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Association of the Cystic Fibrosis Transmembrane Regulator with CAL: Structural
Features and Molecular Dynamics

Andrea Piserchié,Abigail Fellows® Dean R. Madden;® and Dale F. Mierke*

Department of Molecular Pharmacology, &sion of Biology and Medicine, Brown Urersity,
Providence, Rhode Island 02912, and Department of Biochemistry, Dartmouth Medical SchooleHaxwew Hampshire 03755

Receied August 18, 2005; Rised Manuscript Receéd October 6, 2005

ABSTRACT. The association of the cystic fibrosis transmembrane regulator (CFTR) with two PDZ-containing
molecular scaffolds (CAL and EBP50) plays an important role in CFTR trafficking and membrane
maintenance. The CFTRmolecular scaffold interaction is mediated by the association of the C-terminus
of the transmembrane regulator with the PDZ domains. Here, we characterize the structure and dynamics
of the PDZ of CAL and the complex formed with CFTR employing high-resolution NMR. On the basis
of NMR relaxation data, the2 helix as well as th¢g2—33 loop of CAL PDZ domain undergoes rapid
dynamics. Molecular dynamics simulations suggest a concerted motion betweeg tidix and the
pl—p2 andp2—[3 loops, elements which define the binding pocket, suggesting that dynamics may play
a role in PDZ-ligand specificity. The C-terminus of CFTR binds to CAL with the final four residues
(-D~3-T-R-L9%) within the canonical PDZ-binding motif, between {2 strand and the2 helix. The R*

and D2 side chains make a number of contacts with the PDZ domain; many of these interactions differ
from those in the CFTREBP50 complex, suggesting sites that can be targeted in the development of
PDZ-selective inhibitors that may help modulate CFTR function.

Cystic fibrosis (CF) is a common lethal autosomal CFTR can thus be eliminated either by the ER quality control
recessive genetic disorder, generally correlated with abnormal(13) or by endosome-mediated internalization mechanisms
CI~ conductance at the plasma membrane of epithelial cells,(10). Misfolded or unstable CFTR mutants are rapidly
resulting in the disruption of fluid and ion homeostasis. The degraded through both pathways, with a consequent lack of
disease is caused by mutations occurring in the cystic fibrosischannels on the cell surface.

transmembrane conductance regulator (CFTR) génr@) Recently, two distinct molecules, EBP50 (50 kDa ezrin-
the most common of which is the deletion of phenylalanine b|nd|ng protein, also known as NHERF1, NB™ exchange
508 (AF508). CFTR is a transmembrane protein located regulatory factor-1) and CAL [CFTR-associated ligand, also
mainly on the apical surface of epithelial cel 6) and  known as PIST (PDZ protein interacting specifically with
functions as a cAMP-regulated, ATP-gated chloride channel TC10), GOPC (Golgi-associated PDZ and coiled-coil pro-
(6—8). Like many other glycoproteins, CFTR assembles in tejn), and FIG (fused in glioblastoma)], both PDZ (PSD-95,
the endoplasmatic reticulum, matures in the Golgi apparatus, piscs-large, Zo-1) domain-containing proteins, have been
and is finally delivered to the plasma membrane (se@ref jmpiicated in the regulation of CFTR trafficking. EBP50 is
for a review). The protein is internalized from the plasma |ocalized at the apical surface; it includes two PDZ motifs,
membrane into endosomes and then, depending on a compleyoth of which bind CETR 14). Through EBP50, CFTR is
set of regulatory interactions, either recycled back to the cell tethered to the cytoskeleton actin filamerit§)(and couples
surface or directed to lysosomes for degradatibd—12). with both thep2 adrenergic receptor and protein kinase A
(16). CAL, on the other hand, has a single PDZ domain that
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by simultaneous overexpression of a constitutively active NOESY experiments, with mixing times between 80 and 130
form of TC10, which leads to a redistribution of CAL from ms. The'H peptide chemical shift assignment was obtained
the TGN toward the plasma membrariB); Considering through 2DN-filtered TOCSY and NOESY experiments.
these findings, the PDZ domain of CAL may be a key target  Relaxation measurements were performed using inversion
for regulating CFTR trafficking. A molecule able to selec- recovery R;), CPMG [R;), and steady-stattH—'N NOE
tively bind the CAL PDZ domain without altering EBP50 experimentsA 4 srecycling delay and a 9.4 40 Hz/point
CFTR association would represent an attractive tool for resolution (prior to zero filling) were employed for all the
dissecting the complex mechanisms of CFTR trafficking, and relaxation experiments. F& measurements, eight inversion
for testing the hypothesis that CAL inhibition could enhance recovery experiments with delays ranging between 11.1 and
CFTR delivery at the plasma membrane, initially suggested 710.4 ms were employed; 11 delays between 16.3 and 179.3
by Cheng and co-workerd @, 17). ms were used to calculat. Fitting of the data was done

