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Abstract

The multi-domain scaffolding protein NHERF1 modulates the assembly and intracellular

trafficking of various transmembrane receptors and ion-transport proteins. The two PDZ domains

of NHERF1 possess very different ligand-binding capabilities: PDZ1 recognizes a variety of

membrane proteins with high affinity, while PDZ2 only binds limited number of target proteins.

Here using NMR, we have determined the structural and dynamic mechanisms that differentiate

the binding affinities of the two PDZ domains, for the Type 1 PDZ-binding motif (QDTRL) in the

carboxyl-terminus of CFTR. Similar to PDZ2, we have identified a helix-turn-helix subdomain

coupled to the canonical PDZ1 domain. The extended PDZ1 domain is highly flexible with

correlated backbone motions on fast and slow timescales, while the extended PDZ2 domain is

relatively rigid. The malleability of the extended PDZ1 structure facilitates the transmission of

conformational changes at the ligand-binding site to the remote helix-turn-helix extension. By

contrast, ligand-binding has only modest effects on the conformation and dynamics of the

extended PDZ2 domain. The study shows that ligand induced structural and dynamic changes

coupled with sequence variation at the putative PDZ binding site dictate ligand selectivity and

binding affinity of the two PDZ domains of NHERF1.

Introduction

In eukaryotic cell signaling, the PDZ domains constitute one of the most important classes

of cytoplasmic adaptor proteins that function as structural components of modular scaffolds

involved in mediating protein-protein interactions 1; 2. A prototypical PDZ domain possess a

αβ globular fold that binds specifically to linear carboxyl terminal peptides 3 and in rare

cases to internal β hairpin forming motifs 4 and lipids 5. The linkage of multiple PDZ
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domains with varying target specificities appears to be a familiar evolutionary strategy to

expand the vast repertoire of biological binding partners in macromolecular assemblies 1.

The mammalian NHERF family of proteins with two or more homologous PDZ domains

represents the functional synergy of similar scaffolds linked by a common chain in

regulating downstream signaling 6; 7; 8; 9.

NHERF1, also called ezrin binding protein or EBP50 10, consists of two PDZ domains and a

carboxy-terminal ezrin binding domain (EBD) juxtaposed with a PDZ motif (-FSNL358)

(Figure 1A). Association of Ezrin releases the autoinhibited conformation from intra-

molecular head-to-tail interactions between PDZ2 and the carboxy-terminal PDZ binding

motif in EBD 11; 12; 13; 14; 15; 16. The bivalent NHERF1 is active predominantly in

trafficking and function of a number of membrane proteins, including ion channels 7 and

GPCR coupled receptors 17; 18; 19 facilitated through association with ezrin and other ERM

(ezrin-radixin-moesin) proteins from the actin cytoskeleton 20.

A notable target of NHERF1 is the cystic fibrosis transmembrane conductance regulator

(CFTR) 21; 22, a chloride ion channel that regulates the flow of fluid transport across the

apical membrane of epithelial cells. Mutations or deletions in the CFTR gene have fatal

consequences on the stability and gating of the transmembrane ion channel, a leading cause

of cystic fibrosis 23. The Type 1 carboxy-terminal PDZ binding motif of CFTR (-DTRL)

mediates a crucial interaction with NHERF1, a component of the CFTR interactome 24.

NHERF1 has been demonstrated to stimulate CFTR activity by multimerization 25, regulate

endocytic recycling 26 and form heterologous complexes with β2 adrenergic receptors 27.

Overexpression of NHERF1 in human airway cells accompanied by increased cytoskeleton

organization has been demonstrated to rescue the most common genetic mutation ΔF508

CFTR targeted for degradation in the pathogenesis of cystic fibrosis 28.

Despite high sequence identity (58%), the PDZ1 domain from NHERF1 targets a

disproportionately large number of cellular binding partners (>50) compared to a far more

selective PDZ2 domain 29. So far the binding site sequence variation or static view of the X-

ray structures has failed to provide an adequate rationale for the extraordinary ability of the

PDZ1 domain to recognize diverse targets 30; 31; 32. Traditionally the high propensity for

mutations in the active site of the PDZ domains has been cited as the primary source of

ligand specificity 33; 34. However the generic target affinity and biological function of the

canonical PDZ domain can be altered dramatically by multiple factors, including

conformational dynamics of the isolated 35; 36 or coupled domains 18; 37 and unique

structural modifications 38; 39; 40; 41; 42.

Previously we have identified a novel helix-loop-helix extension in the PDZ2 domain from

NHERF1 that plays a critical role in transforming an unstable PDZ fold to a functional

scaffold with enhanced affinity for selected target peptides 14. The twenty residue extension

rich in hydrophobic residues is highly conserved across various species of NHERF1 and

hence very likely to adopt a similar structural role in each example (Figure 1C).

Interestingly, the alignment of the N-terminal PDZ1 domains revealed greater variation in

the carboxy-terminal sequence across species (Figure 1B). Based on the sequence identity
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along α3, we hypothesize that the PDZ1 domain is likely extended by similar helical

structure but the presence of α4 helix was not conclusive.

To confirm our hypothesis, in this study we have determined the boundaries of the PDZ1

domain of NHERF1 by NMR spectroscopy, and compared the ligand dependent structural

and dynamic changes in the extended PDZ1 and PDZ2 domains. Previous studies have

collectively demonstrated that the carboxy-terminal Type 1 motif (-QDTRL) of CFTR has a

significantly higher binding affinity for PDZ1 than the PDZ2 domain 11; 25; 43. To address

the role of sequence variations in dictating the selectivity of the binding site, we have

determined the solution structures of the extended PDZ1 and PDZ2 domains of NHERF1 in

complex with a consensus binding motif from CFTR consisting of five residues (QDTRL)

by NMR. Furthermore, the long-range impact of ligand induced allostery mediated by the

plasticity of the extended PDZ1 and PDZ2 structures were evaluated by measuring the

changes in amide nitrogen relaxation rates along the backbone. Our results reveal unique

intermolecular contacts at the ligand-binding site in concert with correlated motions on

multiple time scales in the extended PDZ structures, determined the relative promiscuity and

affinity of PDZ ligand binding.

