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Abstract

The Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) is a cAMP dependent chloride
channel that is mutated in cystic fibrosis, an inherited disease of high morbidity and mortality. The
phosphorylation of its ~200 amino acid R domain by protein kinase A is obligatory for channel gating
under normal conditions. The R domain contains more than ten PKA phosphorylation sites. No
individual site is essential but phosphorylation of increasing numbers of sites enables progressively
greater channel activity. In spite of numerous studies of the role of the R domain in CFTR regulation,
its mechanism of action remains largely unknown. This is because neither its structure nor its
interactions with other parts of CFTR have been completely elucidated. Studies have shown that the
R domain lacks well-defined secondary structural elements and is an intrinsically disordered region
of the channel protein. Here, we have analyzed the disorder pattern and employed computational
methods to explore low energy conformations of the R domain. Specific disorder and secondary
structure patterns detected suggest the presence of Molecular Recognition Elements (MoREs) that
may mediate phosphorylation regulated intra- and inter-domain interactions. Simulations were
performed to generate an ensemble of accessible R domain conformations. Although the calculated
structures may represent more compact conformers than occur in vivo, their secondary structure
propensities are consistent with predictions and published experimental data. Equilibrium
simulations of a mimic of a phosphorylated R domain showed that it exhibited an increased radius
of gyration. In one possible interpretation of these findings, by changing its size, the globally
unstructured R domain may act as an entropic spring to perturb the packing of membrane-spanning
sequences that constitute the ion permeability pathway and thereby activate channel gating.
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Introduction

Cystic fibrosis (CF) is a monogenic disorder characterized by high morbidity and mortalityl’
2 CF is caused by mutations in the Cystic Fibrosis Transmembrane Conductance Regulator
(CFTR), a cAMP-regulated chloride channel that belongs to the ATP-binding cassette (ABC)
transporter family3. CFTR consists of two large transmembrane domains (TMD1 and TMD2),
two nucleotide binding domains (NBD1 and NBD?2), and a regulatory region (R domain)3.
Binding and hydrolysis of ATP at the NBDs gate the channel. Channel opening requires the
phosphorylation of the R domain by protein kinase A (PKA)4. The R domain contains multiple
phosphorylation sites comprised of either serines or threonines in dibasic or monobasic PKA
consensus patternss. However, the mechanism by which phosphorylation activates the channel
remains unknown.

Several experimental studies suggest that the unphosphorylated R domain inhibits CFTR
channel function. Phosphorylation and deletion of regions in the R domain, such as residues
708-835 and 768-830, relieve inhibition of channel activitys’ 7 However, addition of
unphosphorylated R domain fragments to constitutively active channels® 8, 9 or transferring
the R domain to the C-terminus does not inhibit channel function0. These results indicate that
the inhibitory function of the R domain is exerted only at its native location within specific
distance constraints. In contrast to the inhibitory role of the unphosphorylated R domain, its
phosphorylated form has been shown to activate the chloride channel. This was demonstrated
experimentally using a deletion construct (denoted as 8R CFTR) lacking most of the R
domain®: 8.9, Phosphorylated R domain segments corresponding to regions 645-834, 590-858,
and 708-831, stimulated 3R CFTR activity. Moreover, translocation of the R domain to the C-
terminal end of 6R CFTR restored the PKA sensitivity of the channel activitylo. However,
some studies suggest that the magnitude of the activating effect of the phosphorylated R domain
is negligible compared to the release of the inhibitory action based on experiments with severed
channelsll; 12

Although the mechanism of activation is not known, the increased negative charge upon
phosphorylation has been suggested to contribute to channel activation™. Direct introduction
of negative charges by mutation of serines and threonines to either aspartate13 or
glutamate14 resulted in activation of CFTR, although the open probability of those constructs
was only 40-50 % that of the fully phosphorylated wild type. These experiments did not
elucidate the role of specific phosphorylation sites required for activation. However, when
increasing numbers of serines were mutated to alanine the level of activation was progressively
decreased® 19 indicating additivity and perhaps redundancy of sites. Fourteen PKA sites in
the R domain and one in NBD1 need to be removed to produce a PKA insensitive CFTR®.
Sites 660, 700, 737, 768, 795, and 813 were shown to be phosphorylated in vivo 16-18
Mutations of sites 660 and 813, near the N- and C- terminal ends of the R domain, to alanine
resulted in the largest decrease of stimulated activity suggesting that these two sites may
contribute most to activation. Replacement of serine with alanine at position 737 or 768 was
reported to produce a channel with higher activity in both the non-phosphorylated and
phosphorylated state16: 19-21 These studies came to the indirect conclusion that these two
sitesare inhibitory in their phosphorylated state. It should be noted that there are also alternative
pathways to activate CFTR without phosphorylation, such as stimulation by cyclophilin A,
PIP2, and vitamin C22-25,

