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During polytopic protein biogenesis, multiple transmem-
brane segments (TMs) must pass through the ribosome exit tun-
nel and into the Sec61 translocon prior to insertion into the
endoplasmic reticalum membrane. To investigate how move-
ment of a newly synthesized TM along this integration pathway
might be influenced by synthesis of a second TM, we used pho-
tocross-linking probes to detect the proximity of ribosome-
bound nascent polypeptides to Sec61a. Probes were inserted at
sequential sites within TM2 of the aquaporin-1 water channel by
in vitro translation of truncated mRNAs. TM2 first contacted
Sec61a when the probe was positioned ~38 residues from the
ribosome peptidyltransferase center, and TM2-Sec61« pho-
toadducts decreased markedly when the probe was >80 residues
from the peptidyltransferase center. Unexpectedly, as nascent
chain length was gradually extended, photocross-linking at
multiple sites within TM2 abruptly and transiently decreased,
indicating that TM2 initially entered, withdrew, and then re-en-
tered Sec61a. This brief reduction in TM2 photocross-linking
coincided with TM3 synthesis. Replacement of TM3 with a
secretory reporter domain or introduction of proline residues
into TM3 changed the TM2 cross-linking profile and this bipha-
sic behavior. These findings demonstrate that the primary and
likely secondary structure of the nascent polypeptide within the
ribosome exit tunnel can influence the timing with which topo-
genic determinants contact, enter, and pass through the
translocon.

Protein translocation into the endoplasmic reticulum (ER)?
is initiated when a signal sequence emerges from the ribosome,
binds a signal recognition particle, and targets the ribosome-
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nascent chain complex to the Sec61 translocon (1-3). As the
signal sequence engages Sec6la, the nascent polypeptide is
directed through an aqueous channel that extends from the exit
tunnel of the 60 S ribosome subunit, through the translocon
pore and into the ER lumen (4-7). Secretory and transmem-
brane proteins usually traverse this pathway coincident with
protein synthesis and contact translocon components (e.g
Sec61a) when the nascent chain has extended >30 residues
beyond the ribosome peptidyltransferase center (PTC) (8 —11).
However, polypeptide elongation does not provide the sole
driving force for ribosome-dependent translocation because,
under certain circumstances, vectoral transport can be uncou-
pled from protein synthesis. Unfolded, ribosome-attached pro-
tein domains can be efficiently transported into the ER lumen
after synthesis (12-15), and ribosome-attached polypeptides
can move from the ER lumen back into the cytosol (16, 17). Net
anterograde movement is therefore controlled by several fac-
tors, including polypeptide folding, attachment of N-linked gly-
cans, interaction with ER chaperones, and ultimately, release of
the nascent polypeptide following peptidyl-tRNA bond cleav-
age (16, 18 -20).

In contrast to events in the ER lumen, relatively little is
known regarding how vectoral movement of the nascent
polypeptide is controlled within the ribosome exit tunnel. This
is particularly important for the co-translational integration of
polytopic membrane proteins because the timing with which
topogenic determinants interact with the translocon and/or
ribosome is critical for establishing transmembrane topology.
Experiments monitoring accessibility of a secretory protein
reveal that shortly after ribosome-nascent chain complex tar-
geting, the nascent chain in the ribosome exit tunnel becomes
inaccessible to both cytosolic and ER lumenal compartments
(5, 21). As translation resumes, the signal sequence engages
Sec6la (22, 23), and an aqueous pore is opened through the
translocon that provides the nascent chain access to the ER
lumen (5). Shortly after the synthesis of a transmembrane seg-
ment (TM), the lumenal end of the translocon pore is closed by
the action of BiP, and the cytosolic end is opened, thereby redi-
recting the growing polypeptide to the cytosol (21, 24-26).
These latter events occur coincident with folding of the TM
into an a-helical or near helical conformation inside the ribo-
some exit tunnel at a site close to the PTC (27). Nascent chain
folding inside the ribosome therefore appears to be an impor-
tant regulatory mechanism for the topogenesis and hence inte-
gration of single-spanning membrane proteins. What then hap-
pens during the synthesis of proteins that contain multiple

VOLUME 283 +NUMBER 30-JULY 25, 2008


http://www.jbc.org/cgi/content/full/M803517200/DC1
http://www.jbc.org/cgi/content/full/M803517200/DC1
http://www.jbc.org/cgi/content/full/M803517200/DC1
http://www.jbc.org/cgi/content/full/M803517200/DC1
http://www.jbc.org/cgi/content/full/M803517200/DC1
http://www.jbc.org/cgi/content/full/M803517200/DC1
http://www.jbc.org/cgi/content/full/M803517200/DC1

TMs? Does each TM fold into a compact structure within the
ribosome? When connecting loops between TMs are short,
does the presence of multiple TMs at different locations along
this pathway influence the vectoral process of translocation? If
such folding occurs, how does its timing and location influence
the presentation of sequential topogenic determinants to the
translocon?

