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SUMMARY

The mechanism by which protein folding is coupled to biosynthesis is a critical, but poorly
understood aspect of protein conformational diseases. Here we use FRET to characterize tertiary
structural transitions of nascent polypeptides and show that the first nucleotide-binding domain
(NBD1) of human CFTR, whose folding is defective in cystic fibrosis, folds via a cotranslational
multi-step pathway as it is synthesized on the ribosome. Folding begins abruptly as NBD1
residues 389-500 emerge from the ribosome exit tunnel, thereby initiating compaction of a small,
N-terminal a/B-subdomain. Real-time kinetics of synchronized nascent chains revealed that
subdomain folding is rapid, occurs coincident with synthesis, and is facilitated by direct ATP
binding to the nascent polypeptide. These findings localize the major CF defect late in the NBD1
folding pathway and establish a paradigm wherein a cellular ligand promotes vectorial domain
folding by facilitating an energetically favored local peptide conformation.

INTRODUCTION

In cells, many proteins begin to acquire tertiary structure during their synthesis as the
nascent polypeptide emerges vectorially, N- to C-terminus, from the ribosome exit tunnel
(Cabrita et al., 2010; Clark, 2004; Fedorov and Baldwin, 1997). Cotranslational protein
folding, in contrast to in vitro refolding, is therefore constrained by the rate and vectorial
nature of translation (Fedorov and Baldwin, 1997; Siller et al., 2010), geometry of the
ribosome exit tunnel (Lu and Deutsch, 2005; Voss et al., 2006; Ziv et al., 2005), molecular
crowding (Ellis, 2001), and interaction with cellular chaperones (Ellis, 2007; Frydman,
2001; Hartl and Hayer-Hartl, 2009). The sequential appearance of a nascent polypeptide
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with limited conformational freedom can therefore influence the de novo folding funnel by
restricting conformational diversity (Clark, 2004; Fedorov and Baldwin, 1999; Netzer and
Hartl, 1997) and enabling the nascent chain to achieve local on-pathway energy minima
(Clark and King, 2001; Evans et al., 2008). These factors may contribute to the higher yields
of native protein generated in vivo (Fedorov and Baldwin, 1999). While cotranslational
folding is conceptually intuitive for low contact order (C.O.) proteins, which exhibit
predominantly local sequence contacts and less compact folding transition states, it
represents a formidable challenge for high C.O. substrates that must adopt metastable
conformational intermediates prior to the synthesis of C-terminal regions required for the
native fold (Plaxco et al., 1998). Despite recent advances in evaluating biochemical
properties of nascent chains (Komar, 2009) and structural analyses using Cryo EM (Becker
et al., 2009) and NMR spectroscopy (Cabrita et al., 2009; Eichmann et al., 2010; Hsu et al.,
2007), the mechanism by which folding information is vectorially integrated during protein
synthesis remains poorly understood and limited by the lack of robust methods to identify
and discriminate conformational changes of ribosome-bound folding intermediates.

De novo folding is particularly relevant in human diseases where inherited mutations
produce abnormal conformers that either accumulate in the cell or are rapidly degraded
(Balch et al., 2008; Barral et al., 2004; Luheshi et al., 2008). For example, the cystic fibrosis
transmembrane conductance regulator (CFTR) is a multidomain ATP Binding Cassette
(ABC) transporter that forms an ATP-dependent chloride channel and regulates water and
ion transport in epithelial tissues (Riordan, 2008). The most common inherited mutation in
cystic fibrosis, F508del, introduces a temperature sensitive defect that disrupts CFTR
folding at its site of synthesis in the endoplasmic reticulum (Cheng et al., 1990; Riordan,
2008). Phe508 resides in the first nucleotide-binding domain (NBD1) of CFTR where it
interacts with cytosolic extensions of CFTR transmembrane domains (TMDs) and facilitates
the coupling of ATP binding and hydrolysis to transmembrane helix movement during
channel gating (Dawson and Locher, 2006; Mendoza and Thomas, 2007; Serohijos et al.,
2008). In addition to disrupting critical inter-domain contacts, F508del increases local
dynamics and decreases stability of the NBD1 domain (Lewis et al., 2010), but has minimal
effect on its native structure (Du et al., 2005; Lewis et al., 2005; Thibodeau et al., 2005).
Rather, the mutation is predicted to alter, through poorly understood mechanisms, Kinetics
and/or structural intermediates of the native NBD1 folding pathway (He et al., 2010; Pissara
etal., 2008; Qu et al., 1997; Thibodeau et al., 2010; Wang et al., 2010).