RESULTS

Overview of the extended apo PDZ1 domain structure

Our previous structural study of the PDZ2 domain and the contiguous carboxy-terminal

region (PDZ2CT) by NMR spectroscopy revealed the presence of a novel α-helix-loop-

(310) helix motif (HLG) coupled to the putative PDZ2 domain (residues 154-231) 14. The

conventional PDZ2 (residues 153-231) domain is marginally stable with much lower affinity

for ligands than the extended PDZ2270 (residues 153-270) structure (Table 1). The

similarities in the carboxy-terminal sequence between the PDZ domains suggest the

presence of some helical structure extending beyond the putative PDZ1 domain (Figure 1).

Herein we describe the NMR structure of the extended PDZ1120 domain in solution, which

includes the prototype PDZ fold (residues 1-91) composed of a six stranded β-sheet linked

by helices α1 and α2 (Figure 2A and 2B). The ligand-binding cleft is enclosed between the

hydrophobic residues from β2, α2 and the highly conserved glycine rich (–GYGF-)

carboxylate binding (CBD) β1-β2 loop (Figure 2B). Similar to PDZ2270, the carboxy-

terminal thirty residues in PDZ1120 forms a HLG subdomain, consisting of α-helix (α3),

extended loop and 310-helix (α4) (Figure 2C). The long range contacts between the

domains are mediated by hydrophobic side-chain interactions involving β1 (Leu14), β6

(Leu89 and Val91) and α4 (Val106, Leu110 and Leu111) (Figure 2D). The hydrophobic

core is stabilized by additional interactions between the α3–α4 helices and several residues

(Phe8-Thr9-Pro12) from the unstructured N-terminus.

Favorable long-range electrostatic interactions between charged residues impart further

stability to the HLG extension (Figure 3). In the PDZ1120 structure, intra-helical i,i+4

charged side-chain pairs stabilize α3 and potentiate long range contacts between Glu61 from

β4 strand and Arg107 from the loop connecting α3 and α4 helices (Figure 3A). The single

Glu61->Gly61 mutation results in significant chemical shift perturbation in the entire HLG
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subdomain, including N-terminal residues, β4-β5 strands and α3-α4 helices (Figure 3C)

without any loss of secondary structure in the helices (Supplementary Figure 1). It is very

likely that the loss of the Glu61-Arg107 interaction increases the flexibility of the extended

loop connecting α3-α4 which in turn triggers some rearrangement within the HLG

subdomain.

Within usual limits 44, the length of the canonical PDZ1120 domain (residues 13-91)

superimposes with that of PDZ2270 (residues (153-231) structural ensemble quite well with

a backbone RMSD of 0.95 Å but is significantly worse, with RMSD of 1.5 Å when the HLG

extensions are included in the backbone alignment (Figure 2C). Despite the apparent

similarities in the secondary structure, the inter-helical packing in the HLG subdomain of

the extended PDZ1 and that of PDZ2 domains are quite different because of sequence

variation (Figure 1B & 1C). The notable substitutions include the two aromatic side-chains

in PDZ2270, Phe238 and Phe239, replaced by Gln98 and Leu99 in PDZ1120, respectively,

resulting in loss of hydrophobic packing (Figure 2D & 2E). Likewise the putative salt

bridge between Glu61 in PDZ1120 and Arg107 from the α3-α4 loop is modified by

corresponding mutation to Ser247 in PDZ2270. In a significant fraction of NMR structures

(>85%), the side-chain of Glu201 can reorient itself to form a hydrogen bond with Gln248N

while Ser247 is paired with His250 (His250Hδ1 – Ser247N and His250H – Ser247O) to

stabilize α4 helix (Figure 3B and Supplementary Figure 2B).

The combined effect of the various natural mutations on the conformation of the HLG

extension from the PDZ1120 domain is to make it more floppy compared to PDZ2270. The

dynamics are reflected by the unfavorable exchange broadening of multiple amide

resonances (Val106-Leu110) in the extended loop connecting the HLG helices.

In summary, the extended PDZ domains of NHERF1 share a stable binding scaffold

attached to a variable structural module tethered by long-range hydrophobic and electrostatic

interactions. The relative contribution of the variable motif to the overall stability of the

extended PDZ structures was evaluated from the mid-point of thermal unfolding (Tm)

reported in Table 1. The putative PDZ2 scaffold does not exist as an independent viable

structure and in this instance the significantly enhanced stability of the extended domain is

crucial and translated directly into much higher affinities for target peptides 14. Based on the

small increase in Tm values, the dynamic HLG subdomain from PDZ1120 appears to be

much less critical for the overall stability of the binding scaffold. While it has a modest

impact on the increased binding affinity for CFTR-C, the identification of specific disease

related mutations (L110V) in defective Parathyroid Hormone Type 1 Receptor (PTH1R)

function suggests the extended PDZ1 structure is essential for association with other

targets 19; 45. Based on our structure we hypothesize the smaller hydrophobic side-chain is

very likely to disrupt the marginally stable HLG subdomain and hence reduce affinity for

the PDZ binding motif from PTH1R 19. An open question is the extent to which any loss of

structure in the HLG subdomain increases the configurational flexibility of the linker

between the tandem PDZ domains and thus inhibits the assembly of a larger complex of

PTH1R and ezrin mediated by NHERF1. Structural characterization of the intact NHERF1

with its various targets is necessary to address these questions.
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Structural basis for Type 1 PDZ-binding motif recognition

The pentapeptide QDTRL in CFTR-C is a classic Type 1 PDZ-binding motif. The CFTR-C

peptide binds to PDZ1120 (Kd ~ 365 nM) with nearly three-fold higher affinity compared to

PDZ2270 (Kd ~ 1079 nM) (Table 1). Despite the large difference in binding affinities, the

chemical shift perturbation of the amide resonances suggests similar binding sites for the

peptide (Supplementary Figure 2). To understand how the binding site sequence variation

alters specific intermolecular contacts, we have determined the high resolution NMR

structures of the complexes of CFTR-C peptide bound to PDZ1120 and PDZ2270,

respectively, using standard NMR based methods (Figure 4). A summary of the statistics is

presented in Table 2.

The high backbone RMSD (~1.9 Å) of the structural superposition of apo and peptide bound

PDZ1120 revealed rearrangement in the hydrophobic core of the canonical domain coupled

to long-range conformational changes triggered in the HLG subdomain (Figure 4C). The

major difference between the structures is in the movement of the α2 helix by ~10° to close

the width of the binding cleft with the β2 strand. The conformational changes in the β-

sandwich structure are clearly propagated by the inter-domain contacts to the remote

structure. In contrast the binding scaffold from the PDZ2270 domain is superimposable (~1.0

Å) in the presence and absence of ligand with nominal realignment of the helices in the

remote structure (Figure 4F).