To address these questions, we examined the molecular envi-
ronment of an internal TM (TM2) in the aquaporin-1 (AQP1)
water channel as it exited the ribosome and entered the Sec61
translocon. Aquaporins compose a widely expressed family of
homotetrameric polytopic proteins that selectively transport
water and/or glycerol across cell membranes (28). They exhibit
a highly conserved topology in which six TMs, four short con-
necting loops, and two half-TMs are arranged in an hourglass
configuration around a monomeric pore (29, 30). In the case of
AQP1, TM2 is somewhat atypical in that it transiently passes
through the translocon before acquiring its membrane-span-
ning topology because two polar residues at its N terminus pre-
vent it from efficiently terminating translocation (31-34). As
with other aquaporins, TM2 is flanked on its N and C termini by
relatively short peptide loops (13 and 23 amino acids (aa),
respectively) (30) such that TM1, TM2, and TM3 simulta-
neously reside within or closely adjacent to the ribosome-trans-
locon complex (11).

In this study, a single photocross-linking probe was incorpo-
rated individually at six successive sites within AQP1 TM2, and
its efficiency of cross-linking to Sec6la was monitored at
sequential stages of synthesis using arrested integration inter-
mediates. As expected, TM2 cross-linking was highly depend-
ent upon the length of the nascent polypeptide between the
probe and the PTC. Surprisingly, as nascent chain length was
gradually extended, a complex pattern of photoadduct forma-
tion was observed in which TM2 initially entered, withdrew,
and then re-entered Sec61a during a very brief period that cor-
responded to TM3 synthesis. Replacement of TM3 with a
secretory reporter domain or introduction of proline residues
into TM3 eliminated this biphasic cross-linking behavior.
These results demonstrate that nascent chain movement
through the translocon can be directly influenced by the struc-
ture of the nascent polypeptide within the ribosome exit tunnel.

EXPERIMENTAL PROCEDURES

Plasmid Construction—Plasmid pSP64-CHIP28 (31) was
used to create AK mutants by replacing lysine with arginine
codons at residues 6 — 8, 36, 51, and 243 in human AQP1 cDNA
using PCR overlap extension (35). Complementary primers for
AQP1 encoding the desired arginine codon(s) were used in par-
allel PCRs, along with upstream and downstream primers. Vent
DNA polymerase (New England Biolabs, Beverly, MA) was
used for all PCRs according to the manufacturer’s directions.
The PCR fragments were amplified in a second round of PCR to
generate AQP1 fragments containing the engineered codon.
Silent mutations were introduced in some constructs for
screening purposes. PCR fragments were digested either with
Ncol and Aval or with Aval and BamHI (3'-polylinker) depend-
ing on the location of the arginine codon and religated into a
similarly digested pSP64-CHIP28 plasmid. Single lysine codons
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were then engineered into the AQP1AK templates at residues
56 —61, and mutations C102P and V103P were made using the
same approach. AQP1 fusion proteins (described previously
(31)) were modified by converting endogenous lysine residues
in the prolactin-derived reporter to arginine and inserting
lysine codons at AQP1 residues 56 —58. The correct sequences
of all PCR-amplified DNAs were verified by sequencing.

In Vitro Transcription and Translation—AQP1 cDNA was
amplified by PCR using Tag DNA polymerase (New England
Biolabs) with a 5’-oligonucleotide complementary to pSP64 bp
2757 (AGGATCTGGCTAGCGATCACC) and a 3'-oligonu-
cleotide complementary to the AQP1 coding sequence. Most
3'-oligonucleotides contained an additional codon beyond the
last amplified AQP1 codon such that truncated nascent chains
ended with Gly to equalize spontaneous peptidyl-tRNA hydrol-
ysis of translocation intermediates (data not shown). The final
lengths of amplified AQP1 polypeptides (including the glycine)
were 94, 97,102, 105, 107,110, 115, 118, 123, 126, 140, 143, 154,
158,173,217, and 267 residues as indicated. PCR products were
transcribed in vitro using SP6 polymerase (Epicenter, Madison,
WI) at 40 °C for 1 h in 20-ul reactions as described (36). Tran-
scripts were extracted with phenol/chloroform and stored at
—80°C.

Translations were carried out for 1 h at 25 °C in reactions
containing 40% (v/v) hemin-supplemented rabbit reticulocyte
lysate, canine pancreas microsomal membranes (A,g, = 4-6),
and 1 uCi/ul Tran*S-label as described previously (36) with
the following modifications. Reactions were supplemented
with each of 18 essential amino acids (not Met or Lys) at 40 um,
and dithiothreitol was replaced with 2 mm reduced glutathi-
one. Where indicated, N*-(5-azido-2-nitrobenzoyl-[**C]Lys-
tRNA™* (eANB-Lys-tRNA) was added to a final concentration
of 0.8—1.0 pmol/ul to achieve an incorporation efficiency of
~50%, and puromycin (1 mwm final concentration) was incu-
bated with ribosome-nascent chain complexes for 10 min at
24 °C. All reactions containing the eANB probe were assembled
and carried out in a darkroom under safelight conditions.