While the structure of the complex formed by the USing a LevenbergMarquardt routine and the following
C-terminus of CFTR with EBP50 has already been described Simple exponential:
(19), that formed with CAL is still unknown. Here, we Rg
characterize by solution NMR spectroscopy and computa- I(t) =Ae ™ 1)
tional methods the structure and dynamics of the CAL PDZ
domain and its interaction with the C-terminus of CFTR.
The analysis reveals several differences between the EBP5

The reduced spectral density functions were calculated
djsing the equations

and CAL binding interactions, which may serve as targets 3 3 _9'
for the design of specific inhibitors. = o TAm
3(0) 48 2B 1B IR
MATERIALS AND METHODS Aoy =12 0 ¢ | x|R 2)
J
Sample PreparationThe peptide (Glu’-Glu8-Val~5- avd@n) 0 0 1 Ruoe
GIn*-Asp3-Thr2-Arg~-Lelf) containing the C-terminus oA |
of CFTR was purchased from the Tufts University (Boston, |
MA) core facility. The CAL (AF450008) PDZ domain was = (NOE = 1R, (v./ NOE = AT 3
expressed as a decahistidine fusion protein. Isotopically Ruoe = ( Rrn7w) leg (3)

labeled proteins were expressed in M9 minimal medium

containing & BME vitamins (Sigma), 4 mg/L thiamine A = (y/47)%( h%4r %) B=(A%w?)

(VWR), and either 1% (w/v) glucose (Fisher) or 0.4% (w/ ol PHIN NH ’\IIE: 3A+B (4)
V) [*3C]glucose (Spectra Stable Isotope&)NH,Cl was used

to prepare M9 salts fofN labeling. Following metal-affinity  wherey, is the vacuum permeability antl is the chemical
and size-exclusion chromatography, protein was concentratedshift anisotropy 160 ppm). All the NMR spectra were
to approximately 1.5 mM in a volume of 300L. The processed with NMRPipe2() and analyzed with Sparky
resulting samples were dialyzed against a 50 mM phosphat 21).
buffer [40 mM NaCl and 10 mM dithiothreitol (DTT) (pH Structure CalculationsDihedral angle restraints were
5.5)] and transferred to Shigemi NMR tubes. A high DTT  gptained using TALOS2?). Backbone hydrogen bonds were
concentration was required to prevent protein precipitation. deduced by inspection of the temperature coefficients and
The NMR samples containing the ligand were prepared by implemented as ambiguous distance restraints. Similarly, side
adding solid peptide to the concentrated protein solution t0 chain chemical shift perturbations were included in the
yield peptide:protein molar ratios of up to 8:1. calculations as intermolecular distance restraints by assuming
NMR SpectroscopyAll NMR experiments were performed — a distance of 3.0 A between the perturbed protein moiety
at 25 °C on a Bruker Avance 600 MHz spectrometer and an unspecified portion of the ligand. The NOE intensities
equipped with a triple-resonance probe and a triple-axis were converted into distances using arf dependency
gradient unit. TSP was used as direct proton reference andassuming an error of 40% to accommodate all possible
as an indirect®C and®N reference. Backbone assignment uncertainties. Ambiguous NOEs or unassigned peaks were
was achieved through standard two-dimensional (2D) introduced into an ARIA Z3) protocol, including a final
IH—-1N HSQC, three-dimensional (3D) CBCA(CO)NH, refinement step with explicit solver24) run with CNS @5).
3D HNCO, 3D HN(CO)CA, 3D HBHA(CO)NH, and The resulting structures were analyzed using ProcheckNMR
3D HNCA experiments, while 3D HC(C)H-TOCSY and 3D and ProFit 26).
HC(C)H-COSY experiments were employed for the aliphatic  Molecular DynamicsThe GROMACS 27) package was
side chain assignment. Aromatic frequencies were identified employed to run all the MD calculations and analyze the
using 2D 'H—'H NOESY and 3D'H—'H NOESY-C trajectories. The simulations were 3 ns long, and the OPLS
HSQC experiments. Distance restraints for the CAL PDZ force field was used2@). The protein starting conformation
domain were obtained from 2DH—-'H NOESY, 3D was randomly chosen among the low-energy NMR struc-
IH—1H NOESY—'3C HSQC, and 3DH—'H NOESY—N tures. The protein was soaked with SPC water molecules
HSQC experiments with mixing times ranging between 80 (29) in an octahedral box having a 5.5 nm periodic image
and 100 ms!®N HSQC spectra were collected every® distance. A time step of 1 fs was used for velocity integration.
between 10 and 3%C to determineH]amide temperature  The neighboring list was updated every 10 steps using a grid
coefficients. Intermolecular NOEs between the protein and search; twin range cutoffs of 1.4 and 1.2 nm were used for
the ligand were obtained using 2B8C double-half-filtered Coulomb-like and van der Waals interactions, respectively.
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Ficure 1: Structure of the PDZ domain of CAL. At the left is a stereoview using the backbaneGCand N) atoms. The-helices are
colored magenta and thfestrands aqua. At the right is a secondary structure representation.