In both PDZ1120 and PDZ2270 complexes, the residues that are involved directly in binding

the peptide are highlighted in Figure 5A. The CFTR-C peptide is aligned within the putative

PDZ binding site in an extended configuration anchored by residues from β2 strand and α2

helix (Figures 5B-5E). In this particular configuration, the backbone of the C-terminal

residues are highly ordered by the formation of pairwise hydrogen bonds between the

peptide and the backbone atoms of carboxylate binding loop and β2 strand (Figure 5C and
5E), supported by the observation of intermolecular HN-HN and HN-Hα NOEs. The heavy

atom distances between potential hydrogen bond donor-acceptor pairs from NMR structure

are summarized in Table 3, along with those from the previously published X-ray structure

of the canonical PDZ1 domain complexed with an identical CFTR-C peptide 30; 46. There is

strong agreement between the NMR and the X-ray structures on the critical H-bond

interactions and the backbone heavy atoms (residues 13-91) are superimposable with RMSD

of 1.3 Å.

In the PDZ2270 complex structure, similar to PDZ1120 the ligand is secured primarily by a

network of hydrogen bonds between the carboxy-terminal oxygen atoms of Leu0 from the

CFTR-C peptide and the exposed backbone atoms of Tyr164 and Gly165 in the conserved

β1-β2 loop (-GYGF-) from the PDZ fold (Figure 5E). The methyl groups of Leu0 sterically

fit into a hydrophobic cavity encircled by the aromatic side-chains of Tyr164, Phe166 (β2)

and Ile219 (α2) in the binding cleft. The extended backbone of the peptide is reinforced by

additional H-bond pairs involving the β2-strand, Leu0 N-Phe166 O and Thr-2 O -Leu168 N

respectively. The peptide aligned along the length of the α2 helix makes multiple

hydrophobic contacts with Val216 and Ile219 that are strengthened further by H-bond

between Thr-2 Oγ1 and His212 Hε2 atoms (Table 3). Thus, the mode of recognition of
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crucial residues Leu0 and Thr-2, in the Type 1 motif are conserved in the two PDZ domains

of NHERF1. Indeed, mutating either residue in CFTR has a debilitating effect on its ability

to associate with NHERF1 21; 47.

Tuning PDZ domain peptide binding affinities by electrostatic interactions

The sequence variation within the binding site implies that PDZ1 and PDZ2 from NHERF1

will encode different binding affinities for various Type 1 motifs (Figure 5A). While the

generic peptide affinity is derived from hydrogen bonds formed between the carboxy-

terminal hydrophobic residue from the Type 1 motif with the carboxylate binding loop from

the PDZ domains, the affinity is evidently fine-tuned by variable interactions 33. Of

particular interest is the role of the charged residues Arg-1 and Asp-3 from the Type 1 motif

of the CFTR-C peptide and the nature of their interactions with the protein.

The electrostatic surface map of PDZ1 domain shows excellent complementarity exists

between the charged side-chains of the peptide and protein at the complex interface (Figure
6A). In the PDZ1120 complex, the bidendate guanido group of Arg-1 is strategically located

with respect to its ability to form H-bond with the Glu43 COO- group. Likewise, the Asp-3

COO- group is favorably positioned to interact with both the imidazole group of His27

(Figure 5C) and Arg40 side-chain (Figure 6A). Key natural mutations in the PDZ2270

binding site eliminate the favorable electrostatic interactions between the peptide and PDZ1

domain. The Glu43->Asp183 substitution in the PDZ2 α1 helix is detrimental to the

formation of a typical H-bond with the penultimate Arg-1 by increasing the average distance

between the heavy atoms consistent with molecular dynamics simulations 48. Based on the

donor-acceptor distances, the His27->Asn167 substitution in PDZ2 very likely favors H-

bond formation between the Asn167 ND2 group and the peptide backbone instead of the

Asp-3 COO- group (Table 3). In this case Asp-3 COO- group can rearrange to interact with

either His169 (Figure 5E) or Arg180 side-chains (Figure 6D).

In order to rationalize the nearly threefold higher binding affinity of the CFTR-C peptide for

PDZ1120 compared to the PDZ2270 domain, we have measured the impact of the two

mutations, His27->Asn27 and Glu43->Asp43 on the affinity (Table 1). The dramatic loss of

ligand affinity imposed by the single mutation Glu43->Asp43 in PDZ1120 conclusively

proves the importance of preserving the H-bond with the positively charged Arg-1 side-chain

from the CFTR-C peptide. In contrast, the His27->Asn27 mutation shows a modest decrease

in binding affinity, reflecting the elimination of a relatively weak salt bridge. The low target

affinity of the double mutant confirms that Glu43 in PDZ1 is crucial for high binding

affinity of Type 1 motif, with a positive charge at the penultimate (P-1) position from all

peptide sequences.

Interestingly, the impaired association between the intact CFTR-C domain and the double

mutant of PDZ1120 (~1100 nM) is recovered dramatically in the PDZ2270 domain (~267

nM), despite sharing identical binding site contacts involving β2 strand, α1 and α2 helix

(Figure 5A). Furthermore, the CFTR-C domain binds to the PDZ domains in a length

dependent manner 43 and this trend is most notable for the PDZ2270 domain whose affinity

for the peptide is drastically reduced by a factor of three (Table 1). To map the site for

potential upstream interactions that could augment the overall affinity, we compared the
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chemical shift perturbation between the extended PDZ domains in complex with the

pentapeptide and the longer 70 residue CFTR-C domain. The survey of the backbone

chemical shift perturbation revealed the putative binding sites of the peptide and the longer

CFTR-C domain overlap with the most significant differences located in the β2-β3 loop

region of the complex (Figure 6C and 6F). The upstream sequence from the longer CFTR

carboxy-terminal tail has an unusual repeat of acidic residues (-KEETEEVQDTRL). As

revealed by the electrostatic surface map of the PDZ2270 domain (Figure 6D), the positively

charged cluster from the β2-β3 loop (K172, K174) and surrounding residues (R198, Q196

and Q211) collectively present a favorable binding patch for the negative charge. The

overall binding affinity is enhanced by the contribution from favorable electrostatic

interactions compensating for any loss of the Glu43 and Arg-1 salt bridge within the

PDZ2270 binding pocket. The weakening of these secondary interactions involving the

upstream sequence in the PDZ1120 domain offers a plausible explanation for the modest

length dependence of affinity (Table 1).