Photocross-linking Nascent Chain Intermediates—eANB-
Lys-tRNA was prepared from unfractionated yeast tRNA
(Roche Applied Science) that had been purified by two cycles of
fast protein liquid chromatography (Mono Q 10/10 column,
Amersham Biosciences) to yield tRNA"*, aminoacylated with
["*C]Lys using Escherichia coli aminoacyl-tRNA synthetases,
and reacted with the N-hydroxysuccinimide ester of eANB
(Pierce) as described previously (37). Microsomal membranes
containing radiolabeled nascent chain intermediates were col-
lected by pelleting for 10 min at 180,000 X g through 0.5 M
sucrose in Buffer A (50 mm HEPES-KOH (pH 7.5), 0.1 M KOAc
(pH 7.5), 5 mm Mg(OAc),, and 1 mm reduced glutathione).
Membrane pellets were resuspended in 0.1 M sucrose in Buffer
A. In all experiments, microsomal membranes were added to
translation reactions to achieve a targeting efficiency of >90%
based on translocation of a secretory control protein (supple-
mental Fig. 1). AQP targeting efficiency was confirmed by flo-
tation experiments in which truncated integration intermedi-
ates were quantitatively recovered (~90%) in floated
microsomal membrane fractions (supplemental Fig. 1). Thus,
nascent chains collected by pelleting were properly targeted to
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the membrane and did not represent misfolded aggregates.
Samples were photolyzed by UV irradiation for 10 min on ice as
described previously (11). Samples were rotated every 2 min
during UV exposure and then stored at —80 °C.

Acid Precipitation and Normalization of Translation
Products—To normalize for variation in yield during transla-
tion and membrane resuspension, duplicate aliquots from
resuspended microsome samples were incubated (37 °C, 10
min) in 1 M NaOH and 2% (v/v) H,O, to bleach the heme and
then precipitated in 10% (w/v) trichloroacetic acid and 3% (w/v)
casamino acids at 85 °C for 10 min. Precipitates were collected
on 45-um Durapore filters (Millipore, Billerica, MA), washed
twice with 5% (w/v) trichloroacetic acid, and air-dried. Total
precipitated **S-labeled protein was quantified by scintillation
counting. Net mRNA-dependent cpm was obtained by the dif-
ference in hot acid-precipitable cpm of identically treated
translation samples lacking mRNA transcript. Alternatively,
some translation products were quantitated by phosphorimag-
ing of non-UV light-irradiated samples as described previously
(11).

Immunoprecipitation and Photocross-linking Efficiency—
Equivalent amounts of radioactive translation products were
diluted in 100 pl of 1% (w/v) SDS and 0.1 M Tris-HCI (pH 8) and
denatured at 37 °C for 30 min. Samples were then diluted in 1
ml of Buffer B (1% (v/v) Triton X-100, 0.1 m NaCl, 0.1 m Tris-
HCI (pH 8), and 10 mm EDTA (pH 8)) and mixed on ice with 1
wl of peptide-specific Sec61a antisera (raised against peptide
AIKFLEVIKPGCC, generously provided by Dr. Kent Matlack)
and 5 ul of protein A-Affi-Gel (Bio-Rad). Samples were rotated
overnight at 4 °C and washed three times with 0.5 ml of ice-cold
Buffer B and twice with 0.5 ml of 0.1 m NaCl and 0.1 m Tris-HCl
(pH 8) prior to separation on 12—17% (w/v) SDS-polyacrylamide
gels. Immunoprecipitations were performed simultaneously for all
probe sites and truncations in a given experiment, and gels were
exposed together on a single phosphorimaging screen (East-
man Kodak Co.). Bands were quantitated using a Bio-Rad FX
molecular imager with Quantity One software. Background sig-
nal (AK control) was subtracted from each corresponding Lys-
containing band to obtain the net Sec61a-photoadduct signal.
Net signals for each truncation and probe incorporation site
were then divided by the total signal obtained for the entire
experiment to determine the relative cross-linking efficiency at
a given site and truncation. This enabled us to average results
from repeat experiments and to account for differences in
translation, pellet recovery, immunoprecipitation efficiency,
screen exposure times, and *°S decay. Thus, each value plotted
in Figs. 4—6 represents the cross-linking efficiency at a given
probesite relative to the cross-linking at all probe sites and at all
truncations examined in the entire experiment. Photocross-
linking efficiency at each site was then plotted as a function of
nascent chain length. All plotted data are an average of at least
two independent experiments. Statistical analysis was per-
formed using Student’s ¢ test (see Fig. 5C), and error bars rep-
resent S.E.

RESULTS

Experimental Strategy—To monitor nascent chain move-
ment through the ER translocon, we developed a semiquanti-
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tative technique to determine the relative proximity of the nas-
cent polypeptide to the major translocon component, Sec61a
(11). Integration intermediates containing AQP1 polypeptides
of defined length were generated by translating truncated
mRNAs, i.e. lacking a terminal stop codon, in rabbit reticulo-
cyte lysate supplemented with canine pancreatic ER microso-
mal membranes. A photoactive cross-linking probe was incor-
porated at a unique engineered Lys residue in AQP1 by
including a modified tRNA, eANB-Lys-tRNA, in the translation
reaction (37). Because removal of the stop codon allows the
nascent polypeptide to remain tethered to the ribosome via its
covalent peptidyl-tRNA bond, the position of the probe along
the translocation pathway can be controlled by the site of
mRNA truncation and the location of the Lys codon in the
mRNA. Upon UV irradiation, the eANB moiety is converted to
a highly reactive and short-lived nitrene group that can form a
single covalent cross-link by insertion into ubiquitous C-H and
N-H sites or by reaction with nucleophiles (e.g. primary amines)
via ring expansion. The prominent availability of these sites
allows the nitrene to cross-link virtually any adjacent protein
within reach of the 12-A spacer arm (37). Because of this pro-
miscuous, albeit variable, reactivity to a variety of chemical
groups, the relative efficiency of photoadduct formation pro-
vides a means to compare the relative proximity of the nitrene
probe to neighboring translocon components (9, 11, 37—40).