Crystal structures of ABC transporter NBDs have revealed a highly conserved topography
consisting of three canonical subdomains: an antiparallel three-strand ABC B-subdomain, an
a-helical subdomain, and a central F1-like ATP-binding core (Lewis et al., 2004). CFTR
NBD1 also contains a unique unstructured regulatory insertion (RI, residues 405-436) and a
C-terminal regulatory extension (RE, residues 656—673) that control channel gating through
NBD1-NBD?2 interactions in response to phosphorylation (Aleksandrov et al., 2010; Lewis
et al., 2004). Interestingly, the NBD fold has a very high C.O. (24.2) and is characterized by
a preponderance of long-distance intra-chain interactions that are predicted to slow kinetics
and impart cooperativity in domain folding (Lewis et al., 2010; Plaxco et al., 1998). While
folding likely begins cotranslationally (Kleizen et al., 2005) after topology of the first
transmembrane domain is established (Carveth et al., 2002), the pathway by which NBD1
acquires its native structure in the cellular environment remains entirely unknown. We
therefore investigated de novo NBD1 folding by characterizing stepwise conformational
transitions as the nascent polypeptide emerges from the ribosome. Our results identify a
multistep pathway that is initiated during synthesis by rapid cotranslational compaction of a
small (~112 residue) N-terminal subdomain. This polypeptide region contains a minimal
ATP binding site, and its cotranslational folding is stimulated by ATP. These findings
suggest a revised classification for NBD subdomain organization, localize the F508del
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defect to a late stage of the NBD1 folding pathway, and provide an example in which a
ubiquitious cellular ligand promotes vectorial domain folding by facilitating an energetically
favored local peptide conformation.

Forster resonance energy transfer (FRET) (Stryer, 1978) provides a useful tool to monitor
conformational changes on a macromolecular scale that are typically associated with protein
folding (Miyake-Stoner et al., 2009; Woolhead et al., 2004), structural dynamics (Kajihara et
al., 2006; Taraska and Zagotta, 2007), and chaperone interaction (Kaiser et al., 2006). FRET
involves the transfer of excited state energy from a donor fluorophore to an acceptor
fluorophore (or chromophore) without emission of a photon. Because FRET efficiency
(ErreT) is highly dependent on the distance (R) between the donor and acceptor probes
(ErreT = Ro%/(Rg® + R®) where Ry is the Férster distance at which Egget is 50%), it can
readily distinguish structural changes that take place as a protein folds from an extended
conformation to a compact tertiary structure (Woolhead et al., 2004).

To measure conformational changes that occur cotranslationally during protein synthesis, we
incorporated a donor fluorophore, cyan fluorescent protein (CFP), via an in-frame N-
terminal fusion, and a small acceptor dye, 7-nitrobenz-2-oxa-1, 3-diazole (NBD) at an
engineered ‘UAG’ stop codon using a synthetic amber suppressor tRNA, eNBD-[14C]Lys-
tRNA2MP (Figure S1). Nascent polypeptides were then synthesized in vitro from truncated
MRNA templates to generate uniform cohorts of folding intermediates that are kinetically
trapped at a specific stage of synthesis (Cabrita et al., 2010; Johnson, 2005). Because the
donor (CFP) is located at the N-terminus, CFP-containing nascent chains that terminate
prematurely at the UAG codon are removed during ribosome isolation. However, if the
UAG codon is translated by the suppressor tRNA, polypeptides that remain tethered to the
ribosome by a covalent peptidyl-tRNA ester bond contain both a donor and acceptor
fluorophore as well as a single [14C]Lys in 1:1:1 stoichiometry. Since the donor dye,
acceptor dye, and [14C]Lys concentrations are equal (in the absence of ribosomal stalling),
the precise concentration of nascent chains present in the sample can be determined, thereby
allowing Epggr to be calculated directly from the acceptor-induced decrease in donor
fluorescence intensity (see Experimental Procedures and (Woolhead et al., 2004)).

FRET-based analysis of ribosome-bound nascent chains

To develop this approach, a truncated form of CFP (Figure S2) was fused in-frame to CFTR
residue 389 at the N-terminus of NBD1, and the acceptor dye was incorporated six residues
C-terminal to the fusion site (Figure 1A). Four parallel programmed translation reactions,
Blank (B), Acceptor only (A), Donor only (D), and Donor + Acceptor (DA) were
performed, and raw CFP emission spectra were obtained from intact ribosome nascent chain
complexes (RNCs) (Figure 1B and Figure S1). Spectra were corrected for background signal
(Figure 1B,C), and normalized to the nascent chain concentration based on [14C]Lys
incorporation (Figure 1D). The fluorescent signal due to direct acceptor excitation, which is
very small relative to CFP, was then subtracted to generate two net corrected CFP emission
spectra that differ only by the presence or absence of the acceptor dye (Figure 1E). Using the
equation ErreT = [1-(Fpa-a)/Fpl, these results yielded an Egget of 51% where Fp and
Fp-pa are the maximal fluorescence emission intensity (Amax = 475nm) for each sample.