Therefore, both PDZ1120 and PDZ2270 of NHERF1 recognize the Type 1 motif from the

CFTR-C peptide but the affinities are modulated by distinct structural features. The

PDZ1120 binding scaffold is malleable and the sequence along α1-α2 and β2-β3 optimized

for recognizing the carboxy-terminal four residues (-DTRL) from CFTR-C resulting in high

affinity. In contrast PDZ2270 captures the primary anchors Leu0 and Thr-2 from the Type 1

motif without any conformational change. The binding site sequence is not optimized for

either Arg-1 or Asp-3 leading to reduced peptide affinity. Nevertheless, the loss of affinity is

recovered by favorable electrostatic interactions between the β2-β3 loop in PDZ2, and the

negatively charged upstream sequence from the intact CFTR-C domain. Thus, the ability of

either PDZ1 or PDZ2 domain to form favorable electrostatic interactions with the target

peptide is important for selectivity, and plays a pivotal role in fine-tuning the binding

affinity. The charge distribution at the binding surface is also crucial for electrostatic

steering of ligands to the appropriate PDZ domain.

Sequence dependent ligand-binding specificities of PDZ domains

The NHERF1 PDZ1 domain is highly promiscuous and capable of binding to a broad array

of peptide sequences, while PDZ2 recognizes fewer ligands 48; 49. One approach to

rationalize this observation is to employ the vast network of known PDZ interactions to

identify the amino acid propensities in the target sequence for each domain. A quantitative

measure of the amino acid probabilities is represented by the position weight matrix

calculated for each binding pocket associated with a particular position along the

sequence 34 (Figure 5G). The veracity of the analysis was confirmed by the strong

preference for Leu0 and Thr-2 at the invariant positions of the typical Type 1 PDZ motif. The

high probability of these side-chains is in agreement with the conserved intermolecular

contacts observed within the real CFTR-C peptide-protein complex structures. The most

glaring difference between the domains is dictated by the remarkable lack of specificity for

any single type of side-chain in the P-1 binding pocket of the PDZ1 domain which as noted

earlier, plays a critical role in improving the overall binding affinity. The ability to

accommodate diverse residue types can be reasoned from the versatile binding pocket

enclosed by a cluster of hydrophobic side-chains (Phe26, His27, Leu41) and the fortuitous
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proximity of H-bonding partners (His27, Glu43). In the PDZ2 domain, the predominantly

polar character of the P-1 pocket (Phe166, Asn167, Ser181 and Asp183) is detrimental for

typical hydrophobic side-chains. Instead it has unusual affinity for the amphiphilic side-

chain of Tryptophan entirely consistent with experimental scanning of peptide libraries 22.

Owing to sequence variation around the P-3 binding pocket, this particular position in the

target shows little specificity.

Thus, the hydrophobicity of the P-1 pocket is one of the contributing factors in the broad

specificity of the PDZ1120 domain and when combined with favorable electrostatic pairing

of side-chains from the target offers a powerful strategy to attract various ligands with high

affinity.

The extended PDZ1 structure is more dynamic than PDZ2

In order to assess the effects of protein plasticity on ligand recognition and binding affinity,

we have measured the field-dependent amide nitrogen relaxation rates of the extended PDZ1

and PDZ2 domains in the presence and absence of ligands. The relaxation data were

analyzed using reduced spectral density mapping approach 50; 51. Attempts to extract a

single rotational correlation time or diffusion tensor needed for Modelfree analysis 52 was

not possible owing to the presence of multiple timescale motions in the carboxy-terminal

30-40 residues of the extended PDZ1 and PDZ2 domains. Briefly, the width of the spectral

density function reflects the fluctuations of the amide bond vector on different timescales

with picosecond motions reported by elevated J(0.87ωH), sub-nanosecond motions by

depressed J(ωN) and slower microsecond exchange term by J(0) scaling rapidly with field

strength 50.

Based on the above criterion for extracting an approximate timescale for internal motions,

the elevated profile of J(0.87ωH) values along the backbone of apo PDZ1120 in the mobile

loops (β2-β3 and α2-β6) and disordered termini, show the presence of picosecond motions

(Figure 7A). Slower microsecond motions were detected in the extended region between α1

and β4 as indicated by the higher than average J(0) values (Supplementary Figure 4A).

The flexibility of the loops has important implications for the configurational rearrangement

of the binding site triggered by the bound ligand in PDZ1120. In the HLG extension, both

J(0.87ωH) and J(0) values deviate significantly from the average, but J(ωN) remains

constant (Supplementary Figure 3A). This trend reflects a dynamic secondary structure

with fast picosecond motions in the presence of much slower conformational exchange in

the microsecond regime (Figure 7C). The contribution of the exchange term in J(0) is

reflected by the rapid scaling of the values at higher field (Supplementary Figure 4A).

In PDZ2270, the nearly uniform relaxation profiles at the three frequencies of motions

suggest limited mobility in structured regions with the exception of fast picosecond motions

in the flexible β2-β3 loop and the termini (Figures 7D-7E and Supplementary Figures 3B
& 4B).
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Effects of ligand binding on the dynamics of PDZ1 and PDZ2

In the ligand binding site of the PDZ1120 domain, the overall trend of J(0.87ωH) remains

unchanged with the exception of increased flexibility in the β2-β3 loop (Figure 7A). The

rapid transverse relaxation rates (>20 Hz) of residues along the β2 strand (residues 25-30)

could not be measured by traditional CPMG experiments in the complex 53. The increased

mobility of the β2-β3 loop coupled to the movement of the α2-helix in the complex suggests

this strand may be responsible for a more flexible binding mode. Although the protein is

effectively saturated (>99%) at a protein:peptide ratio of 1:1.3 with a sub-micromolar

dissociation constant, the contribution of chemical exchange cannot be ruled out entirely.

The large amide chemical shift difference (Supplementary Figure 2A) when compounded

to relatively slow Kon 
25; 54 can result in non-negligible Rex terms 55; 56.

In the HLG subdomain, the systematic increase in J(0.87ωH) values along the α3-α4 helices

(Figure 7A) is accompanied by selective broadening of amide resonances (Thr9, Val91,

Leu102, Gln105) in the hydrophobic core (Figure 7B). The presence of ligand has no effect

on sharpening the amide resonances of residues (Val106-Leu110) from the dynamic α3-α4

extended loop which remains spectroscopically invisible. Thus, binding of ligand triggers a

conformational transition in the dynamic HLG structure, which essentially becomes even

more floppy in the complex.