AQP1 Integration Intermediates Cross-link Sec61a—Wild-
type AQP1 truncated at codon 134 contains five endogenous
lysine residues at positions 6, 7, 8, 36, and 51. When translated
in vitro, roughly half of the nascent chains undergo N-linked
glycosylation at Asn** within the TM1-TM2 connecting loop
(31) to generate two **S-labeled AQP1 peptides that migrated
at apparent sizes of ~14 and 17 kDa (Fig. 1A). This level of
glycosylation is similar to that observed in vivo and is likely
limited by the short loop connecting TM1 and TM2, which
restricts access of Asn*” to oligosaccharyltransferase. Following
UV irradiation, protein translated in the presence of eANB-
Lys-tRNA underwent an ~38-kDa shift in migration (Fig. 14,
lane 6). This photoadduct was not observed in the absence of
either UV exposure (lane 5) or eANB-Lys-tRNA (lanes 1-4) or
if nascent chains were first released from the PTC by puromy-
cin-mediated cleavage of the peptidyl-tRNA bond (lanes 7 and
8). Formation of the photoadduct therefore required both
€ANB probe incorporation and an intact physiological integra-
tion intermediate. Immunoprecipitation of translation prod-
ucts with peptide-specific antisera identified the major cross-
linked protein as Sec61« (Fig. 1B, lane 2). Cross-links to TRAM
were also identified but, in all cases, were severalfold less robust
than those observed for Sec61la and could not be accurately
quantified (data not shown). Subsequent experiments therefore
focused on AQP1-Sec61a interactions.

Site-specific Photocross-linking of TM2 to Sec61a—Photore-
active probes were next incorporated at specific residues by
converting endogenous lysine codons to arginine to generate a
lysine-less (AK) AQP1 template. Individual Lys codons were
then engineered into AQP1AK near the center of TM2 at adja-
cent residues Ser®”, 11e®®, and Ala®' to investigate the cross-
linking efficiencies along different faces of the TM2 helix. We
focused on TM2 because AQP1 is efficiently targeted to the ER
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FIGURE 1. eANB-dependent cross-linking to Sec61a. A, AQP1 cDNA was
truncated at codon 134, translated in reticulocyte lysate in the presence or
absence of eANB-Lys-tRNA, and analyzed by SDS-PAGE and autoradiography.
Samples were treated with puromycin (Puro) and UV irradiation as indicated.
Major bands with apparent sizes of 14 and 17 kDa represent non-glycosylated
and glycosylated polypeptides, respectively. The downward arrowhead (lane
6) shows the ~55-kDa photoadduct. The upward arrowheads (lane 1) indicate
residual peptidyl-tRNA bands that survived SDS-PAGE. These bands were
independent of UV light and eliminated by both puromycin (lanes 3 and 4)
and RNase digestion (data not shown). B, irradiated samples were denatured
and immunoprecipitated with Sec61a antisera (lanes 7-4) or nonimmune
sera (NIS; lanes 5-8). The faint 55-kDa band in lane 1 represents background
cross-linking to Sec61 due to direct UV irradiation in the absence of the eANB
probe. There was also a small but variable amount of nonspecific adsorption
of translation products to protein A beads (17-kDa band in lanes 1-3). A dia-
gram of the construct is indicated below the autoradiogram. The Site of
N-linked glycosylation (Asn*? (N42)) is indicated.

membrane by TM1 before TM2 emerges from the ribosome
(31, 32). Constructs were truncated at residue 134, translated in
the presence of eANB-Lys-tRNA, and cross-linked as described
above. At this truncation, probes in TM2 are 73-75 residues
from the ribosome PTC, which should position them well out-
side of the ribosome exit tunnel (9, 10, 41). As shown in Fig. 2,
little UV light-dependent cross-linking was observed for the AK
construct (lanes 5- 8), but photoadducts were clearly formed at
each of the engineered Lys residues within the TM2 segment
(lanes 9-20). Again, cross-linking was dependent upon both
UV activation of the eANB moiety and the presence of an intact
integration intermediate. The size of photoadducts and immu-
noprecipitation with Sec61« antisera (see Fig. 4) confirmed that
all three residues in TM2 were adjacent to Sec61« at a nascent
chain length of 134 aa.

Reconstructing TM2 Movement through Sec61a from Static
Translation Intermediates—Because translation of a truncated
mRNA generates polypeptides of uniform length, each biosyn-
thetic intermediate provides a static “snapshot” of the molecu-
lar environment of the nascent polypeptide at a particular stage
of synthesis. We therefore systematically truncated AQP1
mRNA to reconstruct changes in the environment of TM2 as it
moved from the ribosome into and through the translocon dur-
ing nascent chain elongation. Truncated mRNAs containing a
unique Lys codon at residue 59, 60, or 61 were generated from
PCR-amplified DNA templates as described under “Experi-
mental Procedures.” Photocross-linking of arrested integration
intermediates revealed a clear pattern in which the position and
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FIGURE 2. Site-specific TM2-Sec61« cross-linking. Photocross-linking was
performed as described in the legend to Fig. 1 on truncated wild-type AQP1
(WT; lanes 1-4); alysine-less AQP1 mutant (lanes 5- 8); and constructs contain-
ing a single Lys residue within TM2 at positions 59-61 (lanes 9-20). All sam-
ples were translated in the presence of eANB-Lys-tRNA and treated with puro-
mycin (Puro) and/or UV light as indicated. Photoadducts (downward
arrowheads) were observed only in chains containing eANB-Lys prior to puro-
mycin release (lanes 3, 10, 14, and 18). The diagram shows the predicted archi-
tecture of the arrested translocation intermediate. The locations of probes
(black circles) relative to the ribosome PTC and predicted locations of TM2 and
TM3 within the ribosome-translocon complex are indicated.