To reproduce the charge shielding encountered in the high-generated (Figure 1). On the basis of the statistical analysis
salt concentration buffers, sodium and chlorine ions were of the backbone dihedral angles and hydrogen bog@és (
added to neutralize each charged side chain. Temperatureg2), the ensemble of NMR structures has a resolution of 2.2
and pressure coupling were imposed to 300 K and 1 bar usingA.

time constants of 20 fs and 1 ps, respectively, through a The overall three-dimensional fold does not diverge
Berendsen thermosté8(). Experimental NOEs were applied  significantly from the canonical PDZ arrangement, character-
as time-averaged restraints using a 100 fs time constant andzed by twoo-helices and six antiparallgstrands organized

a 1000 kJ mol* nm~2 force constant. For principal compo-  into a-sandwich-like scaffold (Figure 1). These secondary
nent analysis, the €atom coordinates along the trajectory structure elements are well-defined (rmsd of 0.50 A fitting
were fit to an average structure, and the covariance matrix backbone heavy atoms against an average Structure), a|th0ugh

was then calculated: the C-terminal end of tha2 helix appears to be less ordered
. . . (rmsd of 0.8 A). The resolution drops significantly in the
Gy = [0 Bki[ﬂ(xi 00 loops; the backbone dihedral angles found in the disallowed

(1.9% of the total) and generously allowed regions (2.7%)

The matrix was diagonalized, providing the principal . . .
modes (eigenvectors) and their corresponding eigenvalues.Of the Ramachandran plot originate in these portions of the

The principal componertsar e proecion of e daiaon 1SSV, SUI0USH e O v 55 e, e
the eigenvectors: , 9

B-turns, specifically in thgg3—al loop (P'%-G3%9), al—f4

p=R"(x — X[ loop (VE2-G329), andpB4—pf5 loop (N32GS333), Additionally,
in more than half of the ensemble of structurgdurns are
whereR is the matrix of eigenvectors. observed in thegg1—[2 (D?®-H?89) and f2—[33 (K?°%-E3%0
and H9-G3%) |oops.
RESULTS NMR Relaxation Studies of the CAL PDZ Domain.
Determination of the NMR Assignment and Structure of Relaxation rates have been measured for 61 residues, as
the CAL PDZ DomainAt the millimolar concentrations illustrated in Figure 2. As mentioned above, both longitudinal

employed for the NMR experiments, the CAL PDZ domain and axial relaxation constants are abnormally high for a
is partially aggregated, as indicated by the relatively long Protein in the 12 kDa range. Interestingly, tRevalues are
apparent correlation time (trimmed average of 10.5 ns sequence-dependent (commonly observedRi@nd NOE).
calculated from theRo/R; ratios) and size exclusion chro- The particularly higiR; value observed for?P*immediately
matography elution time (data not shown). Even at lower suggests the presence of chemical exchange. Fitting the data
protein concentrations<50 «M), aggregation (line broaden- ~ With the model-free approach3%-36) produced order
ing) was still evident, although to a lesser extent. Importantly, Parameters close to 1 with generally poor “goodness of fit”
the spectra do not indicate any structural differences, or for all models tested. This formalism has a number of
differences in ligand binding, as the concentration is in- advantages; however, it cannot be applied if the molecule
creased. Nevertheless, despite the consequent low quality ofXhibits aggregation3(7), as is the case here.