Several groups investigated structural changes in the R domain to help elucidate its role in
CFTR regulation. Slower migration of phosphorylated forms of CFTR or the isolated R domain
reflect conformational changes upon phosphorylation4! 16, 26 Phosphorylation dependent
conformational changes were also observed by circular dichroism (CD)9- 26 and Fourier
Transform Infra Red (FT-IR) spectroscopy27. The study of Ostedgaard et al.9 emphasized that
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the R domain does not contain well-defined secondary structure elements. These results,
observations of high susceptibility to proteolytic digestion, and more directly NMR
experiments28 indicate that the R domain is intrinsically disordered. The highly dynamic
nature of disordered proteins makes them competent to act as display sites for phosphorylation,
molecular recognition partners, and entropic chains (for review see <7 V). Entropic springs
or flexible spacers regulate intramolecular distance as in the case of titin PEVK domain3? or
MAP?2 projection domain32. It has been observed in the case of proteins regulated by
phosphorylation that the amino acid co gosition around their phosphorylation sites is similar
to those observed in disordered reglons This correlation may apply to the R domain where
disorder could help display the phosphorylation sites to both kinases and phosphatases.
Disordered proteins likewise contain preformed structural elements, also called molecular
recognition elements (MoRES), that promote interaction with binding artners3% 35 The R
domain interacts with other parts of CFTR and with other proteins36' 8. The disordered
property of the R domain is central to its regulatory role by providing a large interaction surface
and enabling rapid association and dissociation rates

Experimental methods commonly used to study disordered proteins in atomic detail (NMR,
H/D exchange, and limited proteonS|s39 ) are limited in their application to CFTR which
is a large membrane protein, difficult to express at high levels, purify, and reconstitute in a
functional form. Hence, we used computational methods to study the structural properties of
the R domain. In other proteins all-atom Monte Carlo S|mulat|ons have been performed to
describe disorder-order transitions coupled to bmdmg 1,42 Unconstrained MD methods also
have been used to gain insights into conformational ensembles of disordered

polypeptldes 3-48 Molecular dynamic simulations with time-averaged constraints over many
conformers have also been employed, although the lar ge computational cost limits this
approach to either short peptides or short time scales?9. A completely different technique,
TRADES0 (Trajectory Directed Ensemble Sampling), can be used to rapidly sample large
conformational space and has been applied successfully to characterize the unfolding of
proteins such as the SH3 domain®l. However TRADES is a geometrical method, and requires
experimental constraints to select populations of physically possible conformers. Since the R
domain peptide is large and Iackl 5gsln constraints, we have employed discrete molecular
dynamics (DMD) simulations®2 (Ding et al., submitted) and an all-atom force field
(Medusa54- 55 ) to generate an ensemble of three dimensional structures of the R domain at
the atomic level.

Conserved disorder patterns and secondary structure propensities suggest molecular
recognition elements within the R domain

We first mapped disorder-order patterns in the R domain of human CFTR. Two independent
computational disorder predictors were employed, the first based on supervised learning
algorithms (Disopred256: 57 , http://bionif.cs.ucl.ac. uk/dlsopred) and the second, on
estimations of pairwise interactlon energies (IUPred58' , http://iupred.enzim.hu). Similar
patterns of disorder were revealed by the two algorithms (Flgure 1(a)) providing some
confidence in the validity of the results. Although there are segments of the sequence with
distinctly higher and lower degrees of disorder, the magnitudes of the differences between them
are relatively small. Furthermore, the regions identified as more ordered still have relatively
low propensities for order. Thus overall, the patterns predicted indicate that the whole R domain
is intrinsicalgl disordered and highly dynamic, in good agreement with results of CD and NMR
experiments:

The disorder pattern within the R domain is also found to be conserved among species (Figure
1(b-c)). It is important to emphasize that although the sequence conservation of the R domain
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is much less than other parts of the protein (amino acid identity between human and
Xenopus full length proteins is 79%, while only 58% between the R domains), there is still
sufficient conservation to preserve the structural properties of R domains from different
species. The disorder patterns of human and Xenopus domains are seen to be very similar
(Figure 1(b)) except in one region (between alignment positions 60 and 80). It might be
speculated that this difference contributes to the experimentally observed difference in
sensitivity to PKA of human and Xenopus CFTR.80 To more extensively assess the degree of
conservation of the disorder pattern, a diverse set of R domains from many different species
were analyzed. As mammalian sequences are most abundantly represented among cloned
CFTR sequences, we did not employ all of them but selected only 23 of a total 48 to reduce
bias. Disorder values determined using IUPred across these 23 domains were averaged and
plotted in Figure 1(c). The two regions with large error bars (positions 51-70 and 105-110)
correspond to insertions in the R domains of marine species (n is only 3 or 4 in these positions).
Since most of the phosphorylation sites are located in disordered regi0n533, it could be that
the phosphorylation site spacing determines the disorder pattern. However, this apparently is
not the case because there is no such correspondence in other proteins with multiple
phosphorylation sites separated by distances similar to those in the R domain. These proteins
identified in an earlier study61, exhibit completely different disorder patterns. Thus the
conservation of the characteristic periodic positioning of more and less ordered regions in the
R domain does imply some level of functional relevance.

Transitions between ordered and disordered segments of disordered proteins often contribute
to Molecular Recognition Elements (MoRES) that constitute readily reversible interaction
surfaces which recognize and associate with their interaction partners. Although MoREs in
other proteins are characterized by much larger differences between the degree of order and
disorder in different regions, the possible existence of MoREs within the R domain is suggested
by the disorder pattern. However, the presence of MoRES can also be reflected in the secondary
structure patterns of proteins. In particular, it has been shown that secondary structure
propensities of disordered regions, which are formed upon interaction with binding partners,
can be identified computationally by secondary structure predictors35 such as GOR462,
ALB®3 and PROF64. The R domain secondary structure predictions of these in relation to the
phosphorylation site locations are shown in Figure 1(d). Sequences proximal to most of the
phosphorylation sites are predicted to form alpha helices while extended strands are predicted
around the sites at serines 712 and 753. These are in excellent agreement with most of the
predicted alpha-helical propensities (such as those around residues 768, 733-739, 904-814, and
828-835) and the B-sheet propensity of sequences around residues 712 and 753 in the NMR
study of Baker and coworkers28, These findings reinforce the suggestion from the disorder
patterns that segments of the domain may serve as MoREs, the binding properties of which
may be regulated by the phosphorylation state of adjacent sites.

Simulation of possible R domain 3D structures

High resolution 3D structural information is not available for either the R domain or the intact
CFTR protein. Therefore, to gain further insight into mechanisms whereby the conserved
patterns of order, secondary structure, and phosphorylation sites within the globally disordered
R domain may control CFTR channel activity, we generated an ensemble of low energy
representations usin DMD>2; 65, 66, a rapid sampling algorithm and an all atom force field
called Medusa®% 95 67 we clustered the decoy set, which consists of low energy members,
to identify dominant features of the more ordered R domain conformers within the disordered
state ensemble. Shown in Figure 2(a) are the cluster centroids, where backbone thickness is
rendered proportional to the average per residue RMSD. Although, the radii of gyration (Rg)
do not vary greatly from ~ 18A (Table S1), the average intra-cluster RMSD values (Figure 2
(a)) indicate that different conformers have been sampled. These conformers appear more
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compact than what may have been envisaged for such a generally disordered domain. However,
there are other examéales of collapsed and non-random structures in disordered proteins such
as alpha-synuclein6 and polyglutamine protein569. Other disordered proteins including
GccH, tropo M and Nbi6 exhibit compactness typical of a molten globule state’0. Thus
although the R domain in the whole multidomain CFTR protein could be less compact than
our computationally derived low energy conformers, it is important to realize that disorder
need not dictate a non-compact configuration. The secondary structure content of the clustered
R domain decoys was also analyzed gFigure 2(b)). The alpha helical propensities are very
similar to those reveled by NMR data 8 (for example peaks at residues 660-770, 737, 768, and
810), supporting the validity of the computed conformers. Although the B strand propensities
are more discrepant, there are several possible explanations of this (see Discussion). Because
changes in interactions between residues within the R domain may be important to its
regulatory role, we also calculated the contact maps of the clusters (Figure 2(c)), which can
serve as a guide for mutagenesis to determine positions of intradomain interactions
experimentally.