orientation of TM2 relative to Sec61a were highly dependent
on the distance between the probes and the PTC (Fig. 3). Obvi-
ous TM2 photoadducts were observed at nascent chain lengths
of 97, 105, 110, 118, and 126 in which probes were located 37,
45, 50, 58, and 66 residues from the PTC, respectively (lengths
are to the middle probe position). This is in good agreement
with the timing of TM2 entry into the translocon for the related
aquaporin AQP4 protein (11). Again, minimal cross-linking
was observed for AK controls (Fig. 4) (data not shown). Glyco-
sylation also increased as the polypeptide was extended to 126
aa, consistent with Asn*? movement into the ER lumen. For
unclear reasons, 160K was preferentially glycosylated at short
truncations (105 and 110 aa), but glycosylation differences
between constructs were not observed at longer chain lengths
(>118 aa).

We next determined the relative cross-linking efficiency at
each probe incorporation site and for each AQP1 truncation.
This was accomplished by first quantitating the amount of pro-
tein synthesized and recovered in pelleted microsomes for each
translation reaction shown in Fig. 3. Equivalent amounts of
[**S]Met-labeled protein from each truncation were then con-
currently immunoprecipitated with Sec61a antisera. Samples
were resolved by SDS-PAGE, and bands were visualized and
quantitated by phosphorimaging. The results shown in Fig. 4A
reveal a distinct pattern of cross-linking and demonstrate that
TM2 remained adjacent to Sec61la for a relatively brief period
of translation. Specifically, probes within TM2 were positioned
adjacent to Sec61 when they were 37—-45 aa from the PTC as
residues 97-105 were being synthesized. TM2 cross-linking
persisted during the synthesis of ~38 additional residues and
markedly decreased at truncation 143 when the eANB probe
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FIGURE 3. TM2 cross-linking to sequentially arrested integration inter-
mediates. Truncated AQP1 cDNAs containing a Lys codon at position 59, 60,
or 61 were translated in rabbit reticulocyte lysate to generate a series of
arrested translocation intermediates. The truncation site for each construct is
indicated above the autoradiograms. Arrowheads indicate UV light-depend-
ent photoadducts. The diagrams below each autoradiogram represent a
model for the predicted location of TM2 at each nascent chain length. The
distance of TM2 from the ribosome PTC (in aa) is shown. Note that TM2 is
shown exiting the translocon into the ER lumen based on previous studies
demonstrating that only TM1, TM3, TM5, and TM6 co-translationally span the
ER membrane (31-33, 51).

was ~86 residues from the PTC. Cross-linking was also
observed for both glycosylated and non-glycosylated polypep-
tides as shown by the doublet present at truncation 118. The
relative amount of glycosylated photoadduct generally
reflected the glycosylation efficiency as observed upon overex-
posure of gels (data not shown). As expected, very little Sec61a-
reactive material was recovered from AK constructs that did
not incorporate the eANB-Lys probe (AK control).

Because equivalent amounts of >°S-labeled protein were
immunoprecipitated and all samples were processed and
imaged simultaneously, the photoadduct intensity provides a
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FIGURE 4. Specific phases of TM2-Sec61« cross-linking. A, AQP1-Sec61a
photoadducts were immunoprecipitated and analyzed by SDS-PAGE and
autoradiography as described under “Experimental Procedures.” The sites of
€ANB probe incorporation and the lengths of integration intermediates are
shown above the autoradiograms. The doublet observed at truncation 118 is
due to partial N-linked glycosylation at Asn*? (31). Glycosylated photoad-
ducts for shorter truncations, particularly 160K, are visible only upon longer
exposure because of the low glycosylation and cross-linking efficiencies.
B, photoadducts from two independent experiments were quantified by
phosphorimaging, and the relative signal intensity at each probe site was
plotted as a function of nascent chain length. The data show distinct phases
of TM2-translocon interactions and asymmetry of Sec61a cross-linking for
nascent chain lengths of 118-143 residues.

direct comparison of the photocross-linking efficiency and,
within the constraints of nitrene group reactivity, the proximity
of the eANB probe to Sec61a. We therefore plotted the relative
cross-linking efficiency versus nascent chain length to obtain a
profile of TM2-Sec61« interactions at each incorporation site.
This approach allowed us to detect subtle differences in the
positioning of TM2 within the translocon (Fig. 4B) and to iden-
tify several distinct phases of TM2-Sec61a photocross-linking.
The first phase occurred at nascent chain lengths of 97-105
residues and was characterized by relatively weak cross-linking
at all three probe incorporation sites. A second phase of stron-
ger cross-linking was observed, beginning after the synthesis of
residue 110 and peaking during the synthesis of residues 118 —
126. TM2 then left the vicinity of Sec6lw after synthesis of
residue 143. During the second phase, when TM2 was most
proximal to Sec61la, there was significant asymmetry in pho-
tocross-linking to different faces of the putative TM helix (res-
idues 61, 60 > 59), indicating that the eANB probe did not have
equal access to Sec61a even though it was incorporated at adja-
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cent residues. These combined results indicate that residues
59-61 initially enter the translocon in an environment that
allows relatively limited Sec61a contact and then move into a
more proximal location characterized by highly asymmetric
cross-linking. This is consistent with entry of the TM into a
binding site within the translocon that restricts helix move-
ment (11, 38, 39, 42— 46).

