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ABSTRACT. The functional localization of potassium inward rectifiers is regulated by SAP97, a PDZ
membrane-associated guanylate kinase protein. We describe here an investigation of the conformation of
the PDZ domain region of SAP97 PDZB. The NMR and SAXS data reveal conformational dynamics.
The NMR data show minimal interdomain contacts, with the U3 linker region between PDZ2 and PDZ3
being largely unstructured. Shape analysis of the SAXS profiles revealed a dumbbell for the PDZ12 double
domain. An overall elongated, asymmetric shape comprised of two to three distinct components
characterizes the triple domain PDZ3. In addition, rigid body modeling shows that the representative
average shape does not provide the full picture and that the data for the triple domain are consistent with
large variations, suggesting significant conformational flexibility. However, the dynamics appears to be
restricted as PDZ3 is located essentially withid0 A from PDZ12. We also show that the Kir2.1
cytoplasmic domain interacts with all three PDZ domains but with a clear preference for PDZ2 even in
the presence of the U3 region. We speculate that the restricted dynamics and preferential Kir2.1 binding
to PDZ2 are features that enable SAP97 to function as a scaffold protein, allowing other proteins each to
bind to the other two PDZ domains in sufficient proximity to yield productive channelosomes.

SAP97 is a member of the membrane-associated guanylatenultimerization domain®) and the single PDZ domains
kinases (MAGUKSs) superfamily of proteins that interacts (PDZ1 @), PDZ2 @), and PDZ3 {0, 11)) have been
with a range of other proteins such as the ion channels, reported. In addition, the crystal structures of the SH3-GUK
adhesion molecules, other cytoskeletal proteins, and subunitglomain from the closely related PSD-95 have also been
of glutamate receptord {-4). Like other MAGUK proteins, reported 12, 13).

SAP97 is a multidomain protein; it has an L27 N-terminal The PDZ domains of SAP97, like most PDZ domains,
domain followed by three PSD-95/SAP90-DLG-ZO1 (PDZ)  recognize the consensus C-terminal motif X-T/SBX-
domains, and a src homologue 3 (SH3) and guanylate kinaseCOOH, where® is a hydrophobic amino acid. The PDZ
(GUK)-like domain at the C-terminus. In addition to the domain is comprised of sig-strands and twa-helices that
conserved protein domains, SAP97 has five unique regions,fold into a six-strandeg-sandwich. The peptide ligands bind
Ul-U5, and an alternatively spliced I3 insertion region in an extended groove betwega and ag serving as an
(Figure 1) 6, 6). The conserved protein domains are sites additional antiparallgB-strand within the PDZ domain. The
of protein—protein interactions. Structures of the SAP97 L27 GLGF motif or carboxylate-binding loop in the PDZ domain
is located betweepA and SB and creates a hydrophobic
. TTQiSt_ Woge\;\i%% 9%%%pt0ftdetl>_y gré:lr(lztSD frO};nG/tzhoeooﬁrgéshMTefrt cavity to accommodate the hydrophobic carboxyl terminus
B ateama i tocant borats s L2911 residue of the partner protein. From the structures of PDZ
BBSRC (Research Studentship to J.D.R.). peptide complexes now available, the emerging picture is
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Ficure 1: (a) Schematic diagram of the domain organization of
rat SAP97 highlighting the position of the domains relevant in this

study. (b) Schematic representation of the recombinant SAP97
proteins used in this study. The number system corresponds to th

sequence of the full-length rat SAP97.

canonical PDZ recognition motif of the partner protein form

Goult et al.

PDZ1-3 in the text for ease of reference) and its interactions
with the tetrameric cytoplasmic domain of Kir2.1, which is
comprised of the N (aa-167) domain fused to C (aa 189
428). The conformation of the PDZ region was determined
using a combination of nuclear magnetic resonance (NMR)
and small-angle X-ray scattering (SAXS). The NMR data
of the complex shows Kir2.1 binding to all three PDZ
domains with a preferential affinity for the second PDZ
domain. We also show that the U3 region does not appear
to undergo significant conformational change to allow Kir
to bind PDZ2. The SAXS data reveal the presence of
restricted conformational dynamics, with PDZ3 sampling a
limited space and tethered to PDZ12. The mode of interac-

Jions described suggests the possibility that the other two

PDZ domains are free to bind to other proteins to form a
channelosome.

additional contacts with the PDZ domain. These extra EXPERIMENTAL PROCEDURES

interactions account for the differences in specificities and

affinities for different PDZ domains.
There are no high-resolution structures of full-length

SAP97. Low-resolution negative-stain electron microscopy

and single particle analysis of SAP97 show a mixture of

conformations with about 65% appearing as extended rod-

like monomeric particles and the remaining 35% as C-
shaped/ring-like structured4). Biochemical studies on the
binding of SAP97 with other proteins imply the presence of

intramolecular interactions between N and C regions of the

full-length protein (5) and between SH3 and PDZ3 regions
(16).

The inward rectifier family of potassium channels (Kir)
is important for a wide variety of physiological functions

such as regulation of the resting membrane potential, contro

of neuronal excitability and heart rate, and potassium
homeostasis 1(/—19). The subcellular localization and
surface density of Kir channels can be regulated throug
interactions with an intracellular scaffolding protein. Mem-
bers of the classical strong inwardly rectifying Kir2 subfam-
ily, Kir2.1, Kir2.2, and Kir2.3, contain a PDZ interaction
motif at their C-termini. They have been shown to bind to
MAGUKSs, PSD-95/SAP90, SAP97/hDlg, and PSD-93/cha-
psyn 110 20—26). Crystal structures of the tetrameric Kir2.1
and 3.1 cytoplasmic domains have been reporddd-29),
although the conformations of the C-termini that contain the
PDZ-binding motifs remain unknown in these crystal struc-
tures. A recent NMR study showed that the C-terminus tail
of Kir2.1 (residues 372428) is highly flexible and largely
unstructured 0).