Phosphorylation increases R domain size

Since our simulations imply that the R domain may be more compact than had been anticipated,
we wondered if phosphorylation, as well as altering local secondary structure propensities,
might also change the overall size of the domain. Since phosphorylated amino acids cannot be
modeled in DMD simulations, we employed serine to glutamate substitutions to mimic
phosphorylation as is commonly done experimentally13' 14 As shown in Figure 3, these
substitutions do increase Ry values. Although the change in the distribution is relatively small
it is statistically significant (Kolmogorov-Smirnov test P value = 0.03). Introduction of
carboxylate residues generally serves as only a partial mimic of phosphorylation and S—E
substitutions in the R domain of intact CFTR causes far less channel activation than
phosphorylation13v14. The influence of phosphorylation on p53 has recently been proposed
to occur in a similar manner by promoting open conformers of its transactivation domain®’.

Distance constraint model of R domain function

The disordered nature of the R domain has fostered a notion that it may be a loosely-formed,
segmented region of the protein in which phosphorylation-induced modulation of local
elements adjacent multiple phosphorylation sites alters their interactions with sites elsewhere
in CFTR. The data of Baker et al.28 support such a mode of action. However, the overall
mechanism is still unclear. Our computational findings that the R domain has the potential to
form a fairly compact structure whose size may be increased by phosphorylation as well as
published electrophysiological datall are consistent with a role of the domain as a distance
constraint between the two halves of CFTR which it separates. These spatial changes are
postulated to alter the packing of membrane-spanning helices or their susceptibility to the
impact of ATP binding to the NBDs. We hypothesize that the regions with higher order
tendency are most likely to form interactions with other parts of CFTR to inhibit channel
opening in the non-phosphorylated state (Figure 4(a)). Upon activation, the phosphorylation
at serine and threonine residues by PKA has several consequences. First of all, those amino
acids gain negative charge from the phosphate moiety. Phosphorylation may also affect the
structure by changing the secondary structure of some regions, which eventually leads to
reorganization of intramolecular interactions. Ostedgaard et al.9 showed that in the presence
of TMAO, an osmolyte promoting protein folding, there was an increase in alpha helical content
in the non-phosphorylated R domain but not in the phosphorylated domain. This observation
suggests decreased helical propensity in the phosphorylated polypeptide as originally shown
by Dulhanty et al.26_ A recent NMR study also demonstrated a decreased helical tendency
upon phosphorylation of the R domain28. The most likely outcome of all of these changes is
the extension and increased mobility of the R domain, which in turn may cause the reorientation
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of the transmembrane helices (Figure 4(b)). Other activation events (Figure 4(c)-(e)) may
similarly change the distances between the cytoplasmic parts of the transmembrane domains
and lead to the rearrangement of transmembrane helices (see below).

Discussion

The R domain product of the largest exon in the CFTR gene is the most unique feature of the
ion channel, distinguishing it from all other known ABC transporters. There is strong evidence
that its role is to provide tight quantitative control of the level of channel gating activity since
in its absence the channel gates continuously, precluding its crucial regulated physiological
function. The molecular mechanism whereby this control is exerted is not yet understood. In
this study we focused on the contribution of the disorder-order pattern of local segments within
the globally disordered domain as well as on the properties and response to phosphorylation
of computationally derived low energy conformers of the domain.

With respect to the first aspect, the relatively lower sequence identity among R domains of
different species compared to other domains of CFTR is apparently sufficient to provide
conservation of structural organization including the disorder-order pattern. This conservation
is also reflected in the distribution of secondary structure elements predicted either from
sequence or a computed low energy conformer ensemble. Both the more ordered and the more
structured segments are characteristic of molecular recognition elements34 35 and hence are
likely to participate in interactions with sites elsewhere in the protein. Their conformation and
binding properties may be regulated by phosphorylation of adjacent phosphorylation sites
similar to that which occurs in many other disordered proteins, such as the Kinase-Inducible
Domain of CREB®Y, the cyclin-dependent kinase inhibitor Sic162, and the transcription factor
Ets-163. In these cases phosphorylation promotes ordering and facilitates binding, while in the
R domain, phosphorylation is reported to decrease alé)ha helical propensity and to disrupt many
of its interactions with other parts of the molecule?3,