The backbone dynamics of the peptide bound PDZ2270 domain is not perturbed compared to

the free-state, with the exception of the flexible β2-β3 loop whose fast picosecond motions

are quenched in the complex (Figure 7D). Thus, the ligand binding cleft has restricted

mobility along the backbone in PDZ2 domain with greater flexibility in the PDZ1 domain. A

significant difference between the two domains is observed in the flexible HLG extension

from the PDZ1120 structure. Unlike the compact PDZ2270 structure, the HLG subdomain in

PDZ1120 is dynamic sampling motions on multiple timescales. Most importantly, the

conformational dynamics in the remote HLG structure in PDZ1120 is not quenched, but

exacerbated by ligand binding through a long-range allosteric mechanism.

DISCUSSION

The structural and functional versatility of multi-PDZ domains plays a central role in cell

signaling, including the assembly and turnover of macromolecular complexes 57; 58; 59; 60. In

this study, we have focused on determining the distinct structural mechanisms employed by

the tandem PDZ domains of NHERF1 to differentiate between biological targets. Our NMR

structures reveal that the putative PDZ1 and PDZ2 domains of NHERF1 are both stabilized

by a novel carboxy-terminal HLG subdomain, through long-range hydrophobic and

electrostatic interactions. The improved binding capability of these extended PDZ domains

illustrate the importance of the distal structural appendages in regulating the activity of the

binding site remotely 14. Owing to high sequence homology between canonical PDZ

domains, frequently the presence variable structures at the termini are overlooked. Our

results substantiate an emerging theme that the sequence and structural propensity beyond

the canonical PDZ domains are remarkably diverse and critical for mediating PDZ

function 4; 61; 62; 63; 64; 65.
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The Type 1 PDZ-binding motif in the CFTR-C peptide, shares a common binding mode in

both PDZ1120 and PDZ2270 concurrent with previous findings 3;30. The peptide augments

the β-structure of the PDZ scaffold in an extended configuration. The carboxyl-terminal

Leu0 embedded in a hydrophobic cleft between β2-α2 forms the crucial locus of hydrogen

bonds, anchoring the peptide to the exposed backbone of the β1-β2 loop reinforced by a

second and equally important H-bond pair coupling Thr-2 Oγ1 with His72 Nδ2 in PDZ1 and

His212 Nδ2 in PDZ2. The charged (Arg-1 and Asp-2) residues from the Type 1 motif are

secured by distinct salt bridges to complementary side-chains from the β2-β3 strand and α1

helix in the binding site.

In the PDZ1120 binding site, the single H-bond between Glu43 (α1) and Arg-1 contributes

significantly to the overall affinity, which is reinforced by the weak association between the

triad of charged side-chains Asp-3, His27 (β2) and Arg40 (β3). In PDZ2270, the impact of

natural sequence variation at the corresponding positions (Glu43->Asp183 and His27-

>Asn167) drastically lowers the affinity for the short peptide. Hence, differences in

sequence at the binding site in PDZ1 and PDZ2 facilitate unique electrostatic contacts

within each domain that modulates the generic affinity encoded by the buried carboxyl

terminus. Nevertheless, PDZ2270 recovers its binding affinity for the longer, C-terminal

domain from CFTR suggesting secondary interactions extending beyond the typical

pentapeptide are equally important (Table 1). Indeed, our NMR based chemical shift

perturbation maps uncovered the negatively charged upstream sequence from the long

CFTR-C domain interacts favorably with a positively charged β2-β3 loop. The PDZ2

domain illustrates the length of the target peptide and its ability to complement the

electrostatic charge of the flexible β2-β3 loop are important factors in mediating ligand

recognition 66; 67 and the putative binding site may extend beyond the canonical structure 63.

To gain further insight into the broad specificity of the PDZ1 compared to PDZ2 domain,

we applied a bioinformatics based approach to calculate the probabilities of amino acids at a

particular position along the target peptide in each complex. The results of the analysis

revealed distinct preferences for the penultimate side-chain of the peptide at the PDZ1 and

PDZ2 binding sites respectively. In the PDZ1 domain, the P-1 pocket can accommodate

either charged or hydrophobic residues with comparable probabilities, but the corresponding

binding pocket of PDZ2270 favors a polar residue. The penultimate residue in the PDZ

binding motif is known to be vital for tuning the binding affinities and this conclusion was

also borne by our mutational studies 33. Hence the PDZ1 domain has relatively high affinity

for most Type 1 motifs. In PDZ2 domain, the high-affinity of binding to the longer CFTR

carboxy-terminal tail illustrates, other factors such as the electrostatic charge of the upstream

sequence are likely to be more important for certain targets.

Allosteric Effects in extended PDZ domains

Specificity in molecular recognition is frequently a close collaboration of the unique features

of the sequence moderated by dynamic allostery in protein structures 68; 69. The allosteric

network of PDZ domains 70 has been widely discussed as a model for dynamic

intramolecular communication between the primary scaffold and remote structural

elements 40; 61; 71. Frequently the absence of ligand induced conformational change in the
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immediate binding site of PDZ domains masks detectable changes in the molecular motions

along the backbone and side-chains at remote sites 36; 55; 61; 71.

In the presence of ligand, the PDZ domains of NHERF1 undergo distinct conformational

and dynamic changes underscoring a fundamental difference in the mechanism of ligand

recognition. The malleability of the extended PDZ1 domain facilitates both structural and

dynamic changes invoking the classic induced fit model for ligand binding. The binding

scaffold reorganized by the movement of α2 helix and the flexible β2-β3 loop is necessary to

sterically adapt to the side-chains of Leu0 and Thr-2 from the peptide. Similar

conformational changes have been observed in PDZ2 from the tyrosine phosphatase PTP-

BL 72 and other systems 54; 73. In fact the analysis of tertiary couplings in various PDZ

domains has shown the conformational flexibility of the α2-helix offers a selective

mechanism for allosteric regulation in ligand binding 74. Since the extended PDZ1 structure

is not modular, potential pathways for allosteric communication also exist between the

ligand binding and the distal surface. The cooperative long range interactions mediated by

clusters of residues propagate the conformational transformation triggered within the active

site to a pliable C-terminal structure that consequently becomes even more dynamic.

Aside from aiding an adaptable mode of target recognition, the ligand induced

conformational dynamics are also expected to modulate the entropic contribution to binding

affinity 75; 76. Several studies have demonstrated that the association of the PDZ domains

with peptides is mainly enthalpy driven with a variable entropic contribution 43; 61; 77; 78.