There are reports of specific interactions involving the PDZ
region of SAP97: PDZ1 binds preferentially to NR2A of
the NMDA receptor 81), PDZ2 to Kir2.1/2.3 24), PDZ3
to TACE (32), PDZ1 and PDZ3 to SAPK3/p38(33), and
the U3 region to caveolin-Bd). One critical question about

Expression PlasmidfRat SAP97 PDZ constructs: PDZ
domains from SAP97, PDZ1 (aa 23813), PDZ2 (aa 314
406), U3+ PDZ3+ U4 (aa 407577), PDZ12 (aa 218
406), and PDZ%13 (aa 218-577) were PCR amplified from
PEGFP-SAP97 (a generous gift from Dr. C. Garner, Uni-
versity of Birmingham). PCR products were gel-purified,
A-tailed, and cloned into pGEM-T (Promega) before being
subcloned and inserted between BamHI and EcoRl sites of
the GST-fusion protein vector, pGEX-6P-1 (Amersham
Biosciences). All inserts were verified by automated se-
guencing (PNACL Facility, University of Leicester). SAP97
PDZ2 in the plasmid construct pGEX-2TK was a generous
gift from Dr. Ronald Javier (Baylor College of Medicine)

|(35). Mouse KirNC construct (+67-GlyGly-189-428) in

the pET15b vector was a gift from Steve Prince (Faculty of
Life Sciences, The University of Manchester). Construction

h of the C275S mutant in PDZ13 was performed using the

QuikChange mutagenesis kit (Strategene). Incorporation of
the mutation was verified by sequencing the entire PBZ1
coding region.

Isotope Labeling of Proteingsotope-labeled samples were
prepared by culturing BL21 (DE3) cells in isotope-labeled
2M9 based minimal media with°N-labeled ammonium
chloride and'®C-labeled glucose as the sole nitrogen and
carbon sources, respectively. For deuterated proteigd, D
(99.99% deuterium) was used to prepare the media.

Expression and Purification of the PDZ Domains of
SAP97 PGEX-6P constructs of PDZ1, U8 PDZ3+ U4,
PDZz12, and PDZ%3 and a pGEX-6T construct of PDZ2
were expressed irEscherichia coliBL21 (DE3) cells.
Unlabeled proteins were produced at &7 in Luria broth;
cells were grown to induction density (0.7), induced with 1
mM IPTG, and incubated for a furth8 h before harvesting.
For the production of*N/?H proteins, cells were grown to

these interactions is whether all the PDZ domains in the aainduction density (0.7) in unlabeled minimal media; the
218-577 region are able to bind to the different target culture was harvested and resuspended in a quarter of the
proteins at the same time. In the general field of MAGUK original volume of 3N/D,O minimal media. Following
scaffold proteins, despite the roles of these proteins in induction by IPTG, the cells were grown for a furt8h in
bringing several proteins together to form receptosomes, andabeled media. Harvested cells were resuspended in phos-
channelosomes, there have been few detailed structuraphate buffered saline (PBS) pH 7.3 containing the Complete
investigations of how such complexes might form. Protease Inhibitor Cocktail EDTA-Free Tablets (Roche
We report here an investigation of the structural aspects Molecular Biochemicals). Cells were lysed by a French press;
of the PDZ region (aa 218577) of SAP97 (referred to as  soluble and insoluble proteins were separated by centrifuga-
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tion at 20 000 rpm for 20 min. Filtered supernatant was analyzed by GraphPad Prism 5 software using a nonlinear
loaded onto Glutathione Sepharose 4B (Amersham Bio- least-squares fit for one- and two-site binding models.
sciences) columns at room temperature and washed with 10 gpin Labeling of SAP9RWe used the C275S mutant for
volumes of PBS. Resin loaded with protein expressed in these studies. The required amount of the spin-labeled MTSL
PGEX-6T (SAP 97 PDZ2) was resuspended in PBS. Fol- ((1-oxyl-2,2,5 5-tetramethyd®pyrroline-3-methyl)methaneth-
lowing the addition of 50 units of thrombin (Amersham josyifonate) (Toronto Research Chemicals Inc.) was dis-
Biosciences), the resin was incubated with shaking @4  so|ved in acetonitrile and added to the protein solution to
for 16 h. In the case of proteins expressed in pPGEX-6P yie|d a final MTSL/protein ratio of 5:1. The reaction was
(PDZ1, PDZ12, and PDZ13), the protein loaded resins were  performed at £C under nitrogen for 16 h. Unreacted spin
resuspended in 50 mM Tris-HCL pH 7.0, 140 mM NaCl, 1 |ape| was removed by centrifugation, followed by a PD10
mM EDTA, and 1 mM DTT and incubated with 0.5 mg of g filtration column (Amersham). The spin-labeled protein
Precision Protease per milliliter of the Glutathione Sepharose a5 concentrated to a final concentration of 0.4 mM using
4B resin at £C with shaking f_or 16 h. Following proteolytic_ a 5 kDa MWCO Amicon concentrator. Determination of
cleavage of the target protein from the GST, PDZ proteins gegree of spin labeling was achieved using the Ellman Assay.
were washed from the Sepharose resin using PBS for PDZ27he gpin-labeling reaction was shown to be efficient with

and 50 mM Tris-HCl pH 7.0, 140 mM NaCl, 1 mM EDTA,  80-90% of free cysteines coupled after 16 h &Gl EPR