the NMR spectra, the majority of the backbone and side chain Reduced spectral density mapping was then employed for
resonances of the PDZ domain (residues-2382) have a more qualitative analysis of the dat8{45). The J(0)
been assigned. Exceptions are the amides of residues locateflinction is characterized by quite uniformly high values, with
in the $1—/32 loop (H® and B89, at the beginning of the  the exception of that of 2?5. Chemical exchange is certainly
B2 strand (12°%, G?°2 and P°9), and in the32—;33 loop (B9, associated with 2 and is most likely affecting those
which could not be detected in ad$N HSQC-like experi- residues in thes1—52 loop andf2 strand whose amides
ment. Approximately 13.5 distance restraints per residue werecan be observed in the bound conformation, but not in the
obtained from NOESY experiments, and 102 dihedral free protein. Lower-than-averagf0) values are observed
restraints were derived from the chemical shifts. For 31 for the largeal—54 anda2—/6 loops. As anticipated, the
backbone amide protons, hydrogen bonding interactions werepatterns forJ(wyn) and J(wy) are the opposite of those
identified from temperature coefficient81). From these observed forJ(0) (46). This is particularly evident in the
data, 15 structures fulfilling the experimental restraints were case of the)(wy) function, where values are generally lower
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Ficure 2: NMR relaxation data (NOER,, andR;) measured for Ficure 3: Reduced spectral density functionk(), J(wn), and
the PDZ domain of CAL correlated with the secondary structure Javww)], measured for the PDZ domain of CAL.
elements.

matrix (in our case restricted to thexGtoms) generates a

in the core of the regular secondary structure motifs and new reference system where the covariance is zero for each
increase as one enters the loops. A careful analysis of thecouple of coordinates. The eigenvalue represents the dis-
Javwn) function is more difficult, as in many cases the placement (variance) along the direction defined by the
uncertainty is on the same order of magnitude as the corresponding eigenvector. In this way, the biologically
calculated spectral density values; however, in general, arelevant motions typically characterized by wider amplitudes
pattern similar to that fod(wy) is observed. and therefore higher eigenvalues can be isolated from the
Molecular Dynamic Simulations of the CAL PDZ Domain. lower-amplitude fluctuations. The projections of the trajec-
The PDZ domain does not undergo any major structural tory on the eigenvectors are called principal modes, while
changes during the 3 ns simulation, illustrated by an rmsd the structural changes related to an eigenvector can be
for the G atoms of 1.1 A. The secondary structural motifs inspected by filtering the trajectory along that direction.
are well-conserved for the entire simulation, although the  Approximately 60% of the total fluctuations are included
N- and C-terminal residues of thehelices undergo transi-  within the first five eigenvalues (Figure 4). The first principal
tions between the-helix ands-turn-like conformations. In~ component is associated with conformational changes of
the 52—/3 loop, residues R°—V?% oscillate among turn,  several loops (mainlyl—p432, f2—A3, andf5—02) and a
310, @and coil conformations, consistent with the variability rearrangement of both helices with respect to the protein core
observed within the ensemble of structures obtained from (Figure 5). As is often the case, the cosine content for this
the NMR refinement. transition is high (0.8), suggesting a random diffusion
The MD simulations complement the experimental sam- behavior 62, 53). The time evolution of the principal
pling of molecular motions and dynamics. The main limit components is illustrated in Figure 6. The remaining principal
of this approach is the accuracy of the force field and, more components display a number of amplitude motions in the
importantly, the length of the simulationd?). Therefore, nanosecond to picosecond time scale. For example, a twist
in the analysis of the 3 ns trajectory carried out here using of the a2 helical axis with respect to the2 strand can be
principal component analysist§—51), we focus on the  observed in the trajectory filtered in the direction of the
higher-amplitude fluctuations of the protein and limit our second principal component (Figure 7). Similarly, the
analysis to a qualitative description of the motions. As translation of o2 with respect to the protein core is
described by Hes$p), the diagonalization of the covariance highlighted by the third eigenvector. Frequent rearrangements
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sequence of the principal components with the five largest eigen- are sampled, and the wider fluctuations are color-coded.
values. The larger rmsd values indicate larger fluctuations for that

articular molecular motion. . L
P of the motions are significantly decreased, and are more