Despite the small size of the ligand, the relatively strong H-bonds consistently reproduce the

enthalpy change in the 2-7 kcal/mol range in most PDZ domains including NHERF1 43. The

net entropy change is a summation of the favorable contribution from desolvation and loss

of configurational entropy at the binding site 78. The alterations in the binding site of

PDZ1120, necessitates a tunable mechanism to dissipate any negative entropy of binding

facilitated by dynamic allostery observed in the floppy C-terminal structure. Thus the HLG

module contributes favorably to the overall target affinity but the positive enhancement is

arguably small for the isolated domain. In view of recent evidence from disease related

mutations located specifically in the helical extension and the linker region 48, any ligand

induced flexibility may be critical for the configuration of the tandem PDZ domains in

NHERF1 18; 37.

By contrast, the PDZ2270 structure presents an almost rigid and pre-organized scaffold to the

ligand with minimal structural rearrangement in the HLG module and little evidence for

long-range dynamic allostery. The absence of ligand induced conformational changes belies

the dramatic impact of the extended PDZ2 structure on binding affinity. Despite structural

homology with PDZ1, the canonical PDZ2 domain is thermodynamically unstable. The

notion of allostery in a structured network of interactions has been revised recently to

include numerous examples of binding induced folding in intrinsically disordered

domains 79; 80. In the case of PDZ2 domain, the corresponding energetic cost of binding

coupled to folding is presumably prohibitive resulting in drastically reduced affinity for

small peptides (Table 1). The extended structure mediates the stability of the canonical

binding site allosterically, and hence does not have to pay this thermodynamic penalty.

Therefore, CFTR-C has much higher affinity for the extended PDZ2270 domain. Evidently
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the absence of plasticity in the binding site limits further its ability to adapt to non-standard

sequences with debilitated affinity. A hypothetical question worth further investigation is

whether it is possible to regulate ligand affinity through conformational changes in the HLG

motif triggered by altered physiological conditions or phosphorylation state 91.

In conclusion, we have uncovered distinct mechanisms of structural and dynamic allostery

in the extended PDZ1 and PDZ2 domains from NHERF1 that have important implications

for target affinity and the configuration of the modular scaffold of NHERF1 37. A dynamic

structure coupled with favorable binding site sequence, are the two most important factors

responsible for the functional diversity of the PDZ1120 domain.

These findings have important implications for other members of the NHERF family of

proteins as well. Frequently the structural synergy of multi PDZ domains reinforces the

activity of the isolated scaffold and critical for transmitting long range signals along an

adaptable binding platform 2; 81. Further studies are necessary to elucidate the link between

conformational changes in the individual PDZ domains of NHERF1 and its ability to

sequester and release binding partners in supra-molecular assemblies.

Materials and Methods

Protein expression and purification

The human cDNA encoding NHERF1 PDZ1120 (residues 11-120) and PDZ2270 (residues

150-270) domains were subcloned into the pET151/D-TOPO vector (Invitrogen). The

human cDNA encoding carboxy-terminal residues 1411-1480 from CFTR was subcloned

into the pET151/D-TOPO vector (Invitrogen) or pET32a vector (Novagen). The proteins

were expressed in Rosetta 2 (DE3) competent cells (EMD Biosciences) at 37°C and purified

on a Ni2+ chelating column followed by gel filtration using a Superdex 200 10/300 GL

column (GE Life Sciences). The affinity tags of the purified proteins were cleaved by

AcTEV Protease (Invitrogen) before gel filtration purification.

Uniformly 15N/13C enriched proteins, were expressed in M9-minimal medium

containing 15NH4Cl (Cambridge Isotope Laboratories) and [13C6] glucose as sole nitrogen

and carbon source, respectively. Unlabeled peptide (QDTRL) was purchased from

GenScript. All NMR samples were prepared in a buffer containing 20 mM Tris at pH 7.5,

150 mM NaCl, 0.5 mM dithiothreitol, 0.5 mM EDTA and 90%H2O/10% D2O. Protein

concentration was determined from the molar extinction coefficient at 280 nm and typically

ranged from 300 to 400 μM. Protein-protein and protein peptide complexes were typically

prepared by mixing 13C/15N-labeled protein with unlabeled partner at slightly more than 1:1

molar ratio. The larger PDZ complexes with intact CFTR-C domain were mixed and co-

purified over a sizing column.

NMR Spectroscopy

The NMR data were acquired at 15°C on Bruker AVANCE spectrometers equipped with

TCI/TXI CryoProbes™ at field strengths ranging from 500-900 MHz. A standard suite of

backbone and side-chain experiments were employed for chemical shift assignment of the

isolated PDZ1120 and PDZ2270 domains and their respective complexes with the peptide and
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the CFTR-C domain 82; 83 . Distance restraints required for structure calculations were

obtained from 100 ms mixing time 15N-edited and 13C-edited 3D-NOESY-HSQC (aliphatic

and aromatic region) spectra supplemented by 4D-(C13, N15) HSQC-NOESY-HSQC and

4D-(C13, C13) HSQC-NOESY-HSQC spectra. The bound peptide was assigned using

2D-15N,13C f1, f2-filtered NOESY datasets acquired at 900 MHz . Intermolecular NOEs

were obtained from 2D-15N,13C f2-filtered NOESY and 3D-15N,13C f1-filtered 13C/15N-

edited NOESY-HSQC experiment recorded with 100 ms mixing time.

The laboratory frame R1, R2 and 1H-15N NOE relaxation spectra were recorded according to

established methods 84 at 15°C and two field strengths (500 and 900 MHz). To minimize

systematic error, the relaxation experiments were acquired in an interleaved manner with the

variable relaxation delays ranging between 0.02-1 s for R1 measurements and 0.016-0.150s

for R2 measurements. Several time points were repeated to estimate the error in the intensity

measurements. A 5s recycle delay with 3s saturation was used in the heteronuclear 1H-15N

NOE experiments. The data were processed in NMRPipe 85 and analysed using NmrViewJ

8.0.3 86. The reduced spectral densities were calculated using published equations 51 and the

errors propagated from the uncertainty in the relaxation measurements.

Structure Calculations

The NMR data were processed in Topspin 2.1 from Bruker Biospin and analyzed in

CARA1.5 87. Three independent structures were calculated including those of apo PDZ1

domain and the ligand bound complexes of PDZ1120 and PDZ2270 domains respectively.