and 1 mM DTT for all other proteins. PDZ1 and PDZ2 were \yas used to confirm that the spin label was covalently
purified to homogeneity using a Superdex 75 column aitached and to establish the oxidation state of each of the
(Amersham Biosciences) equilibrated in 50 mM phosphate N\vR samples (oxidized or reduced). Reduction of the spin
pH 7.5, 50 mM NaCl, 2 mM DTT, and 1 mM EDTA; the  |ahe| was achieved by the addition of a 5-fold excess of
elution volume of both proteins from this column was 55corbate from a stock solution. THN-HSQC spectrum
consistent with a molecular weight of 10 kDa. PDZ12 was 4 wild type PDZ1-3, its C275S mutant, and the reduced
dialyzed into 50 mM phosphate pH 8.0, 2mM DTT, and 1 form of the cysteine-attached MTSL protein all gave nearly
mM EDTA and purified to homogeneity using a Resource jgentical spectra, confirming that neither the serine to cysteine

Q column (Amersham Biosciences); the protein was eluted ytation nor the covalent attachment of a nitroxide group
between 50 and 100 mM NaCl. The buffer for PBDZ3was caused significant structural perturbation.

exchanged to 25 mM acetate buffer, 1 mM EDTA, and 2
mM DTT and purified to homogeneity using a Resource S
column (Amersham Biosciences). Purified proteins were
identified by tryptic digest of gel bands containing the

NMR Sample PreparatiorifThe NMR samples were all
between 0.5 and 1 mM. For resonance assignments, each of
the individual PDZ domains was made up using a buffer

purified protein, and the resulting solution was subjected to EoDluTqun cr()jntla|nll\r/llgNZONnjMg%r;/oslikg}tled;OE;nOM lt\laﬁl,615mM
matrix-assisted laser desorption ionization followed by time- »and 2 m anin 0 0 atpr 6.

of-flight mass spectrometry (MALDI-TOF). The predicted =~ PDZ samples for interactions were made up in 50 mM
fragment sizes matched experimental values for all proteins.NaCl, 1 mM EDTA, and 1 mM Nalin 90% H0/10% DO
Expression and Purification of KirN@ells transformed @t pH 7.5. This was shown to be optimal for the stability of
with a pET15b plasmid containing the insert were grown to KirNC and therefore was chosen for all binding studies to
induction point (ORes = 0.7) at 37°C, incubated on ice for ~ Maintain uniformity. Each PDZ sample for the peptide
10 min, and induced with 1 mM IPTG. Afté& h incubation titrations was 0.5 mM. Peptide titrations were carried out
at 25°C, the cells were lysed by a French press in phosphatePy the addition of small aliquots of the concentrated stock
buffer (pH 8) containing 0.5 M NaCl, 2 mM DTT, and peptlde, which was prepared by dlssplvmg the solid peptide
Complete Protease Inhibitor Cocktail EDTA-Free tablets. The in the same buffer as the PDZ domain. The pH of the stock
lysate was loaded to an Amersham His-Trap Ni affinity Solution was checked to ensure that it was the same as the
column and washed with 100 mM imidazole, and the protein PDZ sample.
eluted with 300 mM imidazole. Further purification by gel KirNC was prepared in 50 mM phosphate, pH 7.5, 50 mM
filtration in 50 mM phosphate pH 7.5, 50 mM NaCl, 2 mM NaCl, 2 mM DTT, and 1 mM EDTA. For all the KirNC
DTT, and 1 mM EDTA using a Superdex 200 Column complexes, separate samples of PDZ/KirNC at ratios of
(Amersham) gave pure protein; the elution volume suggestsconcentrations between 0.5 and 4 were prepared by premix-
that the protein was likely to be an octamer. Several other ing dilute samples of the stock proteins in the correct molar
buffer conditions were explored in an attempt to produce a ratio and concentrating the samples to 3@0 using a
tetrameric form of the protein; none appeared to be consider-Vivaspin concentrator (VivaScience AG) to give a final PDZ
ably better than the phosphate buffer. The purified protein concentration of between 0.3 and 0.7 mM. Separate complex
was confirmed to be KirNC by tryptic digest MALDI-TOF.  samples for each titration point were made using the same
Fluorescence Spectroscofuorescence anisotropy data stock of proteins to minimize variations in sample conditions
were collected at 25C on a Varian Cary Eclipse spectro- within a set of experiments. Furthermore, each set of titrations
fluorimeter usig a 3 mL quartz cuvette. Excitation and was done in duplicate. To ensure that complexes were
emitted lights were polarized using a manual Varian polar- formed, size-exclusion chromatography was carried out to
izer. Peptide binding was determined using the N-terminal isolate the complex from the unbound proteins, and SDS-
fluorescein-labeled peptidé'®EPRPLRRESEf® (Peptide PAGE gels were run to verify the presence of both proteins
Protein Research Ltd.) at a concentration of M and in the complex fraction. Furthermore, SDS gels were run
varying the PDZ protein concentration from 0.10 to 500 before and after the NMR experiment to ensure that all
650 uM in 50 mM phosphate buffer with 50 mM NaCl, proteins remained intact over the course of the NMR
2 mM DTT, and 1 mM EDTA at pH 7.5. The data were experiment.
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NMR Spectroscopyspectra were recorded at 22 using segments linking and flanking those domains. The local meta-
a Bruker Avance 600 spectrometer fitted with a triple threading-server for protein structure prediction LOMETS
resonance, singleaxis gradient cryogenic probehead and a (45) (http://zhang.bioinformatics.ku.edu/LOMETS) was used
Varian Inova 800 MHz spectrometer equipped with a room- to generate atomic structures of the three PDZ domains of
temperature triple resonance probeheld. °N, and *C rat SAP97. All three domains were considered as easy targets
assignments of the free and peptide-bound proteins wereusing as best ranking templates the PDZ domain structures
determined independently using the following experiments: with PDB codes 2iln, 2fne, and 1be9 for PDZ1, PDZ2, and
15N-edited HSQC-NOESY (mixing time 150 ms), CBCA- PDZ3, respectively. Attached to PDZ3, a C-terminal helix
(CO)NH, CBCANH, HBHA(CO)NH, HNCA, HN(CA)CO, followed by as-strand was obtained in line with NMR results
HNCO, HN(CO)CA, and HNHA. Spectra were processed for this region (U4 linker segment). Rigid body modeling
using the NMRPipe software packag&6) and analyzed  with these domains against scattering data was carried out
using NMRView5 37) on a SGI-Irix workstation. Processing as implemented in BUNCH. In the case of PDZ12, one of
scripts were optimized for each experiment, but in general, the two domains was kept fixed. The resulting PDZ12 model
each dataset was processed with a shifted sine-bell apodizawith the lowest goodness-of-fit valug & 3.6) was used in
tion function, and zero-filling was applied in all dimensions. subsequent BUNCH calculations for PDZ3, and its
Linear prediction was implemented to double the data size position was fixed (while PDZ3 and linker and terminal
in thet; dimension to improve spectral resolution. Chemical segments were allowed to move). Side chains in the linker
shift indexing was performed using the CSI prograss)( and terminal regions were added with the program MAX-
Unless otherwise specifically stated, all the spectra shown SPROUT (http://www.ebi.ac.uk/maxsprout).
were obtained on the Bruker Avance 600 spectrometer. RESULTS