I . . homogeneously distributed along the entire backbone.
Structure of the CAL PDZ DomaitCFTR ComplexThe

constant for binding of the CAL PDZ domain and the CFTR
‘ | } ‘ . C-terminus could not be determined with high accuracy
because of CAL oligomerization. The NMR spectra are
consistent with a system in the slow-to-fast exchange regime,
with one set of complete resonances for both the free and
bound forms, with accentuated broadening of the ligand
peaks. The interaction with the peptide perturbs the NMR
frequencies of the PDZ domain. The most evident is the
appearance of all of the amide resonances that could not be
detected for the PDZ domain alone (located in strg@d
and in thef1—£2 and$2—£3 loops). In general, most of
theH—15N peaks are altered by the binding, with the largest
changes localized on th#2 andf3 strands, on thel and
a2 helices, and in thg1—/2 and$2—£3 loops. The side

Time (ps) chain resonances are likewise altered, with pronounced
A . ) o _ perturbations for residues 2 ando2, and isolated residues

IGURE 6. Time evolution for the principal components character- — on o 10
ized by the five largest eigenvalues. The first principal component in the 52—f3 loop (H*), 3 strand (E*® and H™), and
shows a cosine-like shape, while a number of conformational €ven the5—az2 loop (T5%9).
transitions can be found for the other principle components. A large number of CFTRCAL intermolecular NOEs49)
have been unambiguously identified (only a single NOE was

or distortions of the helical loops are also observed for the observed between the CFTR peptide and the PDZ backbone,
other two principal components; however, the amplitudes Arg~! Ha—S***Ha). Most of the intermolecular interactions
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Ficure 8: (A) Different possible orientations of the CFTR peptide in the CAL binding pocket derived exclusively from NMR restraints.
The ligand is depicted in ball-and-stick format. (B) Interactions between CAL and the CFTR peptide as obtained from the MD simulations
after equilibration and application of the NMR-derived restraints. The surface of the PDZ domain is depicted as a solid surface, with
hydrophobic residues colored red and hydrophilic residues blue. The large hydrophobic binding pocket hosting bothahe Tho?

methyl groups can be easily identified. Residues relevant to the-@¥TR interactions are denoted. (C) Hydrogen bonds between CAL
and CFTR obtained from NMR chemical shift perturbations and MD calculations.

involve the side chains of LELThr 2, and Asp?; no NOEs similar, with an rmsd of 1.1 A for the secondary structural
were observed for Argt or the N-terminal residues beyond elements (heavy atoms of the helices and strands). The
Asp 3. These data, together with chemical shift perturbations, binding affinity for PDZ domains is weak (typically dis-
were introduced into the calculation protocol previously sociation constants in the micromolar range are measured),
described, and the results are shown in Figure 8. The when compared for instance with that of canonical hormone
C-terminus of the peptide is inserted with an extended receptor interactions. Such weak binding can be associated
conformation betweep2 anda2. The orientations of the  with the role of PDZ domains, which must bind their target
Lel® and Thr? side chains, both directed towao®, are proteins only for the time necessary to induce a subsequent
well-defined. Despite the lack of NOEs, the ambiguous protein—protein interaction or increase the level of cellular
restraints are sufficient to locate the Afgide chain between  compartment localization. Unfortunately, such affinities make
E3% and H'! on 83, while the Asp® carboxylic group is  the structural characterization of PDZ domaligand com-
relatively poorly defined. The lack of NOE restraints does plexes challenging, as the complexes are difficult to crystal-
not allow for structural characterization of the peptide beyond lize and intermolecular NOEs observed via NMR are limited.
position—5. However, the N-terminus of the peptide would In this NMR investigation, these difficulties were overcome

be in position to interact with &2 (a2 helix), T5*° (55—a2 by using a combination of experimental data (direct protein
loop), and H° (52—A3 loop), all of which exhibit chemical  peptide NOE contacts and indirect contacts via chemical shift
shift perturbation upon addition of the peptide. perturbations) and extensive computational methods (MD