The NOESY crosspeaks were assigned with the assistance of CANDID routine implemented

in CYANA 2.1 88. The final ensemble of 1000 structures was generated with water

refinement in ARIA 2.2 and CNS 1.5 forcefield 89. Based on the lowest energies, the 20 best

structures were selected and further analyzed in PROCHECK_NMR 92 for violations. The

structural statistics of the ensemble of 20 best structures is reported in Table 2 along with the

PDB and BMRB submission codes respectively.

Surface Plasmon Resonance

The SPR experiments were performed on Biacore X100 (GE Healthcare Life Sciences, NJ)

at 15°C. The hydrogel matrix of the CM5 Biosensor chip (GE Healthcare Life Sciences, NJ)

was activated by N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide hydrochloride (EDC) (GE Healthcare Life Sciences, NJ). The activated

surface was coated with a 10μg/ml solution of the ligand, a 70-residue carboxy-terminal

fragment of CFTR dissolved in 10 mM sodium acetate at pH 5.2. The target immobilized

ligand level (RU) was calculated according to the formula:

where MW is the molecular weight. One hundred RU was used as an optimal analyte

binding capacity. Free ligand was washed away and the uncoated sites blocked by 1 M

ethanolamine at pH 8.5. The analytes (wildtype or mutant PDZ1120) were dissolved in HBS-

EP buffer containing 10 mM HEPES buffer at pH 7.4, 150 mM NaCl, 3 mM EDTA, and

0.005% surfactant polysorbate 20. The analyte was injected at a series of concentrations
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over the C-CFTR-coated surfaces at 30μl/min for 180 seconds. At the end of each injection,

the sensor chip was regenerated with 4.0 M MgCl2, 50 mM triethylamine at pH 9.15 and

washed with HBS-EP buffer.

Circular Dichroism Experiments

All protein samples of PDZ1 were dialyzed against 20 mM phosphate buffer at pH 7.5 with

150 mM NaCl and 1 mM DTT after purification. The protein concentration was measured at

280 nm using an extinction coefficient of 2980 M-1cm-1. CD experiments were performed

on JASCO J-180 circular dichroism spectropolarimeter. For thermal denaturation, PDZ1

solution was diluted to a concentration of 0.3 mg/ml. Ellipticity was measured at a

wavelength of 222 nm with a bandwidth of 1.0 nm, temperature dead band of 0.15°C,

temperature equilibration time of 1.0 min, and averaging time of 2.0 s. Temperature scans

were performed from 20°C to 70°C in 2°C steps.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

NMR studies were supported by NIH GM-66354, and the 900 MHz system was purchased with funds from this
grant, the Keck Foundation, and the member institutions of NYSBC. This work was supported by NIH R01
HL086496 (ZB), R01 GM047021 (DC), and 2G12 RR003060 from the National Center for Research Resources to
CCNY.

Abbreviations

CBL Carboxylate Binding Loop

CD Circular Dichroism

CFTR cystic fibrosis transmembrane regulator

CFTR-C carboxy-terminal domain of CFTR

CPMG Carr-Purcell-Meiboom-Gill

CT a disordered carboxy-terminal domain of NHERF1

EBD ERM binding domain

ERM ezrin/radixin/moesin

FERM 4.1 and ERM

HLG helix-loop-(310) helix motif

HSQC heteronuclear single-quantum coherence

PDZ postsynaptic density 95/disk-large/zonula occluden-1

PKC Protein Kinase C

PTH1R Parathyroid Hormone Type 1 Receptor
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NHERF Sodium/Hydrogen Exchange Regulatory Cofactor 1

NHE-3 Sodium/Hydrogen Exchange Type 3

NMR Nuclear Magnetic Resonance
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• Novel helical extension exists in both PDZ1 and PDZ2 domains of NHERF1.

• The extended PDZ domains are more stable than the canonical structure

• Binding site sequence variation and difference in plasticity dictate PDZ binding

affinity.

• PDZ1 is malleable with motions on multiple timescales, while PDZ2 is

relatively rigid.

• Distinct ligand induced dynamic and structural allostery observed in the

extended PDZ1 and PDZ2 domains.
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Figure 1. NHERF1 multiple sequence alignment
(A) Schematic representation of human NHERF1 consisting of tandem PDZ1 and PDZ2

domains with a mostly disordered carboxy-terminal (CT) domain. The CT domain has

overlapping Ezrin-binding (EB) and PDZ-binding motifs. The lengths of the putative PDZ

domains are indicated in the box and the extended structure by solid bars. (B) Multiple

sequence alignment of PDZ1, and (C) PDZ2 domains of NHERF1 from various species

generated by the program ClustalX 90. The conserved sequence in secondary structure from

the canonical domain is highlighted by grey boxes.
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Figure 2. Structural comparison of PDZ1120 and PDZ2270 domains
(A) Stereoview of an ensemble of extended PDZ1120 structures determined by NMR with

the canonical PDZ domain (residues 13-91) indicated in blue and the HLG subdomain in

gold. (B) Backbone representation of PDZ1120 domain with annotated secondary structure.

(C) Backbone superposition of the canonical domain from PDZ1120 (blue, residues 13-91)

and PDZ2270 (pink, residues 153-231). The corresponding RMSD of 0.95 Å is significantly

worse with RMSD of 1.5 Å when the HLG extensions are included in the alignment. The

unstructured amino- and carboxy-termini residues were excluded from the figure. (D)
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Hydrophobic and aliphatic side-chain contacts (green sticks) in the HLG extension from

PDZ1120, and (E) PDZ2270 domain.
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Figure 3. Overview of electrostatic interactions in the HLG subdomains.
(A) Intra-helical and long-range electrostatic interactions involving charged and polar side-

chains in PDZ1120, and (B) PDZ2270 domain represented by sticks color coded by type of

heteroatom. (C) Chemical shift difference plot between wildtype PDZ1120 domain and the

Glu61->Gly61 mutant at 15°C. The weighted difference was calculated using the relation Δ

√ ( (δHN)2 + (δN/5)2 ). The N-terminal residues and secondary structure (β4, β5, α3 and α4)

with significant chemical shift perturbation (>0.2 ppm, dotted line) in the mutant protein are

indicated by different box pattern.
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Figure 4. CFTR-C peptide (QDTRL) bound PDZ1120 and PDZ2270 structures
(A) Stereoview of the ensemble of 20 best NMR structures of PDZ1120 in complex with

CFTR-C peptide (red). (B) Ribbon representation of single PDZ1120 complex structure. (C)
Backbone superposition of PDZ1 canonical domain (residues 13-91) in the presence (pink)

and absence of peptide (blue). The corresponding backbone RMSD (13-91) of 1.7 Å

increases to 1.9 Å when additional residues (13-110) from the HLG subdomain are included

in the alignment. (D) Stereoview of the CFTR-C peptide (red) bound PDZ2270 complex

structure. (E) Ribbon representation of single PDZ2270 complex structure. (F) Backbone
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superposition of PDZ2 canonical domain (residues 153-231) in the presence (pink) and

absence of peptide (blue). The corresponding backbone RMSD (153-231) of 1.0 Å increases

to 1.2 Å when residues (153-252) from the HLG subdomain are included in the alignment.