Peptide Titration and Chemical Shift Mappirig.all data ] ]
involving an analysis of a change of chemical shifts, a series _Interdomain Interactions and Structure of the U3 and U4
of 15N/*H HSQC spectra was recorded. The weighted amide Linker Region by NMRAll three single PDZ domains i;dOpt
chemical shift differenceé between spectra 1 and 2 were Lol?ed conormz_;\tlolns, as tJUdgedhfroméi;?lgNzl—?I;/ 2‘
eteronuclear single quantum coheren
calculated as) = /(05— 05)+((0)—o)0.17f, where " ge q QC)

N . X X spectra. Complete backbone and near complete side chain
andoM are the proton and nitrogen chemical shifts, respec- 13-asn/1H NMR resonance assignments were obtained for
tively. Data were analyzed using NMRView, and the results 4o three single PDZ domains (PDZ1: aa 2B43; PDZ2:

were visualized using DASHA3Q) or XMGrace. Dissocia- 55 314-406: and PDZ3 aa 473546 flanked by the U3
tion constants for the PDZ-Kir2.1 peptide complexes were (407-472) éind U4 (547577) linker regions) and the
calculated from least-squares fitting of the change in chemical multiple domains (PDZ12: aa 23806 and PDZ+3: aa

_shifts as a function of ligand concentration to fit the binding 218-577) (Figure 1) using standard triple resonance experi-
isothermKq = [P[LJ/[PL], where R, Ly, and PL are the  ants For the double and triple domaii&/25N/2H samples
concentrations of the free protein, free ligand, and cc_)mplex, were prepared. The resonances in#H85N HSQC spectra
respectively. Data were analyzed by GraphPad Prism V5. ¢ o single domain PDZ1 and 3 overlay very well with
Small-Angle X-ray Scattering (SAXSynchrotron SAXS their corresponding resonances in the spectrum of the
data were collected at station 2.1 with a multiwire gas PDZ1—-3 domains (Figure 2a); PDZ2 resonances show more
detector at the Daresbury SR80( 41). Samples were variations when comparing the single and multiple domain
measured at concentrations between 1 and 5 mg/mL coveringspectra (Figure 2b,d vs c¢). The linewidths of the resonances
a momentum transfer range of 0.01%A< q < 0.6 A~ with in the single and multiple domain spectra are not significantly
g = 4 sin ©/4 (where B is the scattering angle arddis different. This contrasts the closely related protein, PSD-
the X-ray wavelength of 1.54 A). Samples were loaded into 95, where significant line-broadening was observed in the
a temperature controlled (€) brass cell containing a Teflon  spectra of PDS-95 PDZ12 when compared to the resonances
ring sandwiched by two mica windows, which defines a cell in the single domainsgi). A residue-by-residue comparison
volume of 100uL. Experimental data were collected in 60 of chemical shifts of the 2-BH/*>N HSQC resonances in
s frames, and each frame was inspected for X-ray inducedthe different domains shows that domain 2 is the one most
damage or aggregation. The background was deducted usingffected (average shift changes of approximately 0.05 ppm)
the scattering from the cell filled with buffer. Data were when covalently attached to either the U3PDZ3 + U4
processed with the programs OTOKO and GNOM to segment or PDZ1 (Figure 3a,b), suggesting that PDZ2 is
compute the radius of gyratioR§) and maximum molecular  placed between PDZ1 and U3 PDZ3 + U4. Further
dimension Dmay by using standard procedure?). Particle evidence that interdomain interactions are either very weak
shapes at low resolution were reconstrucadinitio with or absent comes from the lack of shift changes when
the bead modeling program GASBO&3], which represents  saturating amounts of unlabeled PDZ1 are addeéfNe
the protein as a chain of dummy residues centered at thelabeled PDZ2. Finally, the transient nature of any interdomain
Co-positions. An averaged and filtered representative (using interaction is supported by the presence of only very small
DAMAVER) was calculated from 12 independent PDZ12 reciprocal shift changes<Q.04 ppm) in PDZ1 or PDZ3 when
and 23 independent PDZB shape models (none of the linking PDZ2 to it. Linking PDZ1 or U3+ PDZ3+ U4 to
PDZz12 and only one of the PDZ13 models were rejected PDZ2 commonly affects the resonances from H3%¥348
in the averaging process). In addition, the program BUNCH on PDZ2. These residues are located in the unstrucfiéd
(44) was applied to benefit from the known high-resolution 3 loop region 9) (Figure 3c).
PDZ domain structures and to explore the range of possible To probe the domaindomain interactions and possible
conformations due to the presence of flexible polypeptide orientation, paramagnetic relaxation enhancements (PRE)
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Ficure 2: (a)®N/*H HSQC spectrum of PDZ13. (b—d) Sections of an overlay of the HSQC spectra for (b) PDZ1 (aa-218, red) (c)
PDZ2 (aa 314406, blue), and (d) U3+ PDZ3 + U4 (aa 407577, green) with the spectrum of full-length PDZ3 (black). Examples
of assigned residues are shown. The systematic shifts observed are due to small variations in the pH of the samples.