We aimed to characterize the disordered state ensemble of the R domain by generation of low
energy conformers of this polypeptide computationally. To compare members of our ensemble
with experiments, we compared the secondary structure distribution within the ensemble to
secondary structural propensities from NMR studies28. The location and probability of the
fluctuating a-helices are consistent with the experiments (Figure 1(d)). The propensity to form
strands in the DMD simulations (Figure 2(b)) are much larger compared to the NMR
experiments, however, it is in good agreement with an earlier CD study indicating much higher
B-sheet propensity (30%) compared to the helical propensity (10%)26. In the latter
measurements a significant portion of this helical content arises from the C-terminal part of
the NBD1, which was a part of the construct used in the CD experiments. Moreover, the Medusa
force field has not shown bias towards strands in any previous simulations. In fact, when we
applied cutoff values for the average of the helical and strand content (0.06 and -0.4 for helices
and strands, respectively), the extracted secondary structural pattern of the R domain is very
similar to both the propensities from the NMR experiments and the positions of helices and
strands located by the predictors (Figure 1(d)). In spite of this, some properties of the low
energy conformers such as their apparent compactness may not entirely reflect the R domain
structure under physiological conditions. This compactness also raises the question of the
accessibility of the phosphorylation sites to kinases and phosphatases. However a somewhat
compact R domain does not necessarily limit its dynamics which is probably sufficient to
expose the phosphorylation sites. Furthermore, phosphorylation of exposed sites may make
other, more buried sites accessible to kinases, as suggested by the different rates of
phosphorylation of different sites16, Additionally, cellular and macromolecular crowding
conditions may affect the compactness and secondary structure conformation of disordered
proteins, as suggested by in vivo experiments7Sv &3
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Crucial to the understanding of the regulatory function is the mapping of R domain interaction
sites within the domain and elsewhere in the molecule. The segments in the R domain biased
towards a-helices or B-sheets may interact with sites in R and/or in other domains. Interactions
within the R domain are suggested by non-uniform R relaxation rates in NMR
experimentsZB, which indicate restricted mobility by contact formation within and between
the dynamic secondary structural elements. The interactions with other elements,
corresponding to the ones also identified by NMR studies, were detected in in vitro experiments
in which only R and NBD1 were present.28 Since phosphorylation by PKA can promote
association between NBD1 and NBD2 in the whole CFTR protein71, the R/NBDL interactions
may be a part of the regulatory mechanism. However, channel gating is not entirely dependent
on the state of the interface between NBDs as it can occur in the complete absence of
NBD272: 73, Therefore, we postulate that R domain phosphorylation may more directly
influence channel gating by acting on the MSDs which constitute the channel pore.

Because we found also that reasonably compact low energy R conformers, generated
computationally, are increased in size on “pseudophosphorylation” by substituting carboxylate
residues at PKA sites (Figure 3), a change in the configuration of transmembrane helices (TMs)
within the MSDs may occur due to a change in the overall distance between sites on either side
of the enlarged R domain. Such a mechanism would be conceptually analogous to the activation
mechanism of multi-drug resistance (MDR) proteins, which are active transporter members of
the ABC family. Activation (drug-stimulated ATPase activity) of MDR proteins is initiated by
the interaction of hydrophobic drugs with sites formed by transmembrane helices’4-78. Drug
binding results in rearrangement of transmembrane helices’9-81 which in turn signals the
nucleotide binding domains to stimulate the enzymatic cycle. In our model of CFTR, similar
changes in helix packing would be required for activation, with the R domain playing a similar
role as the hydrophobic drug.

Activation modes alternative to phosphorylation are also consistent with this model. First, a
single peptide cleavage between the C-terminal end of the R domain and TMD2 increases
channel activity (Figure 4(c))11’ 12 Second, the addition of an R domain polypeptide to
phosphorylated CFTR is not inhibitory6v 8,9 Third, relocation of the R domain to the CFTR
C-terminus also has no inhibitory influencel0. Two of the PKA phosphorylation sites at serines
737 and 768 have been reported to be inhibitory rather than stimulatory 6,19-21 may be
postulated that these mutations destabilize important intramolecular interactions involving the
two hydroxyl amino acids (Figure 4(d)). The region between 737 and 768 is predicted to be a
more highly ordered part of the domain and probably contributes strongly to the inhibitory role
of the unphosphorylated R domain via interactions that keep it compact and less dynamic.
Cyclophilin A, a peptidyl-prolyl isomerase acts on three prolines between amino acids 737 and
768 activating CFTR without phosphorylation by PKAZ3, 24 This alternative mode of CFTR
activation agrees well with our model, in which the inhibitory intramolecular interactions in
this region are destabilized by the isomerization of prolines 740, 750, and 759 (Figure 4(e)).