MD Simulations of the CAL PDZ Domat#CFTR Com- simulations).
plex. Molecular dynamics simulations were carried out to  Furthermore, it is increasingly appreciated that dynamic
further refine the CAE-CFTR association. During the initial changes in the ligand-binding pocket can play an important
portion of the simulation, the backbone of the CFTR peptide role in regulating potential interactions. For example, the
is relatively more flexible than the protein, until ap- orientation of theo2 helix is believed to be particularly
proximately 1.5 ns in which the peptide, from L%¢a GIn™, important in determining the ligand specificity of PDZ
converges toward A-sheet conformation and forms stable domains, and a correlation between the geometry of the
hydrogen bonds wit{#2 (Figure 8). During the simulation,  second helix and the PDZ selectivity at th@ position has
the side chains of Léuand Thr? are stable within their  peen reporteds). Recently, Vuister and co-workers showed
respective binding pockets, while Argand Asp® are more  how in two variants of the second PDZ domain of PTP-BL
flexible. Residue Arg! interacts with E®® and H!! of 53 the dynamic properties of th§2—A3 loop regulate the
(Figure 8). The interaction of the side chain carboxylic group binding affinity by reorienting the2 helix (55, 56). Indeed,
of Asp2 is less well defined with hydrogen bonds t&5  backbone amide perturbation in tj#i€—p3 loop is often
(B2 strand) and internally to Arg observed, in addition to  observed in NMR studies of PDZ domairks(57). Thus,
interactions with H°* (32—/33 loop) and K*? (a.2). in addition to overcoming weak affinity, a biophysical
understanding of the binding of CFTR to the CAL PDZ

DISCUSSION domain requires parallel consideration of binding site
PDZ domains are ubiquitous molecular modules acting as dynamics.
scaffolds, mediating proteirprotein interactions in several Here, the internal mobility of the CAL PDZ domain was

biological events. The PDZ fold is extremely well conserved characterized by NMR relaxation data and the reduced
in nature, and indeed, the CAL three-dimensional structure spectral densities as introduced by Wagner and co-workers
derived here does not diverge from it significantly. In (38—41). In short,J(0) probes motions on the nanosecond

particular, the CAL and EBP50 PDZ domains are very to millisecond time scale, while botl{wn) andJawr) are
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sensitive to fast picosecond fluctuatio6). On the basis

of this analysis, thg32—/3 loop is undergoing efficient A
averaging on both the picosecond?{hl and microsecond

to millisecond (\*%) time scales. Furthermore, on average,
the entirea2 helix shows more motions on the picosecond
time scale [larged(wn) andJ(wy)] than the other secondary
structure elements.

These experimental observations are complemented by the
results from the MD simulation and principal component
analysis. The modes associated with the higher eigenvalues
are constantly characterized by relatively wide fluctuations
in the32—3 loop. They are localized in the correspondence
of the labile turns previously described and are coupled with
more subtle changes in the helix involving helical axis
translation and reorientation, as well as distortions of the
individual helical turns. These motions appear to be in the
nanosecond range, with the exception of the first principal
component, which is certainly not equilibrated [high cosine
content 62, 53)] and for which the simulation length
represents just a lower limit. The long time scales are
consistent with the complexity of the molecular motions,
involving rearrangement of the tertiary structure together with
the distortion of secondary structure elements.

Overall, all of our data are consistent with the PDZ binding
pocket being quite dynamic, with the relative orientation of
the two most important binding determinang (strand and
o2 helix) connected by the dynamics of th2—33 loop. A
certain degree of flexibility is not unusual in binding regions
and is often required for ligand recognition.