were also used4({7). A model of the structure of SAP97 short linker between PDZ1 and PDZ2 have reduced hNOE,
suggested cysteine 377 in PDZ2 as a suitable site forwith average values of about 0.65, whereas the average
attaching a paramagnetic probe to observe paramagnetitNOE for the U3 linker region is approximately zero (Figure
relaxation effects between the PDZ domains. A triple PDZ 4b). Hence, we conclude that the U3 linker region has
domain mutant (C275S) with the remaining cysteine residue considerable mobility in addition to being largely unstruc-
at position 377 was modified with a nitroxide spin-labeled tured.
MTSL. Only limited PRE are observed, with complete line- SAP97 PDZ12 and PDZ13 Conformation using SAXS.
broadening seen for resonance of residues in the immediatéNVe carried out SAXS studies on the double and triple
vicinity of the spin-labeled sites and residues A441, R461, domain. The analysis confirmed that both domain constructs
H469, F489, and 1511 in the U3 linker and PDZ3; measurable are monomeric in solution and that their radii of gyration
reduction in intensities of up to 50% were observed for (Ry;) and maximum dimension®f,, indicate elongated but
residues D219-E224, K308, and A312 in PDZ1 (see Sup- still rather globular molecules. Preliminary results of this
porting Information Figure 1). We conclude at this stage that study have been reported receng). Figure 5 shows the
although interactions exist between PDZ2 and PDZ1/3, theseprocessed X-ray scattering profiles and distance distribution
are likely to be very weak and transient. functionsp(r). The latter demonstrates the contribution of
We report here the first experimental data revealing the individual and separated domains (manifest as shoulders on
structural characteristics of the U3 and U4 regions. Previousthe p(r) functions) to the overall scattering. As would be
modeling studies have reported that the U3 region adopts aexpected, the radius of gyration of PDZ12 is smaller than
p-turn and that the U4 region consists of arhelix (41). the one of PDZ+3 (23.64+ 0.1 A vs 33.3+ 0.1 A); the
Chemical shift indices (CSI) of the assigned backbone and data obtained gave maximum molecular dimensions for
Cp-resonances (Figure 4a) show secondary structure comPDZ12 and PDZ%3 to be 75+ 3 and 115+ 6 A,
position distribution that is in good agreement with the respectively. Several independeatt initio low-resolution
secondary structures obtained experimentally in the structuresshape models were reconstructed with GASB@8).(Their
of SAP97 PDZ1 §) and PDZ2 9). Both CSI and @/Co average consensus conformations are presented in Figure 6
chemical shift differences for the U3 linker region (residues as transparent surfaces. The shape of the double domain
407-462) indicate an absence of stable secondary structureteveals a symmetrical molecule comprised of two distinct
(s) since no more than three consecutive residues show shifand apparently non-interacting domains, in broad agreement
differences that would define &strand oro-helical struc- with the NMR data; the overall shape is similar to a
ture. On the other hand, the U4 linker region is a stable helix dumbbell. On the other hand, the triple domain is elongated
from residues 54560 followed by a shorg-strand 561+ and non-symmetrical, comprised of two to three distinct
564 (Figure 4a). components. If we consider that the double domain PDZ12
Heteronucleat>N/*H NOE (hNOE) data for PDZ13 is 18 kDa, and the triple domain is 36 kDa, one would expect
show residues in distinct regions of the protein exhibiting the linker region plus the third domain to comprise half the
different motions on the picosecond time scale; negative mass of the triple domain. The shape reconstruction of the
hNOE are confined to the N- and C-termini and the U3 linker scattering data, therefore, suggests an extended but still rather
region aa 407462 (Figure 4b). The resonances from the compact three-dimensional structure for the triple domain.
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FIGURE 3: Histogram showing the shift differences measured as\/(61H—62H)2+((61N—62N)0.17)2, whereoH andoN are, respectively,

the proton and nitrogen chemical shifts. In panel a, the shifts of PDZ12 antt BBZ3 + U4 are compared with those of PDZ3. In

panel b, the shifts of PDZ1 and PDZ2 are compared with those of PDZ12 (black). The shift changes induced upon binding Kir2.1 peptide
41EPRPLRRESEFS are shown in gray as a comparison to show the magnitude of shifts that can be expected when strong interactions
occur. (c) Backbone cartoon of PDZ2 (&fPDB code 2g2l) with residues whose resonances significantly shift@.3 ppm) on binding.
“EPRPLRRESE?E are highlighted in blue, and residues affected by the presence of PDZ1 6rRI3Z3+ U4 (6 = 0.05 ppm) are in

red. The molecular graphics drawing program PYMOL (http://pymol.sourceforge.net) was used to produce this figure.