TM?2 Transiently Withdraws from Sec61a during Translocon
Entry—The sharp transitions observed for TM2 cross-linking
at specific polypeptide lengths initially suggested that TM2
moves into, through, and out of the translocon as the nascent
chain is progressively elongated. However, it was somewhat
surprising that synthesis of nearly 20 residues was required
between the points at which initial and maximal photocross-
linking were observed (residues 97 and 118, respectively).
Because 21 fully extended residues would span ~70 A, a dis-
tance significantly greater than the 50 A thickness of the ER
membrane, this suggested that additional factors might affect
TM2 progression. We therefore examined the initial phase of
TM2 entry in greater detail by introducing unique Lys codons
at three additional sites, Phe®®, Gly®”, and Leu®®. Because these
sites were located three residues closer to the N terminus of
AQP1, the mRNA was also truncated three codons earlier (res-
idues 94,102,107, 115,123, and 140). In this way, the number of
residues between the PTC and eANB probe was kept constant,
although the latter truncations reflect a slightly earlier stage of
translation (by three residues) than those shown in Fig. 4.

Each probe at positions 5658 generated Sec61a-specific
cross-links upon entering the translocon (Fig. 54). Again, the
Sec6la cross-linking profiles indicate major transitions in the
spatial positioning of TM2 for polypeptides that differed in
length by only a few residues. The most striking feature was the
increased biphasic nature of TM2 photocross-linking. As the
nascent chain increased in length from 94 to 102 residues, a
sharp increase in the efficiency of cross-linking to all three
probe sites was observed, thereby demonstrating the entry of
TM2 into the translocon (Fig. 5B). However, synthesis of only
five additional residues (truncation 107) resulted in an abrupt
and significant decrease in photocross-linking efficiency (p <
0.05) (Fig. 5, B and C). When the nascent chain was lengthened
by another 8 —16 aa, photocross-linking to residues 56 and 58,
but not residue 57, was restored (Fig. 5C). This pattern per-
sisted until TM2 was no longer proximal to Sec61« (truncation
158). The overall pattern for residues 56 —58 was similar to that
observed for residues 59 — 61 (Fig. 4) with the notable exception
that the initial phase of TM2 interactions was more pro-
nounced (discussed below). Biphasic photocross-linking pat-
terns were also observed at additional truncation sites (trunca-
tions 97, 105, 110, and 118) and for residues 62— 64 (data not
shown).

TM?2 Entry into the Translocon Is Affected by Nascent
Polypeptide Structure in the Ribosome—The photocross-link-
ing profiles obtained for residues 56 —58 (Fig. 5B) suggested the
following scenario. At a nascent chain length of 102 aa, these
probes are positioned outside the ribosome exit tunnel and in
close proximity to Sec61a. All three probes then move to a site
farther away from Sec61a during synthesis of residues 102—107
and return to Sec61 as the nascent chain is lengthened to 123
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FIGURE 5. TM2 transient withdrawal from Sec61« during AQP1 synthesis.
Photocross-linking, immunoprecipitation, and quantification were per-
formed as described in the legend to Fig. 4. Probes were positioned in AQP1
at residues 56 -58, and truncations were moved three residues toward the N
terminus to maintain the number of aa between the probe and PTC as in Fig.
4. A, autoradiograms of immunoprecipitated Sec61a photoadducts. B, rela-
tive photocross-linking efficiencies for each probe site plotted against chain
length. C, normalized Sec61a photocross-linking efficiencies at truncations
102,107,115,and 123 (n = 4 = S.E.). *, significant difference from truncation
102 (p < 0.05; Student'’s t test).

residues, but in a different molecular environment character-
ized by enhanced cross-linking to residues 56 and 58 versus
residue 57. Movement of probes away from Sec61a was tightly
coupled to the polypeptide length at truncations 102-115,
which also resulted in a minor but reproducible decrease in
photocross-linking to residues 59—61 at similar nascent chain
lengths (Fig. 4B). These data indicate that a substantial portion
of TM2 is transiently displaced from Sec61a during a very short
interval of protein synthesis. Such a displacement might reflect
a lateral repositioning within the translocon that shields TM2
from Sec61a. Alternatively, it seemed plausible that the pattern
observed might reflect changes in the location of TM2 along the
axial translocation pathway that were dependent upon the
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as described for A and B except that truncated AQP1 constructs contained C102P and V103P mutations in TM3.
Proline mutations eliminated TM2 withdrawal at truncation 107 but had little effect on the timing of TM2
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Sec61a—When TM2 is temporarily
displaced from Sec6le (truncation
107) (Fig. 5B), the C-terminal end of
TM2 is separated from the PTC by
39 residues. The AQP1 crystal
structure indicates that this peptide
region contains a short helix desig-
nated M3 (Asn”®-Cys®’) as well as
the first 14 residues of TM3 (30).
This raised the intriguing possibility
that the compaction of a helical
region, either TM3 or the M3 seg-
ment, might influence the move-
ment of TM2 along the transloca-
tion pathway, thereby causing TM2
to temporarily withdraw toward the
ribosome exit tunnel. Such a con-

movement away from Sec61a. E, shown is normalized Sec61a photocross-linking to F56K at closely spaced

truncations 102, 105, 107, 110, and 114 or 115 in the AQP1-prolactin (Prl) fusion protein and proline mutant.

length and structure of the nascent chain in the ribosome exit
tunnel. We therefore tested this latter possibility by varying the
composition of polypeptide connecting TM2 to the PTC.