We reasoned that if the acceptor-induced decrease in CFP fluorescence were indeed caused
by FRET, then it should be highly sensitive to the position of acceptor and donor probes in
the nascent chain. The acceptor probe was therefore incorporated at six-residue intervals
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(from NBD1 Thr389 to Lys413, Figure 2A) located 9 to 33 residues beyond the last strand
of the CFP B-barrel, in a polypeptide region that is predicted to be predominantly
unstructured (Lewis et al., 2004). mRNA was truncated at codon 460, and FRET was
determined based on the corrected emission spectra obtained from D and DA samples
(Figure 2B—F). The highest ErgreT (65%) was observed when the acceptor dye was located 9
residues from the CFP barrel, and EpgeT decreased 9-fold to ~8% as the acceptor site was
moved 24 residues more distally (Figure 2G). Parallel analysis of 3°S-labeled polypeptides
confirmed that translation termination at the UAG codon released the nascent chain from the
ribosome, whereas addition of suppressor tRNA enabled stop codon readthrough and
formation of stable RNCs (Figure 2H).

While it is not possible to determine absolute distances in this non-rigid system, the Egget
measured from these programmed RNCs is in good agreement with theoretical values. The
calculated Ry for CFP and eNBD-Lys fluorophores in our system is 38.5A (see
Supplementary Experimental Procedures). Thus the effective distance from the CFP
chromophore to the acceptor dye attached at residue 389 of NBD1 or residue 233 in CFP
(Figures S2, S3) is 34-35 A (Eprer = 65-70% and R = Rg[(1-E)/E]¥®). Considering that the
center of the CFP chromophore is ~15 A from the last strand of the p-barrel (ala227, pdb
1CV7), then the estimated length of 6-8 residues from the barrel to the acceptor probe site is
approximately 2.5-3.2 A/aa. Although this calculation does not account for the nonlinearity
of FRET over the distance distribution of the acceptor dye caused by tethering, the result is
remarkably consistent with a relatively unstructured polypeptide for these short tether
lengths (See also Supplementary Experimental Procedures). Changes in Eggret could also
potentially reflect parameters that affect the Forster distance (Rg) (e.g. quantum yield of the
donor, spectral overlap of donor and acceptor, or transition dipole orientation). However,
this is unlikely in the system used here (see Supplementary Experimental Procedures, Tables
S1, S2). In addition, a very similar FRET pattern was observed for corresponding acceptor
sites when CFP was fused to an unrelated peptide sequence derived from the CFTR N-
terminus (Figure S3). Thus, our results indicate that the major factor influencing EgreT is
the linear distance between the acceptor and donor probes in the nascent polypeptide.

NBD1 folds cotranslationally on the ribosome

We next used FRET to determine whether in vitro-translated NBD1 might fold
cotranslationally and achieve a native conformation as it is synthesized on the ribosome. For
these experiments, the acceptor dye was incorporated individually at multiple surface-
exposed residues that are variably distant in primary sequence but predicted to be adjacent to
the fusion site in the folded domain (Figure 3A,B). Two residues (Lys532 and Gly544) on
the opposite side of the domain were used as controls. mMRNA was then truncated at CFTR
residue 744 to ensure that the entire NBD1 domain (residues 389-673) would reside outside
the ribosome tunnel.

Four of the five acceptor sites predicted to reside near the CFP chromophore, residue 233 (in
CFP), and residues 450, 487, and 567 (in NBD1) showed high ErreT (66 + 2%, 46 + 2%, 43
+ 4% and 33 £ 2%) even though they are separated from the fusion site by 0, 63, 100, and
180 residues, respectively (Figure 3C,D). In contrast, residues 532 and 544 yielded low
ErreT (3 £ 2% and 7 + 2%, respectively). Residue 485, also yielded low Egget (9 £ 2%)
probably due to the disruptive effect of replacing the inward facing Ser485 hydroxyl side
chain with the eNBD-Lys moiety. Interestingly, this residue is also associated with a CF-
causing mutation (S485C, www.genet.sickkids.on.ca), The slightly reduced Erggt values
obtained for residues 450, 487 and 567 (compared to residues 233 in CFP and 389) was
likely caused by subtle differences in the acceptor site location or a minor population of
RNCs that contain ribosomes stalled between the CFP C-terminus and the UAG codon (as
determined by fluorescence per nM of [14C]Lys, data not shown). While we cannot
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conclude with certainty that ribosome-bound NBD1 achieves a completely native fold, or
that all nascent chains fold to the same extent, the FRET pattern obtained here is highly
unlikely to result from a random distribution or non-specific association of acceptor dye
with the ribosome or CFP. Rather, the strong concordance of measured and predicted Epget
values indicates that multiple residues at multiple locations in nascent NBD1 exhibit a
spatial organization that is consistent with a native-like fold.