The shape averaging process revealed good agreement among In Vitro Characterization of the Interactions between
individual shapes of PDZ12 characterized by a normalized SAP97 PDZ and Kir2.1 Cytoplasmic Domain by NMR.
spatial discrepancy (NSD) value of only 1.0420.021. In Complexes between Kir2.1 aa-76 fused to aa 189428
contrast, the individual shapes of PDZ3 produced a  (termed KirNC) and**N/°H PDZ samples as single and
significantly larger NSD value (1.558 0.226) on averaging, =~ Multiple domains were prepared. For each of the complexes,
which indicates that its representative average shape is2 Series ofN/*H TROSY spectra of PDZ with increasing
associated with larger variations. To assess further the likely KI'NC/PDZ ratios show decreasing overall signal-to-noise
conformational variations of these multidomain constructs, 'atios (Figures 7 and 8). Figures 7 and 8b show the data for

we carried out rigid body modeling4), which also allows ~ the complexes obtained using the two isolated single
the exploration of possible conformations of the flexible domains, RD.Zl a_nd PDZ2. Elgure 8a shows the data for
connecting peptide segments (the NMR data described abov hzzclc:rr?bli ')Tt'::{v\ll'gsr']blgosag?;ég%ezfﬁc;sngeéﬁI?Btl);?rved for
support the mobile nature of the linker regions). The models Both domain- and residue-specific chemical shift changes
for PDZ12 produced essentially three closely related loca- . . . .

tions for the second PDZ domain with respect to the first and line-broadening are present, implying that the effects

PDZ d ) Fi 6a). | trast. th dels f are due to specific interactions rather than nonspecific
omain (see Figure 6a). In contrast, the models for aggregation; the decrease in intensities at higher concentra-

PDZ1-3 displayed a variety of arrangements (see Figure tjons of KirNC results from the presence of a higher mole
6b). Yet, essentially, PDZ3 is located at a distance of around frction of the large complex.

40 A (center of mass distance between PDZ domains) at The gegree of line-broadening, as a function of the amount
either side of the double domain PDZ12 (Figure 6b), whereby of kirnC present, is greatest for PDZ2 and least for PDZ3,
the linker U3 is not stretched out but sampling the confor- yegardless of whether single or multiple domain proteins are
mational space in-between PDZ domains. Interestingly, in used (Figure 8b vs c). Whereas many resonances from PDZ2
25% of the models, PDZ3 is closer to PDZ1, which can be are completely broadened, resonances from the corresponding
described as domain alignment PDZRDZ1-PDZ3 as residues in PDZ1 and PDZ3 are still observed, with the PDZ3
compared to the more frequent occurrence of PBEZDZ2— resonances being generally more intense than those from
PDZ3 during rigid body modeling. PDZ1.
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Ficure 4: (a) Top: consensus chemical shift indexes for SAP97 PEZlhased on an analysis otxCCS, CO, and Ht chemical shifts
for each residue, with bars above the central linefatructure and below the line fer-structure. Bottom:*3Ca. (black) and'3Co (gray)
secondary chemical shifts for UB PDZ3+ U4 calculated using random coil reference values fron88{b) Heteronucleat®™N/*H NOEs
measured fot*N/*H PDZ1-3.

It is difficult to obtain reliable and precise affinity constants + PDZ3 domain in PDZ%+3 does not appear to have a
for the interactions between KirNC and the PDZ domains significant effect on the affinity of PDZ12 for the peptide.
of SAP97 because of the complexity of the system (e.g., @  Analyses of the peptide-dependent NMR chemical shifts
tetrameric KirNC binding to SAP97 that potentially has three ysing single and triple PDZ domains give similar results.
available binding sites). To simplify the problem, we used Figure 9a shows the binding isotherms {8 PRPLRRE-
the peptide ligand*®EPRPLRRESEF® which contains the  SEF28 ysing the isolated PDZ2 domain (black) and PDZ2
consensus PDZ-binding motif to obtain the relative affinities within PDZ1-3 (red). The two sets of normalized binding
of the three individual PDZ domains for KirNC. The&y curves are almost indistinguishable. The presence of the extra
values estimated from fluorescence anisotropy data (atdomains does not affect the affinity of PDZ2 for the peptide.
50 mM NaCl) for the isolated PDZ2 and PDZ1 are, PDZ1 shows similar results (see Supporting Information
respectively, 76 2 and 197+ 7 uM. The binding of the Figure 2b). The lack of saturation of the PDZ3 NMR
peptide to PDZ3 is too weak for detection by fluorescence chemical shift changes (Figure 9b) with increasing concen-
anisotropy. Fluorescence experiments performed using thetrations of peptide provides evidence that PDZ3 binds much
multiple domains PDZ12 and PDZB yield apparenty more weakly than the other two domains.
values of, respectively, 3& 1.5 and 42+ 1.2 uM (see Therefore, there appears to be a good correlation between
Supporting Information Figure 2a). These values most likely the extent of KirNC-induced line-broadening in the PDZ
reflect interactions with the major binding site, which is resonances and the peptide-binding affinities; the higher the
PDZ2 in both cases. Notably, the presence of an extra U3affinity, the more widespread the line-broadening effects. In
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the intact multiple domain protein, therefore, PDZ2 is the

Goult et al.