The AQP1 coding sequence extending through Pro”” was
fused to a 142-residue secretory passenger domain derived
from bovine prolactin (31). These constructs encode the AQP1
N terminus, TM1, TM2, and nine C-terminal residues flanking
TM2, but lack TM3 and other downstream residues (Fig. 6A).
Endogenous Lys codons in the passenger domain were
removed such that each construct contained only a single Lys
codon for eANB-Lys incorporation at position 56, 57, or 58 (or
none for AK controls). Chimeras were then truncated at lengths
identical to those used for cross-linking experiments shown in
Fig. 5, and the profiles of Sec6la photocross-linking were
determined as described above. As shown in Fig. 6 (A and B),
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formational change might occur if a
portion of extended nascent
polypeptide (~3.5 A/aa) were converted into an a-helical con-
formation (1.5 A/aa). Depending on the number of residues
involved and the kinetics of helix formation, the resulting com-
paction of the nascent chain could significantly alter the prox-
imity of the photoreactive probes relative to Sec61a.

To test whether TM3 secondary structure influences TM2
movement through Sec61a, two proline residues (C102P and
V103P) were introduced into the AQP1 construct (Fig. 6C).
This creates a tripeptide Pro-Pro-Gly sequence near the middle
of TM3 that would be predicted to disrupt helix formation. Lys
residues were then introduced into this AQP1 proline mutant
background at positions 56-58, and photocross-linking to
Sec61a was examined in polypeptides truncated at residues 94,
102, 107, 115, 123, 140, and 154. The results in Fig. 6 (C and D)
show that the proline mutations eliminated transient with-
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drawal of TM2 from Sec61a at truncation 107. AQP1-PP nas-
cent chains also exhibited a broad peak of TM2 cross-linking in
which the timing of TM2 exit from the translocon was similar
to that observed for AQP1 constructs containing a native TM3
sequence (truncations 140 —154). To ensure that cross-linking
did not transiently decrease between truncations 102 and 115,
the F56K construct was re-examined at closely spaced trunca-
tions in this region for both the AQP1 fusion protein and the
proline mutants (Fig. 6E). In each case, the cross-linking effi-
ciency continued to increase during synthesis, indicating that
all three probes moved continuously toward a site proximal to
Sec61a. Notably, AQP1-PP differs from the wild-type protein
sequence only by the presence of two proline residues within
TM3. Thus, the sequence and/or structure of the nascent pro-
tein within the exit tunnel has a profound impact on how TMs
exiting the ribosome are presented to the ER translocation
machinery.

DISCUSSION

In this study, we have used a modified aminoacyl-tRNA to
incorporate photoactive probes into a nascent polytopic mem-
brane protein TM and to monitor its movement into and
through the Sec61 translocon during co-translational integra-
tion at the ER membrane. A key aspect of this study was the
ability to quantitatively compare photocross-linking efficien-
cies at multiple positions within a single TM. Whereas pho-
tocross-linking to any one residue might reflect local fluctua-
tions in accessibility, reactivity, and/or quenching of the nitrene
group, multiple probe insertion sites on different faces of the
putative helix over a significant length of TM2 provide a rela-
tively cohesive picture of TM2 proximity to Sec61la. Further-
more, systematic lengthening of the nascent chain allowed us to
identify subtle changes in molecular environment and to recon-
struct transitions experienced by the TM during its passage
through the translocation pathway.

Several striking features of the data were apparent. First,
major transitions in Sec61a photocross-linking efficiency were
observed over remarkably small incremental changes in nas-
cent chain length. Thus, the environment of a TM within the
translocon is closely coordinated with and dependent upon
polypeptide elongation at the ribosome PTC. Second, the coor-
dinated timing of the transitions observed for different probe
sites identified distinct phases of TM2-translocon interactions.
The first phase occurred at a nascent chain length of 94 -107 aa
and was characterized by a brief period of Sec61a photocross-
linking to TM2 residues 56—61. Although not compared
directly, photocross-linking during this phase appeared to be
more efficient for probe locations closer to the TM2 N terminus
(residues 56 —58) than to the more C-terminal residues 59 —61.
Thus, at this point of synthesis, TM2 likely emerges from the
ribosome exit tunnel and contacts the translocon in an N- to
C-terminal direction. The second phase occurred at a chain
length of 107-110 aa and was characterized by an abrupt
decrease in cross-linking efficiency, most notably for residues
56 —58. TM2 therefore appears to move to a location more dis-
tant from Sec6la than it had occupied in the first phase. The
third phase (synthesis of residues 115-126) was characterized
by a period of photocross-linking in which TM2 resided in close
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proximity to Sec61a. Although the photocross-linking pattern
during this phase did not reveal a clear helical periodicity, the
strong asymmetry indicates that TM2 movement was restricted
and that its positioning adjacent to translocon proteins was
nonrandom. This is consistent with TM2 entering a specific
binding site that is formed by and/or adjacent to Sec61«, as has
been suggested previously (11, 38, 39, 46, 47). The fourth and
final phase was marked by the loss of Sec61a photocross-link-
ing and the release of TM2 from the translocon at a chain length
of >143 residues.

