they traverse the RTC into the ER lumen.
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with RNase prior to incubation with PEG-Mal. RNase digestion
restored pegylation for both ICL1 and ICL2 to a level similar to
full-length, membrane-integrated AQP4 (Fig. 6, A and B). As
expected, RNase treatment had no additional effect on the C
terminus pegylation (Fig. 6C). Thus cytosolic regions of the
nascent AQP4 polypeptide are continuously shielded from the
cytosol by the RTC in at least two biochemically distinguishable
environments (Fig. 6D).

Discussion

This study describes cotranslational delivery of a native PMP
into its appropriate cellular compartments during repetitive
cycles of translocation initiation and termination. By quantify-
ing PEG-Mal accessibility of engineered Cys residues in
sequentially truncated integration intermediates, we were able
to reconstruct movement of each peptide segment (excepting
the N terminus, see above) through the RTC at sequential
stages of synthesis. Results show that following ribosome bind-
ing to the ER membrane, nascent AQP4 became shielded from
the cytosol and remained cytosolically inaccessible throughout
its synthesis. Extracellular peptide loops, ECL1, ECL2, and
ECL3, passed directly from the ribosome exit tunnel, through
the ribosome translocon junction, the translocon pore, and into
the ER lumen coincident with nascent chain elongation. Move-
ment along this pathway corresponds to the predicted length of
a relatively extended polypeptide tethered to the ribosome pep-
tidyl-transferase center. After membrane targeting, the N ter-
minus was briefly accessible to the lumen and became cytoso-
lically exposed as the nascent chain was lengthened, consistent
with previous studies (25). Unexpectedly, intracellular peptide
loops, ICL1, ICL2, and the C terminus remained shielded from
the cytosol by the RTC until translation was terminated and the
nascent polypeptide was released from the ribosome. In addi-
tion, these peptide regions were retained in biochemically dis-
tinct environments. ICL1 and ICL2 passed from a salt-sensitive

to a salt-insensitive location, whereas the C terminus remained
salt-sensitive until synthesis was completed. Thus, the assem-
bled RTC simultaneously restricts cytosolic access of at least
three distinct peptide loops for a prolonged period of AQP4
synthesis.

These results provide insight into how the cytosolic loops
and their associated TMs disengage from the RTC during early
stages of helical packing and folding. Previous studies analyzing
TM integration by cryo-electron microscopy (16, 18), chemical
cross-linking, site-specific photocross-linking (36, 64), and
FRET (56) have suggested two scenarios. One model proposed
that TMs rapidly sample the hydrophobic membrane environ-
ment upon entering Sec61, and spontaneously partition
through the lateral PCC gate into membrane lipids (10 –12, 18,
69) based on the effective tether length and partitioning free
energy of the TM segment (49, 70). An alternative model sug-
gests that TMs remain adjacent to the translocon and/or its
associated proteins, and are released into the bilayer via mech-
anistically triggered events, i.e. synthesis of downstream TMs
or translation termination (28, 33, 36, 52, 54 –56, 71). If TMs
integrated rapidly into the lipid bilayer, then the length of the
nascent chain tethering the TM segment to the PTC would
limit diffusion in the membrane. In that case, cytosolic loops
would be expected to sequentially move out from beneath the
ribosome as the tether length from the exit tunnel to the C
terminus of the TM segment reached �70 Å. Given the length
of AQP4 ICLs (10 –30 amino acids), release of TMs into the
bilayer would minimally occur for ICL1 and ICL2 at or near
truncation positions 166 and 259, respectively. However, nei-
ther ICL1, ICL2, nor the C terminus were cytosolically accessi-
ble during AQP4 synthesis, suggesting that TMs accumulate
within or in very close proximity to the fully assembled RTC
during synthesis. This finding is consistent with evidence that

FIGURE 5. The ribosome continuously shields multiple ICLs throughout
synthesis. A–D, pegylation profiles for Cys residues in the presence of PEG-
Mal only (blue), with the addition of high salt (green) or melittin (black). Rela-
tive pegylation of the full-length AQP4 with PEG-Mal only is also shown (dot-
ted line).