NBD1 folds in a stepwise and length-dependent manner

Proteins retained on the ribosome by an intact peptidyl-tRNA ester bond provide snapshots
of the elongation process and thereby mimic structural and dynamic properties of nascent
chains at a specific stage of synthesis (Cabrita et al., 2010; Eichmann et al., 2010; Johnson,
2005). We therefore envisage (from Figure 3) that NBD1 folding must begin at some point
as the polypeptide exits from the ribosome tunnel. To determine the earliest stage at which
this occurs, the acceptor dye was incorporated at residue 450, 63 aa C-terminal to the CFP
fusion, and Epget Was measured in a series of constructs truncated between residues 460
and 744, each of which emulate a different stage of the cotranslational folding process
(Figure 4A). Because donor and acceptor fluorophores are located at identical sites in these
nascent chains of different length, the linear separation between the fluorophores must be
dictated primarily by the conformation of the intervening polypeptide (Figure 4A).

Low ErreT Was observed for all truncations between residues 460 and 506 (Average Epret
= 4.7 £ 1%, Figure 4B,C). Thus, the nascent chain remains in an extended conformation
until after the acceptor probe has exited the ribosome. As residues 515 to 550 were
synthesized, however, Epget abruptly increased to approximately 43 + 2% and remained at
this level while rest of the domain was synthesized. These results identify three distinct
stages of NBD1 folding as determined by the spatial positioning of residue 450 (Figure 4D).
In the first stage, N-terminal residues emerge from the ribosome in an extended
conformation (truncations 460-506). They then undergo an abrupt compaction for
truncations 515-550 as residue 450 is positioned proximal to the CFP fusion site (Stage 2),
and maintain this spatial relationship during synthesis of residues 550 to 744 (Stage 3). This
suggests that the N-terminal region of NBD1 folds early in the process of NBD1 synthesis
and independently of the C-terminal region. Such behavior was initially surprising, as we
expected NBD1 folding to occur cooperatively based on its high C.O. and complex
topological organization. However, the N-terminus of NBD1 (residues 389-500) has a lower
C.O. than the full-length domain (18.9 vs. 24.2) suggesting that local contacts might
contribute to local folding of this peptide region.

The NBD1 N-terminal subdomain binds ATP

Given that the ribosome can accommodate 30-50 residues of nascent polypeptide (Ban et
al., 2000; Hardesty and Kramer, 2001), the stage of NBD1 synthesis at which ErgeT
increases (truncations 530-550) corresponds approximately to egress of residues 480-510
from the ribosome exit tunnel. This peptide region contains the three-strand ABC B-domain,
the RI, 2 B-strands from the F1-type core, and several key elements of the ATP-binding site
including: the Walker A motif (Lys464, Thr465), which interacts with the y-phosphate of
ATP, the Q loop (GIn493), Tryp401, which forms pi-electron stacking interactions with the
adenine ring, and additional residues predicted to contact the adenine base and ribose
(Phe409, Asp425, Leud?28, and Phe430)(Lewis et al., 2004; Lewis et al., 2010) (Figure
5A,B). We therefore investigated whether the sharp increase in Epggt might reflect
physiological folding of a minimal N-terminal ATP-binding subdomain.

Consistent with this hypothesis, when in vitro translated [3°S]Met-labeled CFP-NBD1
polypeptides were truncated at CFTR residue 500, 550 or 744 and released from the
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ribosome, they bound y—ATP-conjugated polyacrylamide beads with similar efficiency as a
known ATP-binding protein, Hsp70 (Figure 5C,D). Binding was specific, and inhibited
(>70%) by excess Mg2* ATP (Figure 5E,F). In contrast, a shorter truncation containing only
NBD1 residues 389-445, a CFP fusion containing CFTR N-terminal residues 1-79, and
endogenous RRL globin all exhibited weak or undetectable ATP binding. Thus, the length-
dependent acquisition of ATP-binding competence mirrors the stage of synthesis at which
initial polypeptide compaction is observed by FRET. To distinguish whether the newly
synthesized protein bound directly to ATP or indirectly via an associated chaperone, NBD1
was truncated at residue 500 and translated in the presence of a C-terminal fragment of Bagl
(c-Bag), which stimulates nucleotide exchange and Hsp70 release from client proteins
((Young et al., 2003) and our unpublished observations). Although c-Bag inhibited Hsp70
binding to ATP-coupled beads by more than 50%, it had no effect on NBD1 (Figure 5G). In
addition, mutations that inhibit ATP binding to NBD1 in full length CFTR (W401A, A462F
& K464A, (Berger et al., 2005)) also inhibited binding to truncated NBD1 (Figure 5E,F).
We therefore propose that NBD1 residues 389-500, which reflect the transition boundary
with the ABC a-subdomain, comprise a previously unappreciated N-terminal subdomain
that folds autonomously to form a minimal ATP binding site.