The stereoviews were generated in MOLMOL 2.1 91 and ribbons using UCSF Chimera

package 92.
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Figure 5. Overview of intermolecular interactions in the PDZ1 and PDZ2 peptide complexes
(A) Partial sequence alignment of the binding site residues from PDZ1 and PDZ2 domains

color-coded based on hydrophobic (magenta), H-bond (magenta), and variable electrostatic

(blue) interactions. Residues in the carboxylate binding loop are highlighted by the grey box.

(B) Structural ensemble of PDZ1120 (blue) binding site with CFTR-C peptide (red), and (C)
the corresponding intermolecular H-bonds (dotted lines) in a single structure. As per

established convention for annotating PDZ-binding motifs, the carboxy-terminal residue of

the CFTR-C peptide is ‘0’ and the amino-terminal Asp is ‘-3’ 3. For visual clarity the side-

chain of Arg-1 is not shown in the figure. (D) Structural ensemble of PDZ2270 (blue) binding

site with CFTR-C peptide (red), and (E) the corresponding intermolecular H-bonds (dotted

lines) in a single structure. (F) Binding curves of CFTR-C domain with wildtype and mutant

PDZ1120 domains from SPR measurements with the affinities reported in Table 1. (G)
Graphical representation of the position weight matrix (PWM) of amino acid propensities at

various positions (0 to -3) along the Type 1 PDZ motif calculated using published protocol

with details provided in Supplementary Material 34. PWM reported along the Y-axis is

effectively the logarithm of probabilities and hence no units are required. Residues
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associated with each binding pocket identified from sequence alignment are listed below the

plot with the natural mutations underlined.
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Figure 6. Electrostatic complementarity at peptide/protein complex interface
(A) The annotated electrostatic binding surface of PDZ1120 with peptide (yellow) showing

charged side-chain interactions. (B) Chemical shift perturbation of PDZ1120 bound to

CFTR-C domain painted yellow (>0.2 ppm) and red (>1.00 ppm) on the ribbon

representation of the protein backbone. (C) The weighted difference in amide chemical

shifts between the peptide and the CFTR-C domain bound to PDZ1120. (D) The annotated

electrostatic surface of PDZ2270 with bound peptide (yellow) showing charged side-chain

interactions. Polar residues (cyan) at the binding site with significant chemical shift
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perturbation are also labeled. (E) Chemical shift mapping of the CFTR-C binding site of

PDZ2270 domain using identical cutoffs described above for panel (B). (F) The weighted

difference in amide chemical shifts between the peptide and CFTR-C domain bound to

PDZ2270.
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Figure 7. Ligand induced dynamic changes in PDZ1 and PDZ2 domains
Backbone profile of the spectral density function calculated from relaxation measurements

at 500 MHz, for PDZ1120 in the presence (red) and absence (blue) of CFTR-C peptide. (A)
J(0.87ωH) and (B) J(0). (C) The radius-of-worm representation of the backbone of PDZ1120

in the absence of ligand is scaled by the amplitude of the J(0.87ωH) values. The fast

timescale picosecond motions are reflected by a thicker tube with residues undergoing slow

conformational exchange painted yellow. The presence of slower motions were detected

from the ratio of J(0)900/J(0)500 > 1.2. Resonances broadened beyond detection are colored

in red. In the panels (D)-(F) the corresponding graphs for PDZ2270 are displayed.
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Table 2

Statistics for NMR Ensemble of 20 Structures.

Constraints apo PDZ1120 PDZ1120+peptide PDZ2270 + peptide

Intraresidue 610
495 (12)

#
548 (35)

#

Sequential 590 461 (1) 562 (5)

Medium-Range 362 226 259

Long-Range 714 452 532

Intermolecular 25 27

Total 2276 1672 1968

Dihedral 112 118 122

PDB 2m0t 2m0u 2m0v

BMRB 18824 18825 18826

Precision
*
 (Å)

Structured Regions 0.52 ± 0.11 (1.03 ± 0.11) 0.52 ± 0.07 (1.08 ± 0.09) 0.48 ± 0.10 (0.89 ± 0.09)

Full Chain 0.64 ± 0.10 (1.14 ± 0.10) 0.63 ± 0.08 (1.20 ± 0.09) 0.68 ± 0.10 (1.11 ± 0.09)

Full Chain + peptide 0.63 ± 0.07 (1.20 ± 0.09) 0.67 ± 0.10 (1.12 ± 0.09)

Ramachandran
*

Favored regions 87.4% 85.8% 90.4%

Additional allowed regions 10.9% 12.8% 9.3%

Generously allowed regions 1.2% 0.6% 0.1%

Disallowed regions 0.5% 0.8% 0.2%

Energies (CNS/ARIA)

<Distance> (Å) d > 0.5Å 0.0 0.0 0.0

<Distance> (Å) d > 0.3Å 0.3 0.1 0.3

<Angle> θ > 5° 0.0 0.0 0.2

ETotal (kcal mol-1) -4492 ± 102 -4808 ± 121 -5199 ± 103

E(noe) 40 ± 1 29 ± 3 34 ± 2

E(vdw) -1001 ± 51 -1045 ± 17 -1122 ± 13

In PDZ2270 the structured regions include: β1(153-158), β2(166-169), β3(178-182), β4(198-202), β5(205-206), β6(225-231), α1(187-191),
α2(212-220), α3(233-241), α4(248-252), full chain (153-252) and peptide (3-5) were used in the RMSD calculations.

#
The bracketed numbers represent the peptide restraints.

*
The backbone (heavy atom) RMSD and Ramachandran plot were calculated for regular secondary structure elements. In PDZ1120 the structured

regions include: β1(13-18), β2(26-30), β3(37-42), β4(58-62), β5(65-66), β6(85-91), α1(47-51), α2(72-79), α3(93-100), α4(109-112), full chain
(13-112) and peptide (3-5) were used in the RMSD calculations.
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