Specific aspects of this model including changes in distances between residues in TMs will
become testable experimentally in conjunction with a high resolution structural model of CFTR
which we have generated recently82 as well as structural changes observed by electron
crystallography (R.C. Ford, unpublished observations).

Disorder predictions

Many collected predictors are available at http://www.disprot.org/predictors.php with
application of different algorithms for recognition of disordered region of proteins. In order to
gain higher confidence of prediction, we selected two predictors based on two different
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approaches. Disopred?2 (http://bioinf.cs.ucl.ac.uk/disopred) |mplements S ;Jport vector
machines and is trained on a non-redundant set of the PDB database®8 The cutoff value
is 0.05, which is the false-hit rate. The other server, lUPred (http://lupred.en2|m.hu), assesses
the capacity of polypeptides to form stabilizing contacts by estimation of total pairwise
interaction energies of residues®8: 99, In 1UPred the energy values are transformed into a
probabilistic score ranging from 0 (complete order) to 1 (complete disorder). Residues with a
score above 0.5 can be regarded as disordered. Values higher than the cut-off (0.05 and 0.5 for
DISOPRED?2 and 1UPred, respectively) indicate regions that have higher disorder propensity.
Both prediction methods give similar results of alternating high and low disorder tendencies
(Figure 1). Since IUPred performs extremely rapidly compared to other predictors and accepts
sequences with arbitrary length, we used it mainly in our studé/. Alignments to compare disorder
tendencies in different proteins were generated by clustalw 3. The following CFTR entries
were used from the UniProt database®% (http://www.ebi.ac.uk/uniprot): AOM8T4_FELCA,
CFTR_HUMAN, CFTR_HYLLE, CFTR_CALMO, CFTR_SAIBB, CFTR_CARPS,
CFTR_MICMU, CFTR_BOVIN, CFTR_SHEEP, CFTR_PIG, CFTR_RABIT,
A4D7T4_MACEU, CFTR_DIDMA, CFTR_ORNAN, CFTR_MOUSE, Q2IBD3_RAT,
AOM8U4_CHICK, CFTR_XENLA, CFTR_SQUAC, Q91AR8_SALSA, Q9W750_SALSA,
073677_FUNHE, AOM8W1_DANRE. Locally written scripts were used to calculate the
average and standard deviation at each position in the alignments. Alignments were edited and
colored in Jalview8®

Secondary structure prediction

Three different predictors already assessed on disordered proteins35 were used. GOR462
(http://npsa-pbil.ibcp.fr/icgi-bin/n bpsa _automat.pl?page=npsa_gor4.html) uses a simple
statistical algorithm, while ALB®3 (http://i2o.protres.ru/alb/alb.cgi) estimates short and long
range interactions between residues based on physicochemical properties of amino acids.
Prof64 (http:/lwww.aber.ac.uk/~phiwww/prof) is a more advanced method employing a neural
network algorithm using evolutionary information.

Generating structural ensemble of the R domain

A diverse and large pool of structures was generated from the linear R domain peptide re5|dues
656-836) using a dynamic sampling algorithm, discrete molecular dynamics (DMD)

7. DMD provides rapid and efficient sampling of conformational space com ared to
conventlonal molecular dynamics. We used Medusa, an all-atom force field®% S Detalled
description of the energy terms and the parametrization can be found in our recent work>4
The search for Iow energ/y conformers was performed by replica exchange DMD
simulations®4 in two steps. Replica exchange was employed to overcome energy
barriers between local minima and to efficiently search for states with low energy. In the ideal
case the simulation temperatures of replicas cover awide range, for ordered proteins both below
and above the T, but these types of simulations take a long time with a polypeptide of the
size of the R domain. To circumvent this problem, simulations were performed in two rounds.
In the first round, we sampled accessible conformers of the R domain in a higher temperature
range (0.5-0.78 &/kp). Then we constructed a preliminary decoy set composed of structures
with low potential energy values (< -450 €). Then each decoy in the preliminary set was
subjected to a second round replica exchange-DMD with exchange temperatures in a lower
range (0.3-0.58 &/ky). Our final decoy set consists of 92 low-energy structures (with energy
less than or equal to -750 &), which were relaxed in a final step of equilibrium simulation at
low temperature (0.2 &/k,). The sampled low-energy conformers allowed determination of the
characteristic properties of the more ordered R domain conformers within the disordered state
ensemble.
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Equilibrium simulations of WT and S—E R domain