The structural features of the CAICFTR complex were
determined employing the NOE and amide chemical shift
perturbation data and refined with MD simulations, providing
an unequivocal description of the peptide orientation (up to
residue—4) in the PDZ binding pocket. It is common that
only the C-terminal residues within the binding cleft are
structurally resolved, by either X-ray or NMR analysis. In
accord with this observation, deletion of the residues up to
residue—4 of CFTR abolishes the association with CAL
(18). The results closely resemble those for the familiar PDZ
domain-ligand interaction: the peptide main chain is
adjoined to thgs2 strand and thus forms an extension of the
antiparallel 3-sheet, while the peptide carboxyl terminus
hydrogen bonds to the amides of th&—/52 loop (Figure
8). The Led side chain is tightly packed in the characteristic

hydrophobic cavity situated between the end ofdenelix Ficure 9: Arg~!and Asp binding pockets. Comparison between

and the1—p2 loop. In the CAL PDZ domain, this surface  NHERF1 and CAL PDZ domains. CAL is color-coded (magenta
is relatively wide (approximately 2003k and better suited  for helices and aqua for strands), and NHERF is colored goid. The

for large hydrophobic side chains (lle and Leu in comparison side chains directly involved in the CFTR interactions are shown
to Val). Similarly, the methyl group of Th# s tightly packed " ball-and-stick format.

against the ¥ moiety located in the core af2. A similar In short, our data indicate that Leand Thr? are indeed
contact has been identified in other PDZ domai®) @nd responsible for most of the affinity, which is reflected in
appears as a general determinant in stabilizing the Thr aminothe dominant role of these positions in the type | PDZ binding
acid at the—2 position. Belonging to the class | family, the motif. Nevertheless, the side chains of At@nd Asp® also
CAL PDZ domain presents a His residue at the beginning recognize specific binding pockets. TR2—33 loop plays

of the a2 helix (H*°) whose side chain projects into the a role in the process as well, most likely through th&'H
binding region. In our study, the imidazole group is clearly imidazole, but the mechanism is unclear due to the lack of
affected by the peptide binding, and H-bond formation with NOE restraints for the N-terminal region of the ligand.

the Thr2 hydroxyl group is suggested by the MD simula- A detailed comparison of the binding interaction of the
tions. On the opposite side of the binding groove, the side CFTR C-terminus with the PDZ domains of CAL and EBP50
chains of residues Arg and Asp® are oriented toward the  (Figure 9) can provide insight into differences that might
f-sheet surface and consequently more solvent exposedpermit the targeted design of selective inhibitds8-61).
resulting in a small number of distance restraints. In both cases, the side chains of the four terminal residues
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bind to the PDZ domainl@, 62), with Lel’ accommodated

in a broad hydrophobic pocket and Afgstabilized by intra-

and intermolecular salt bridges and hydrogen bonds. The lack
of crystallographic evidence for binding of Gthto EBP50
PDZ1 is consistent with our NMR data for the CAL PDZ

domain, which also fail to reveal specific interactions >

upstream of Asp®. There are also a number of significant
differences. In the CAL PDZ domain, the binding pocket
for Arg~! is located at the end of th&3 strand, while in
EBP50, the side chain is reoriented toward fi3e-al loop
(Figure 9B). Furthermore, Aspengages in different interac-
tions in the two PDZ domains. In EBP50, it makes contacts 7
with a His and an Arg residues ¢i2 andj33, respectively.

In CAL, Asp 2 interacts with $*and, although less clearly,

with K34, which are not conserved in EBP50. An unambigu- g
ous NOE was also identified between thi@methyl group

and Asp?® methylene protons, and a specific interaction
between the hydroxyl of 2® and the carboxylate of Asp

was observed during the MD simulations. In CAL, mutation
of these side chains, together witlf*k has been shown to
dramatically reduce the affinity of the PDZ domain without
disrupting its overall structure (M. Wolde et al., manuscript
in preparation). Notably, the side chains of these residues
project toward the solvent in the absence of CFTR, suggest-
ing that the drop in the affinity of the mutants originates
from the removal of direct contact with the C-terminal
peptide.

In conclusion, this work elucidates aspects of the structure
and dynamics of the CAL PDZ domain both in the absence
of ligand and while associated with the C-terminus of CFTR.
Taken together, our results suggest that efforts to develop
molecules that can discriminate between the PDZ domains
of CAL and EBP50 should focus on improving the interac- -
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natural ligands, while not disrupting the internal hydrophobic
pocket of the PDZ domain responsible for most of the
binding affinity. We postulate that insight from such
investigations, combined with similar efforts targeting EBP50,
will lead to novel strategies for regulating CFTR expression
at the cell surface.
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