Kinetics of subdomain folding following ribosome exit

NBD1 residues 389-500 can acquire an ATP-binding competent conformation upon
ribosome release (Figure 5). However, folding of ribosome-attached polypeptides occurred
only after synthesis of residues 535-550 (Figure 4C). This suggests that during synthesis, N-
terminus folding is transiently delayed by the ribosome. We therefore incorporated the
acceptor dye at residue 450 and truncated NBD1 at residue 500. In these nascent chains the
subdomain is kinetically trapped in an unfolded state by sequestration of critical C-terminal
residues in the ribosome exit tunnel (Figure 6A). RNCs were then treated with RNase A,
which rapidly cleaves the peptidyl-tRNA bond (in <60 sec, data not shown) and allows C-
terminal residues to exit the ribosome, thereby mimicking the process of polypeptide
elongation.

Under these conditions, nascent chains remained in a stably unfolded conformation (Epget
= 59%) while attached to the ribosome, whereas ErreT increased to 35% upon RNAse
digestion (Figure 6B). By monitoring the real-time increase in EgggT, We were able to
measure de novo folding kinetics as the nascent chain exited from the ribosome tunnel.
Remarkably, when RNase was added in the presence of ATP, FRET increased to 75% of the
maximum value at the earliest measured (2 min) time point (Figure 6C). ATP addition had
no effect on Egget prior to ribosome release. In contrast, ATP depletion, by addition of
hexokinase/2-deoxy D-glucose (Figure 6B,C) or apyrase (not shown), inhibited subdomain
folding. These results demonstrate that as the N-terminus exits the ribosome, folding takes
place on a time scale comparable to eukaryotic translation.

ATP serves as ligand that facilitates de novo NBD1 folding

To confirm that the rapid increase in Epggt Was caused by direct ATP binding to the nascent
polypeptide, nascent chains were released from ribosomes in the presence of GTP, which
stabilizes full length NBD1 in solution (P. J. Thomas, personal communication), but does
not release chaperones (e.g. Hsp70) from client proteins. Notably, GTP stimulated Epggt
with similar kinetics and to approximately 80% of the level observed for ATP (Figure 6C).
In addition, the ATP-binding mutant decreased Erggt by approximately 2.5 fold. Thus,
multiple residues in the ATP binding site must be properly organized in the sub-domain for
folding to occur. The ATP-binding mutant also exhibited reduced folding as demonstrated
by a 50% reduction in ErreT for ribosome-attached nascent chains (truncation 550) even
though ATP was present during translation (Figure 6D). Taken together, these results
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indicate that nucleotide stimulates rapid, cotranslational folding as the N-terminal
subdomain exits the ribosome during the early stage of NBD1 synthesis.

The effect of F508del on N-terminal subdomain folding

Finally, we tested the impact of Phe508 on NBD1 folding by comparing Erret for wild type
and F508del nascent chains. Results show that ErreT to residue 450 was indistinguishable
for wild type and F508del constructs, both at the initial stage of folding (truncation 550) and
after synthesis of the entire domain (truncation 744) (Figure 7A,B). This is consistent with
our findings that residues 389-500 fold autonomously in the absence of the a-subdomain
(Figure 5), and that Phe508 is likely still in the ribosome exit tunnel as residue 500 emerges
and folding begins (Figure 4). Although we could not test whether F508del affected folding
Kinetics, because such experiments require truncation upstream of the a-subdomain, our
results indicate that the N-terminal subdomain is capable of folding independent of Phe508,
and that the F508del defect likely affects later events in the cotranslational folding pathway.

DISCUSSION

As proteins are synthesized in the cell, they must acquire native structure in a crowded
environment while avoiding non-native conformations that lead to misfolding and/or
aggregation. Little is known about the nature of these progressive de novo folding pathways.
In this study, we developed a generally applicable FRET-based method using two
translationally incorporated fluorophores that allow direct assessment of structural
transitions in ribosome-bound nascent polypeptides. Our results define a multi-step
cotranslational folding pathway for human CFTR NBD1 and provide a mechanistic
description of how an ABC transporter acquires native tertiary structure in a cellular
environment.

Specifically, we show that: i) NBD1 folding begins cotranslationally on the ribosome. These
results support previous studies suggesting that CFTR domains fold cotranslationally in vitro
(Kleizen et al., 2005) and in vivo (Du et al., 2005). ii) Folding is vectorial and initiated by
local compaction of a small (~112 aa) N-terminal a/p-subdomain (helix HZ1, five B-strands
(S1-S4, S6) and the RI) that forms a functional ATP binding site. iii) Subdomain folding is
rapid and occurs coincident with synthesis. iv) Most remarkably, ATP, which stabilizes
native NBD1 in solution (Lewis et al., 2004) and binds NBD1 peptide fragments (Thomas et
al., 1991), also stimulates vectorial folding by inducing an energetically favored local (N-
terminal) polypeptide conformation. One possibility is that ATP shifts the dynamic
ensemble of nascent chains that are present at a critical stage of synthesis, thereby stabilizing
a preexisting ATP-binding conformation. This would be consistent with the equilibrium-
shift mechanism observed upon ligand binding to intact proteins (Henzler-Wildman and
Kern, 2007). Alternatively, given that synthesis and folding are coupled in time, it is
possible that ATP binding is initiated at a partially formed site (Thomas et al., 1991) that
preferentially matures as additional residues are synthesized.