An R domain mutant with S—E substitutions (S 660, 670, 686, 690, 700, 712, 737, 753, 768,
787, 788, 790, 795, 813 E) was generated by flexible backbone redesign using Medusa®4

5. First equilibrium simulations were performed at various temperatures on a few structures
to determine the melting profile of both the WT and the SE R domain. No discrete T, was
detected, which is characteristic of disordered proteins indicating the lack of cooperative
folding (data not shown). Then long equilibrium simulations at temperature 0.55 &/ky, were
carried out with one structure from each cluster. Structures and their properties were analyzed
as described below.

Analysis of clusters of R domain structures

To find the major conformations accessed by the R domain, decoys were grouped into clusters
using the k-means algorithm88, a simple unsupervised learning algorithm to solve clustering
problems. It clusters objects into k partitions based on attributes, which are assumed to form
a vector space. The k-means algorithm attempts to find centers in the data and minimize the
total intra-cluster variance. The distance (i.e. similarity) metric between two structures was
defined as the Co root-mean-square-deviation (RMSD). Clustering was done using MatLab
(MathWorks, Inc.) code. Weight of clusters was defined as the ratio of the number of elements
in a cluster and the total number of structures. In order to demonstrate the main properties of
clusters, standard deviations of atomic coordinates were calculated and projected onto the
centroid. The values were inserted into the B-factor column in the pdb file of the centroid
structure and displayed by PyMol (http://www.pymol.org).

We generated contact maps by defining a contact between two residues if their heavy atoms
are within a distance of 5 A. Contacts at each position were counted for each structure in a
cluster, normalized, and plotted (Figure 2(c)). For each residue, the numbers of contacts formed
in the structures within a cluster were counted, divided by the total number of structures in the
given cluster, and plotted.

Secondary structure was assigned using a method proposed by Srinivasan and Rose89.
Occurrence of each residue in the four types of secondary structural elements (coil, a-helix,
B-sheet, turn) was counted in the decoy set of each cluster. The values were averaged and
population weighted, then a-helix and B-sheet propensity values were plotted. To generate a
string representing the secondary structure content, cutoff values 0.06 and -0.4 were used for
helices and strands, respectively. The secondary structure string for NMR experiments was
extracted from Figure 2(a) in Baker et al.28 applying a cutoff of 0.15 for both helices and
strands.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SEQ ERRNSILTETLHRFSLEGDAPVSWTETKKQS FKQTGEFGEKRKNSILNPINSIRKFSIVQ
ALB ccecccHHHHHHHeccececceececececeeecoececeececceeceececeecceceececcccEREEe
Prof cccccHHHHHHHEEEECCCCCCCCCCCCCCCCCCCCCCccecceccecceccccccccEEEEEE
Gor HHHHHHHHHHHHHHcccccccccHHHcccecccHHHHHHHHHHccccccccccccEEEEEE
NMR HHHHHHHHHHHHHHcccEEEccccHHHccecccecceccecccEEEccecccceccecccccccEEEEce
DMD cccccHHHHHHHHHccccEEEEccccccEcEcccececcecccccccEEEEECCEEEEccecce
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SEQ KTPLOQMNGIEEDSDEPLERRLSLVPDSEQGEAILPRISVISTGPTLOQARRRQSVLNLMTH
ALB cccceccceccecceccHHHHHHecccecceccecceccccecccecccccEEEEcccccccccHHHHHHHHHce
Prof ccceccececcecccececcececcEEEEccccocceccccececcececececcccccccccHHHHHHHHHC
Gor cccceccceccccececccccHHHHHHHeccecccceccccceccEEEEcccccHHHHHHHHHHHHHHC
NMR cccceccceccecececcHHHcececeecceccEEEEEEEEEcccecccHHHEEeecccccHHHHE
DMD EEcccccceccccccEEEHHHEEEEEccccececcEEEcceccEcccecececccccccHHHHHHHe e
780 | 790 800 | 810 | 820| 830 |
SEQ SVNQGONIHRKTTASTRKVSLAPQANLTELDIYSRRLSQETGLEISEEINEEDLKECFFDD
ALB ccccecceccceccceccecccecceccceccccccHHHHHHHHHecceccccceccccHHHHHHHHeccceccecece
Prof ccccccececccecccEEEEEEEccccccccEEEEcccecccecceccccEcHeccccecccHHHecce
Gor cccccecceccccecccccHHHHHeccccccHHHHHHHHHHcccccHHHHHHHHHHcHHHHHHCC
NMR ccccececcccHHeccececcEEEEcEEcccHHHHHHHHHHHHHHHcccEEEccccccecececcecee
DMD cccccccEcceccecccEHHHHeccccHecccEEEccHHHHHHHHHcccceccecceccececececee