The chemical shifts of the resonances from the U3 region
remain largely unperturbed and intense (Figure 8c). This
further suggests that the chemical environment of U3 is
essentially unaffected by the bound KirNC. It is, therefore,
unlikely that U3 has to move out of the way for KirNC to
bind to PDZ2.

DISCUSSION

It has not been possible to crystallize PBZ3(9). Neither
has the structure of full-length SAP97 been determined at
atomic resolution. The NMR and SAXS data presented here
provide the first conformational analyses of the three SAP97
PDZ domains studied as intact multiple domains. Both
structural methods show that in the triple PDZ protein, each
SAP97 PDZ folds up as an independent domain with little
short-range contacts between each other. Furthermore, both
methods provide evidence to support the notion that PEEZ1
adopts a range of preferred conformations. The NMR data
show that the large U3 linker region does not have stable
secondary structures, while the U4 linker haggastructure.
Both the U3 and the U4 linker regions have a higher mobility

ghan the folded domains.

The SAXS data are consistent with the U3-PDZ3 domain
able to take up different positions with respect to the PDZ12
subunit. At the same time, the overall size parametggs (
andDnay) of the triple domain show that the PDZ3 domain

strongest binder, and the third domain is the weakest tois not completely disconnected and distant from the first two

KirNC.

(a)

domains but is still within a 40 A distance from one of these

Ficure 6: Conformational variation of structural models for (a) PDZ12 (aa—24@5) and (b) PDZ%3 (aa 218-577) from SAXS data

shown in two perpendicular orientations. The average ab initio low-resolution shape models are represented by their surface envelope in a
transparent light gray color. Twenty rigid body models for the double and triple PDZ domain calculated with BUNCH are depicted as
ribbon models. In the case of PDZ12, all models were superimposed on PDZ1, revealing three closely related positions for PDZ2 (highlighted
in red, blue, and green). The group of red models was used to overlay the consensus shape calculated ab initio. The rigid body models for

PDZ1-3 are in rainbow colors, which results in blue for PDZ1, green for PDZ2, and red/orange for PDZ3 including the C-terminal U4

segment. This color scheme highlights the U3 linker segment in yellow. All models were superimposed on their PDZ12 domains, exposing

the conformational variety of PDZ43 domain arrangements. The molecular graphics drawing program PYMOL (http://pymol.sourceforge.net)

was used to produce this figure.
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other proteins, such as caveolin-3, to form ternary complexes
(34).

We recognize that the 23&77 region of SAP97 studied
here is only a portion of a larger protein. However, it is
interesting to note that full-length SAP97 adopts a mixture
of conformations, with 65% appearing as extended rod-like
monomeric particles and the remaining 35% as C-shaped/
ring-like structures as reported.4). Furthermore, using
biochemical and modeling approaches, the N- and C-terminal
regions of SAP97 appear to come close together to give
SAP97 its U-shaped conformatiots). Hence, the restricted
conformational dynamics found here for the PDZ region
concurs with the previous results. It may well be that this
region acts like a pivot around which the N- and C-terminal
regions move, with the U3 linker additionally acting as a
restraining tether.

Here, we additionally address the question as to whether
binding to the peptides adequately represents interactions
with large target proteins. The addition of the Kir2.1 peptide
and cytoplasmic domain both cause specific perturbations
to the NMR resonances of the same residues in each of the
PDZ domains; all these residues either make up the putative
ligand-binding groove or are in close proximity to this site.

Ficure 7: 1N/*H TROSY spectra showing (a) PDZ1 in the Analysis of _the titrat_ion of_KirNC in_to SAP _97_(_Jn a
presence of increasing amounts of KirNC. Concentration ratios of residue-by-residue basis provides details of similarities and
PDZ to KirNC are 1:0 (top), 1:0.5 (middle), and 1:4 (bottom). Insets differences in the interaction of Kir2.1 with SAP97 PDZ
show changes in both chemical shifts and linewidths of two selected Jomains. For example, the resonance of L390 in PDZ2 is
resonances. This demonstrates the formation of complexes; if thegne of the first to completely broaden when either Kir2.1
line-broadening is due to nonspecific interactions/aggregation, it . . . .

is likely that only progressive line-broadening is observed. (b) PDz2 Peptide and KirNC is present; on the other hand, the
in the presence of increasing amounts of KirNC. Concentration equivalent residue, L296, in PDZ1 is not affected at all when
ratios of PDZ to KirNC are 1:0 (top), 1:0.5 (middle), and 1:3 either ligand is present. Furthermore, in the NMR structure
(bottom). of SAP97 PDZ1-NR2B§), peptide complex residues G235,