A unique aspect of our approach is the ability to characterize nascent protein folding using
both conventional static snapshots obtained from truncated ribosome-tethered polypeptides
(Cabrita et al., 2009; Eichmann et al., 2010; Woolhead et al., 2004), and dynamic
conformational changes that take place as the nascent polypeptide exits the ribosome tunnel.
By synchronously releasing kinetically trapped intermediates, we were able to measure real-
time, de novo folding kinetics of a nascent polypeptide. Within the resolution of our study,
N-terminal subdomain folding occurs on a time scale (seconds to minutes) comparable to
eukaryotic translation (Netzer and Hartl, 1997). Although this resolution is modest by
biophysical standards (Kubelka et al., 2004), when viewed from a vectorial perspective
imposed by the rate of synthesis in cells (Hardesty and Kramer, 2001), N-terminus
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compaction occurs coincident with synthesis of the ABC a-subdomain and likely precedes
formation of the F1-type (-sheet core (Lewis et al., 2004). Folding of N-terminal and C-
terminal regions of NBD1 are therefore separated both spatially and temporally during
synthesis. These data support a model predicted by in silico topological accessibility studies
in which ancient o/ class proteins preferentially initiate directional protein folding via local
N-terminal contacts (Ellis et al., 2010).

Given the preponderance of long-distance intra-chain interactions in native NBDs, (contact
order = 24.2 (Plaxco et al., 1998), http://depts.washington.edu/bakerpg/contact_order/), it is
reasonable to speculate that N-terminal subdomain folding provides a template or interface
that contributes to the vectorial order of folding events (Figure 7C). Such an ordered folding
pathway may function to minimize non-native interactions that predominate during in vitro
refolding (Fedorov and Baldwin, 1999). This may be particularly important for the F1-type
core subdomain, which contains the highly conserved Walker A and Walker B motifs, and
requires intercalation of six p-strands (S3 and S6-S10) that are widely separated in primary
sequence (Figure 7C and (Lewis et al., 2004)). If one considers N-terminal subdomain
organization in the context of its vectorial folding pathway, then the first three g-strands, S1,
S2 and S4, constitute the previously described ABC B-subdomain while S3, S6 and H1 are
part of the previously described F1-type ATPase core (Figures 5A,B and 7C). The remaining
four strands of the core B-sheet, S7-10, are synthesized in a discontinuous manner after the
a-subdomain and additional intervening helices.

Our data therefore suggest a modification to the canonical NBD subdomain classification,
which was originally based on alignments with adenylate kinase (Hyde et al., 1990; Mimura
etal., 1991) and the Fp, F{ ATPase (Annereau et al., 1997). Notably, synthesis of the entire
F1-type ATPase core domain is not a prerequisite for ATP binding. An alternative
classification might therefore include: i) an N-terminal o/ subdomain (residues 389 to
~495), which comprises the minimal ATP-binding site, and ii) the ABC a-subdomain
(residues 495-567), which contains the LSGGQ signature motif and forms key structural
contacts with transmembrane domains (Serohijos et al., 2008). Accordingly, the B-sheet core
represents a distinct folding module that is likely formed during the final assembly of the
domain. Because this vectorial topography is highly conserved among ABC transporter
NBDs, an important future question is whether key elements of the cotranslational folding
pathway identified here are specific to CFTR or represent general features of this transporter
superfamily (Figure S4).

Interestingly, Phe508 is not required for ATP-binding and is still in the ribosome tunnel
when the N-terminal subdomain begins to fold. Based on the Erggt to residue 450, the
F508del mutation had no effect on cotranslational folding of either truncated or full-length
NBDZ1. The simplest explanation for these findings is that F508del impacts the efficiency
and/or kinetics during a late stage(s) of NBD1 folding that involves the a-subdomain and/or
formation of the B-sheet core. This may explain why second-site suppressors of F508del
misfolding frequently reside within the a-subdomain, or at the N-terminal subdomain
interface (He et al., 2010; Pissara et al., 2008; Teem et al., 1993). Interestingly though,
removal of the RI within the N-terminal subdomain partially restores full length F508del
CFTR trafficking and function in mammalian cells (Aleksandrov et al., 2010). Thus, it
remains possible that some aspects of N-terminus folding and/or structure, particularly
involving the RI, may be impacted by Phe508 through allosteric interactions through the
intact domain.