The most surprising discovery was the non-continuous pas-
sage of TM2 into and through the translocon as the nascent
chain increased in length from 94 to 118 residues. Photocross-
linking patterns obtained for multiple probe locations and trun-
cation sites are most consistent with initial entry of the N ter-
minus of TM2 into Sec61a during the first phase, followed by a
temporary withdrawal from the translocon during the second
phase and then a subsequent re-entry into the translocon dur-
ing the third phase. This contrasts with models predicting that
nascent chain elongation results in progressive movement
through the aqueous ribosome exit tunnel and the aligned
Sec61 protein-conducting pore (48 —50).

Several lines of evidence indicate that the increased separa-
tion between AQP1 TM2 and Sec61« during the second phase
is more likely to result from TM2 movement within the axial
translocation pathway than from a rearrangement of the mem-
brane-bound ribosome-translocon complex or transient lateral
partitioning into the lipid bilayer. First, the decrease in Sec61a
cross-linking to residues 56 —58 was both abrupt and transient,
occurring during synthesis of only a few amino acids. Second,
the decrease in Sec61a photocross-linking was not accompa-
nied by a noticeable increase in cross-linking to other translo-
con components (TRAM or TRAP) (data not shown). Third,
AQP1 TM2 is too hydrophilic to terminate translocation and
co-translationally span the membrane (31-33, 51), thereby
making a transient lateral partitioning into the lipid bilayer
highly unlikely.

How then is the relocation of TM2 within the axial translo-
cation pathway accomplished? Whereas several studies have
suggested that nascent polypeptides maintain an extended con-
formation as they traverse the ribosome-translocon complex
(41, 52, 53), certain nascent chains have been shown to acquire
a compact conformation (54 —57). In one recent study, fluores-
cence resonance energy transfer between donor and acceptor
dyes positioned 24 residues apart in a secretory protein revealed
a low fluorescence resonance energy transfer efficiency,
whereas the same dyes positioned at opposite ends of a TM
(also 24 residues apart) exhibited a large increase in fluores-
cence resonance energy transfer shortly after the TM left the
PTC (27). These results indicate that the secretory protein
segment was largely extended inside the ribosome, whereas
dyes spanning the TM had moved much closer together (27).
Cysteine accessibility studies using alkylating agents support
these findings and show that peptide regions with high hel-
ical propensity can also significantly shorten the effective
nascent polypeptide length within the ribosome exit tunnel
(58, 59).
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The above results therefore suggest a plausible explanation
for our observations, viz. that TM2 is transiently drawn back
either into the ribosome exit tunnel or toward the ribosome-
translocon interface at a chain length of 107-110 aa. Ifa portion
of the nascent chain folds into a more compact structure inside
the ribosome, and one end of the nascent chain is fixed at the
PTC, then the other end of the nascent chain must move to
allow the observed contraction. Regions of TM2 near the exit
site would therefore be expected to move back toward the tun-
nel. Because the most likely AQP1 sequence to undergo folding
inside the ribosome is TM3, we examined whether its presence
or absence affects the temporary withdrawal of TM2 from
Sec61a. When residues following TM2 were replaced with a
secretory passenger protein, no decrease in cross-linking was
observed during the second phase. These results demonstrate
that withdrawal of TM2 from the translocon is not due to spe-
cific properties of TM2, but is instead dependent upon TM2
C-terminal flanking residues. In addition, introduction of two
helix-destabilizing residues within the TM3 segment elimi-
nated the transient decrease in photocross-linking observed at
residue 107. Because all AQP1 residues, including TM2, were
otherwise identical at each truncation, the cause of TM2 with-
drawal must be attributed to the change in the primary and/or
secondary structure of TM3.

Our results thus support a model in which TM3 folding elic-
its a shortening of the nascent polypeptide within the ribosome
exit tunnel. If TM3 adopted a more compact and perhaps heli-
cal conformation after the addition of residue 107 (when 14
TM3 residues have been synthesized), then the shortening of its
end-to-end distance from ~50 A (extended) to ~20 A (helical)
would be sufficient to withdraw TM2 residues away from
Sec61w if they were initially positioned close to the ribosome-
translocon interface. Of course, this situation would be tempo-
rary because residues 56-58 would again reach Sec6la as
translation continues, thus giving rise to the biphasic pattern of
cross-linking observed. Although the entire AQP1 folding
pathway is not yet fully understood, AQP1 biogenesis in the
rabbit reticulocyte lysate system has been shown to faithfully
reconstitute co-translational integration observed in intact
cells (33, 51). Our results therefore likely reflect events that
occur during native polytopic protein biogenesis and reveal that
nascent chain movement during co-translational integration is
complex and subject to control by TM-dependent nascent
chain folding. Given the spectrum of folding possibilities shown
both experimentally (27, 58 —60) and theoretically (61, 62), it
will be intriguing to discover the functional and regulatory ram-
ifications of altering nascent chain interactions with the trans-
locon in response to co-translational polypeptide folding.
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