Figure 1. Disorder and secondary structure organization of the R domain

(a) Disorder predictors reveal varying degrees of disorder in the R domain. R domain sequence
was submitted to disorder predictors with fundamentally different algorithms (see Methods).
Regions with values above the cut-off value (0.5 for IUPred and 0.05 for DISOPRED?2) tend
to be more disordered, while segments with values below the cut-off are likely ordered parts
of the protein. Phosphorylation sites are marked with asterisks. (b) Comparison of disorder
propensities of human and Xenopus CFTR using IUPred. (c) Similarity of disorder of R
domains from 23 different species (right panel). Average and standard deviation of disorder

values at each position in the alignment are calculated. Regions corresponding to amino acids
656-836 in human CFTR are plotted. (d) Secondary structure prediction by GOR4, Prof, and
ALB correlate with the structure formed upon binding of a disordered protein or region to its
interacting partner. To gain insight into the secondary structure propensities of the R domain
its sequence had been submitted to these secondary structure predictors and region 656-836 is
depicted. Secondary structural propensities from NMR experiments28 and DMD simulations
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are extracted from the experimental and simulation data as described in Methods. c: coil, H:
helix, E: extended sheet, phosphorylation sites are bold and underlined.
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Figure 2. Ensembles of R domain structures

(a) A diverse pool of structures with low energy is generated using DMD and an all-atom
energy function, Medusa. All the decoys are clustered according to pairwise RMSD. Standard
deviations of coordinates of all structures in each cluster were calculated and mapped to the
centroid structure. Structures are colored blue to red from N- to C-terminus. Phosphorylation
sites are represented as spheres. Weights are calculated by dividing the number of decoys in
each cluster by the total number of structures (n=92). (b) Secondary structural content of all
the decoys were subtracted and population weighted averages were generated for each position.
Alpha helical probabilities are plotted in the positive, and the B-sheet propensities in the
negative region of the graph. (c) Contact maps of the most (upper diagonal) and the less (lower
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diagonal) populated clusters. Contacts are counted in all structures in a given cluster and
divided by the total number of decoys in that particular cluster.
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Figure 3. R domain size is increased by phosphorylation-mimicking S—E substitutions

Radius of gyration of the WT and S—E R domain are collected from trajectories of equilibrium
simulations. Histograms had been generated and Gaussian fitting is performed to determine
the peaks of the WT (18.2 A, 19.1 A) and the S—E (19.7 A, 22.1 A) distributions. Kolmogorov-
Smirnov test is used to verify the difference between the two distributions (P-value = 0.03). A
more closed conformation of the WT domain is depicted on the left (green), and a more open
conformation of the S—E R domain on the right (red).
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Figure 4. Working model for R domain function

(a) In the non-phosphorylated state, R domain regions with higher ordered tendency form
intramolecular interactions with the R domain itself and NBD1, maintaining a short distance
between the two ends of the R domain inhibiting channel gating. Serines and threonines are
important in the stabilization of this state. (b) Upon phosphorylation there is a net gain in
negative charge and conformational changes within the R domain. All of these alterations cause
reorientation of helices and signal transduction from the transmembrane to the nucleotide
binding domains to promote gating. (c) Severing CFTR C-terminal of the R domain abolishes
the distance constraint imposed by the R domain and leads to increased activation coupled to
reorganization of helix packing. (d) The slightly increased activity of unphosphorylated
Ser—Ala CFTR mutants may be caused by losing the stabilization provided by the hydroxyl
amino acid, Serine. The alanine substitutions result in a more extended conformation of the R
domain and therefore chloride channel activation. (e) The three prolines responsible for CFTR
activation by PPlase are located in a region with higher ordered propensity. The basis of this
alternative R domain activation pathway might be the weakened interaction between that region
and other parts of the R domain or NBD1 after isomerization.
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