From a mechanistic standpoint, the extensive surface contacts between NBD1 subdomains,
and in particular the final inter-digitations of B-strands in the domain core, likely require
maintenance of a folding-competent conformation until after most or all of the domain has
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been synthesized. How is this achieved in the crowded environment of the cell? While we
did not observe a direct role for chaperones in N-terminal subdomain folding in this study,
Hsp70 and its co-chaperones have been shown to stabilize NBD1 in vitro (Strickland et al.,
1997), and interact with NBD1 in vivo (Meacham et al., 1999; Rosser et al., 2008). It is
possible that transient chaperone binding to the N-terminus may occur in the cytosol during
synthesis and prior to RNC isolation. In addition, peptide binding studies have identified a
putative Hsp70 binding site (residues 545-561) that resides near the interface of the a-
subdomain and B-sheet core (Strickland et al., 1997). Hsp/c70 also binds to full length wild
type CFTR and exhibits prolonged binding to F508del CFTR (Yang et al., 1993). Thus,
cellular chaperones almost certainly play a role in the late stages of a-subdomain folding
and/or core formation, which likely represent the rate limiting, and possibly the pathologic
step of NBD1 folding in CF patients.

EXPERIMENTAL PROCEDURES

Plasmids

CFP-NBD1 fusion constructs were generated by removing the last 5 C-terminal residues
from eCFP (Clontech), inserting a gly residue, and ligating to the first residue (Thr389) of
the CFTR NBD1 domain (wild type or F508del) in a pSP64 vector (Promega). TAG stop
codons were engineered at indicated sites by PCR overlap extension, and truncated cDNA
for in vitro transcription was generated by PCR amplification using appropriate antisense
oligonucleotides. The CFP-NBD1 ATP-binding mutant contained W401A, A462F, and
K464A mutations in the ATP binding site as predicted by the crystal structure (2BBO). All
cloned PCR fragments were verified by sequencing.

In Vitro Transcription/Translation

Translation was carried out in RRL using in vitro transcribed mRNA templates for 72 min at
24°C. Four 250 pl reactions were translated in parallel in the presence of 0.8-1 uM
[4C]Lys-tRNAMD or e-NBD-[}4C]Lys-tRNA3™P to generate samples containing: Blank
with no Donor or Acceptor dye (B), Donor only (D), Acceptor only (A), and Donor +
Acceptor (DA). Ribosome-nascent chain complexes were isolated at 4°C by size exclusion
chromatography. For Figure 2, translation was carried out in the presence of [35S]Met and
products were analyzed by SDS-PAGE before or after pelleting RNCs through 35% sucrose,
40mM HEPES-pH 7.6, 100mM KOAc, and 15mM MgOAc at 395,000 x g for 1hr

Steady State Fluorescence Measurements

CFP fluorescence emission spectra (Aex = 430 nm, A = 445-600 nm) were obtained using
a Fluorolog 3-22 (HORIBA Jobin Yvon) fluorimeter. Measurements were performed at 4°C
unless otherwise stated. FRET efficiency (EpgreT) Was determined from the acceptor-
induced decrease in donor fluorescence emission intensity (at Aymax =475 nm) using E =1 -
[Foa - a)YFp] after (i) subtraction of the background signal, and (ii) normalization of the net
Fpa, Fp, and Fa emission intensities to the same donor dye concentration as determined by
scintillation counting of 14C-labeled polypeptides in each sample. Because F was
undetectable at Aoy, = 475 nm, Fpa-Fa = Fpa and the equation E = 1-Fpa/Fp was also used
(See Figures 1, S2, and Supplementary Experimental Procedures). Folding kinetics of
ribosome released nascent chains were determined at 25°C from the CFP emission intensity
of each sample (Aex = 430 nm and Agy = 475 nm) measured at indicated times before and
after addition of RNase A (0.2 mg/ml) following pretreatment with Mg/ATP (3 mM), Mg/
GTP (3 mM), or hexokinase/2-deoxy-D-glucose.
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ATP binding Assay

CFP-NBD1 constructs were translated in RRL the presence of [3°S]Met. Nascent chains
were released from ribosomes by RNase digestion, and lysates were gel filtered (Sephadex
G-25) and incubated with y-ATP-conjugated polyacrylamide beads as per manufacturer’s
recommendations (ProteoEnrich™ ATP-Binders™ Kit, EMD Chemicals Inc) at 4°C. Beads
were washed and eluted with 1% SDS or elution buffer containing 20 mM ATP. Eluate was
concentrated and analyzed by SDS-PAGE and quantified by phosphorimaging. For ATP
competition, binding was performed in the presence of 35 mM ATP. Where indicated,
translations were performed in the presence of 14 uM recombinant c-Bag protein.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
FRET detection on a ribosome bound nascent chain. (A) Cartoon representation of a

ribosome attached CFP-NBD1 fusion protein truncated at CFTR residue 460 shows location
of the acceptor dye incorporation site (Thr395). (B) Raw CFP emission spectra (Aex = 430
nm, Aem = 445-600 nm) obtained from ribosome nascent chain complexes isolated from B,
A, D, and DA samples. The background emission peak at ~510 nm is due to water Raman
Scatter. (C) Net CFP emission spectra after background subtraction and (D) correction for
donor dye concentration based on [14C]Lys incorporation. Normalized emission intensities
are shown per nM of donor dye concentration. (E) Corrected and normalized emission
spectra after subtracting fluorescence of A from DA to correct for direct excitation of
acceptor.
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Figure 2.