FIGURE 6. Salt-insensitive shielding of ICL1 and ICL2 is ribosome depen-
dent. A and B, pegylation of ICL1 (68Cys) and ICL2 (161Cys) at longer trunca-
tions following ribosome removal with RNase restores pegylation to a level
similar to full-length (FL), membrane-integrated AQP4. C, the C terminus
exhibits salt-sensitive pegylation that is not further effected by RNase treat-
ment. D, schematic of salt-insensitive ICL1 and ICL2 shielding and C terminus
salt-sensitive shielding by the RTC, which supports a model of TM retention
within or near the translocon until translation termination.
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multiple AQP4 TMs (TM1, -3, -4, and -5) can simultaneously
cross-link Sec61� (36).

Our results are also consistent with free energies of partition-
ing (�Gapp) as calculated by Hessa et al. (70), where TMs with
�Gapp � 0 were found to promote insertion. The �Gapp values
calculated for AQP4 varied from �0.3 kcal mol�1 (TM1 and -3)
to greater than �1.0 kcal mol�1 (TM4 and -5), with an overall
average of �0.482 kcal mol�1 (49). These values are similar to
TM helices in PMPs of known three-dimensional structure
(49). It has also been proposed that many native PMPs require
neighboring TM helices for proper partitioning into the mem-
brane (38, 39, 49, 70). Therefore, TM retention by the RTC may
reflect more energetically favorable early protein-protein inter-
actions over less favorable protein-lipid interactions (28, 36, 56,
71–74).

Although we are currently unable to determine precisely
when AQP4 acquires native tertiary structure, the proposed
ribosome shielding likely provides a proteinaceous environ-
ment for the nascent polypeptide to sample non-native confor-
mations without the ensuing complications of early cytosolic
contact. Taken together, our results lend support to a model in
which the RTC may impact the folding landscape by minimiz-
ing potential off-pathway folding events (1), in a manner anal-
ogous to cytosolic chaperonins such as the Escherichia coli
GroEL/ES complex (75) and eukaryotic TRiC (76), and allow
nascent proteins to access folding intermediates that would
otherwise be energetically unfavorable (i.e. TM boundary
adjustment, helical packing, or even TM inversion (25, 38, 42,
77, 78)). Because integration intermediates examined here
reflect an equilibrated conformation, we cannot assess whether
additional kinetic intermediates might exist in cells where
translation occurs continuously (79). Examination of different
substrates and conditions may be needed to resolve this issue,
particularly because TM integration can be influenced by coop-
erative interactions between adjacent TMs (37, 47, 80) and pro-
tein-protein interactions with the translocon (33, 36).

Another unexpected result is that cytosolic loops are re-
tained in an environment that is both ribosome-dependent and
salt-insensitive for synthesis of �80 residues. Biochemical and
structural investigations have shown that ribosomes bind prin-
cipally to the cytoplasmic loop 8 and C terminus of Sec61� (or
homolog SecY) (15, 68) and engage ribosomal RNA helices
H50-H53-H59 and H6-H24-H50 in the exit vestibule (12, 16)
via salt-sensitive electrostatic interactions (12, 81, 82). This
raises an interesting question about the nature of interactions
responsible for salt resistance and their role in early PMP fold-
ing. One possibility is that salt-insensitive pegylation could
reflect ribosome effects on PEG-Mal reactivity by altering the
pKa of the thiol side chain. Alternately, additional ribosome
interactions, perhaps with other translocon components such
as Sec62/63 (9), may stabilize the RTC complex in a salt-resist-
ant manner during accumulation of PMP cytosolic peptide
loops.

An obvious question therefore is how much cytosolic poly-
peptide can be accommodated beneath the ribosome in a cyto-
solically protected state. Similarly, what additional components
(if any) participate in delivery of cytosolic domains into the
cytosol? Unfortunately, current structural models provide little

guidance into these questions, as most studies to date have
examined relatively simple proteins in the context of a single
Sec61-PCC and ribosome. Our findings suggest that the RTC is
a dynamic complex that acts not only as a translocation and
integration conduit, but also to influence and orchestrate early
PMP folding events. Structural studies of PMP intermediates in
assembled RTCs containing native accessory proteins (OST,
TRAM, TRAP, Sec62, and Sec63) will likely be needed to fully
resolve these issues.
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