] ] ] ) F236, S237, 1238, A239, V293, L296, and K297 have close
domains. The SAXS data imply that there is a certain degree contacts with residues from the peptide. In the PDZ2-GIuR-A
of compactness in the SAP97 aa 2E¥7. This is supported  peptide complex9), similar hydrophobic and electrostatic
by NMR paramagnetic relaxation enhancement data, which sgntacts are present. In SAP97 PDZ1 and PDZ2, these
show that a very small region of PDZ3 is within distance yesidues are conserved, whereas in PDZ3, S237 and V293
ranges to experience some line-broadening effects from the(in PDZ1) are replaced, respectively, by N478 and A528.
nitroxide spin label in position C377 of PDZ2. Itis surprising Resonances from both S237 and V293 in PDZ1 and the
that PDZ3 it is not sampling a much larger conformational corresponding S331 and V387 in PDZ2 are among the ones
space given the significant mobility and lack of stable most affected (shift and line-broadening) upon Kir2.1 bind-
secondary structure in U3. It is tempting to suggest that the ing; yet the resonance from N478 in PDZ3 is only slightly
U3 linker tethers PDZ3 to PDZ2, enabling interactions of proadened even when a 1:4 PDZAKirNC complex is
PDZ3 with PDZ2 to form transiently. This tethering helps formed. Therefore, it is likely that the variations in several
to bring the PDZ domains closer together, making it possible key amino acids between PDZ1/PDZ2 and PDZ3, some of
for SAP97 to function as a scaffold whereby the PDZ which are distal from the putative ligand-binding pocket and
domains interact simultaneously with a variety of protein groove, are responsible for the domain-dependent differences
partners to form large productive complexes. At the same in binding affinity for Kir2.1.
time, the mobility of U3 ensures that this linker is unlikely Experiments using other biophysical methods to obtain
to block access to PDZ2 as had been previously proposedquantitative binding constants of the individual domains in
(15). This is particularly pertinent for the interactions the intact PDZ+3 protein are non-trivial. This is due to
involving large proteins such as cytoplasmic domains of the the difficulties in deconvoluting the affinities of the individual
potassium inward rectifiers. There had been suggestions thatlomains in the intact protein; the data here at least provide
the binding of target proteins to PDZ2 and U3 might be a quantitative indication of the relative binding affinities of
mutually exclusive, requiring a conformational displacement each domain in the intact multiple PDZ protein. Since the
of U3 in order that several target proteins can bind resonances from all three PDZ domains of SAP97 are
simultaneously. However, the retained mobility, the lack of affected when KirNC is present, it is likely that a complicated
chemical shift perturbation of U3 resonances when SAP97 mixture of complexes may be present in solution. For
is bound to KirNC, and the fact that UB PDZ3 does not  example, one species could be a tetrameric assembly of
influence the binding affinity of PDZ2 to Kir2.1 all suggest KirNC interacting with all three domains of one molecule
two things. First, the U3 region does not block access to the of PDZ1-3 and with only PDZ2 of another molecule.
PDZz2 ligand-binding site and, second, U3 is free to bind to Another species might be tetrameric KirNC interacting with
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Ficure 8: SAP97 PDZ interactions with KirNC. (a) PDZB in the presence of increasing amounts of KirNC. Concentration ratios of
PDZ12 to KirNC are 1:0 (top) and 1:4 (bottom). Many resonances from domains 1 and 3 ofBD&fhain detectable in the presence of
excess KirNC. (b) Comparison of the fraction of NMR resonances observed for PDZ1 and PDZ2 upon addition of increasing concentrations
of KirNC. At each concentration of KirNC, the resonance intensities are normalized to the most intense and unaffected resonance from the
individual C-terminus residue of the PDZ domain. (c) Comparison of the fraction of resonances observed in a sample containing a 4-fold
excess (monomer concentrations) of PBAlto Kir2.1. The resonances from PDZ1, PDZ2, U3, and PDZ3 are all affected but to different
extents, with PDZ2 the most and U3 the least affected.

(a) (b)
g 104 1.04
£
L~
% 0.5 0.5
:
Z,
0.0-¢ T T 1 0.0 T T 1
0 2 4 H 0 2 H H
[PDZ2], mM [PDZ1-3], mM

Ficure 9: NMR binding curves for the interaction of KirNC peptitlEPRPLRRESEfe with (a) isolated PDZ2 (0.4 mM) and (b) PDZB
(0.5 mM), with the averaged shift changes colored differently for each of the three domains (PDZ1 (blue), PDZ2 (red), and PDZ3 (black)).
The red curve in panel a is the same curve as shown in panel b. The data were analyzed by GraphPad Prism 5 software using a nonlinear

least-squares fit for a one-site binding model. The shift chaﬂges\/(éT—ég')er((éQ‘—62)0.17)2 for specific resonances are normalized

and plotted as a function of peptide concentration. For PE&Zlthe solid lines in the titration of domains 1 and 2 represent the best fit of

the experimental data to the equilibrium equation describing binding to a single ligand site. In the case of PDZ3, an estimated association
constant was used to simulate a titration curve.

two molecules of SAP97 via domains 1 and 2 simulta- containing a helix followed by a shoftstrand. The SAP97
neously. A third species could take the form of each subunit triple PDZ domain protein adopts an extended conformation
of the KirNC tetramer interacting with only PDZ2 of four  with restricted dynamics. Each domain is able to bind KirNC
separate PDZ13 molecules. Preliminary data show thatthe and with an affinity that mirrors those observed for the
major stable form isolated by size-exclusion chromatography peptide K £PRPLRRESE! ppD72 < PDZ1 < PDZ3). It is,
has a molecule mass of about 260 kD, suggesting the thirdtherefore, most likely that specific amino acids determine
species to be the likely predominant form. In this study, the the higher affinity for the second PDZ domain rather than
binding affinities of KirNC to single and multiple SAP97 this domain being more conformationally favored than the
PDZ domains are not significantly different, suggesting that other two to interact with the large cytoplasmic domain of
interdomain cooperativity between the different SAP97 PDZ Kir2.1. The preferential binding to the second domain means
domains for interactions with KirNC is unlikely. that, in zivo, a 1:1 stoichiometry predominates (i.e., one
In summary, we have shown that the U3 and U4 regions Kir2.1 tetramer binds, via its C-terminal domain, to four
of SAP97 are mobile, with U3 largely unstructured and U4 SAP97 at the second PDZ domain). The remaining PDZ1
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and PDZ3 are, consequently, free to bind other proteins that 15.

have higher relative affinities for these domains. The
restricted dynamics of PDZ33 is postulated to have a role
in positioning the simultaneously binding proteins in suf-
ficiently close proximity to form productive complexes.
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