FRET dependence on donor-acceptor distance. (A) Schematic of ribosome-bound CFP-
NBD1 nascent chains truncated at CFTR residue 460. UAG codons were positioned at 6
residue intervals starting at Thr3g89. (B—F) Background corrected and 14C normalized CFP
emission spectra for D and DA samples obtained for CFP-NBD1 proteins with eNBD-Lys
incorporated at the indicated residues. (G) Calculated Epggt obtained from constructs
shown in B—F. Results from two independent experiments are shown. (H) Autoradiogram
showing 3°S-labeled total translation products or pelleted RNCs (P) expressed in presence or
absence of [14C]Lys-tRNA2™P as indicated. Polypeptides that terminate or readthrough the
UAG codon are indicated by single or double asterisk, respectively.
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FRET-detected cotranslational NBD1-folding. (A) Conventional subdomain organization of
hCFTR NBD1 (residues 389-674, PDB ID: 2BBO) showing: ABC - (green), ABC a-
(blue), and F1-type ATP-binding core (magenta) subdomains, and regulatory extension
(grey). Acceptor dye incorporation sites are indicated. (B) Schematic of ribosome-bound
CFP-NBDL1 fusion proteins. Asterisk denotes residue Met233 at the CFP C-terminus. (C)
Corrected CFP fluorescence emission spectra from D (black), or DA (red) samples. (D)

Calculated Epggt for nascent polypeptides (from C), n =3 £ s.e.m.
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Figure 4.

Vectorial folding of NBD1. (A) Schematic of CFP-NBD1 fusion protein showing
approximate location of acceptor dye (residue 450) and truncation sites used to generate
RNCs. (B) Selected corrected CFP emission spectra for D (black) or DA (red) samples as in
(A), truncated at the indicated residues. (C) Epret between CFP and residue 450 plotted as a
function of nascent chain length (n = 3, +/— s.e.m. where shown, or average of two
experiments for truncations 535, 584 and 654). (D) Schematic showing experimentally
derived stages of cotranslational NBD1 folding.
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The NBD1 N-terminal sub-domain binds ATP. (A) hNBD1 crystal structure (2BBO)
highlighting residues 389-495 (green) and (B) N-terminal subdomain showing ATP, Trp401
(red) and Mg*2 (dotted sphere). (C) Autoradiogram of [3°S] labeled translation products
showing input (i = 17% of total) and protein bound (b) to y-ATP coupled beads. Lanes show
CFP fused to the first 79aa of CFTR (1-2), CFP-NBDZ1 truncated at residue 445 (3-4),
residue 500 (5-6), residue 550 (7-8). Lanes 9-10 show human Hsp70. Asterisk indicates
RRL globin band. (D) Quantification of samples from (C), also with NBD1 truncation 744
(n=3 +/— s.e.m.) Truncation 500 is set at 100%. (E,F), Competitive inhibition of wild type
CFP-NBD1 ATP binding (truncation 500, C = control, ATP = addition of exogenous ATP)
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and CFP-NBD1 subdomain containing mutations in the ATP-binding site. (G) Binding of

CFP-NBD1 (truncation 500) and Hsp70 to y—ATP beads as in panel D but translated in the
presence and absence of recombinant c-Bag protein.
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Figure 6.

ATPmut

ATP-dependent, subdomain folding. (A) Cartoon depicting ribosome release of CFP-NBD1
(truncation 500) with acceptor dye at residue 450. (B) Corrected CFP emission spectra for D
(black) and DA (red) samples in the presence and absence of ATP (left) and 30 min after
RNase treatment (right). (C) Real-time change in Egget for CFP-NBD1 (truncation 500)
following RNase treatment in the presence of ATP (closed circles), absence of ATP (open

circles) and presence of GTP (closed triangles). Open triangles show results for ATP-

binding mutant. Results show average of two independent experiments. (D) Corrected CFP
emission spectra and calculated Epgget for ribosome attached wild type and ATP mutant

NBD1 (truncation 550, n=3 +/— s.e.m.).
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Figure 7.

Effects of F508del on cotranslational NBD1 folding. (A,B) Comparison of Egggt obtained
for ribosome-bound wild type and F508del CFP-NBD1 nascent chains containing acceptor
dye at residue 450 and truncated at residues 550 and 744 (n=3, +/— s.e.m). (C) Vectorial
NBD1 topography (green-white-black in the order of synthesis) reflecting rapid folding of
the ATP binding subdomain (green) and late formation of the 6-strand -sheet F1-type
ATPase core (magenta). (See also Figure S4.)
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