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ABSTRACT:. Neurabin and spinophilin are neuronal scaffolding proteins that play important roles in the
regulation of synaptic transmission through their ability to target protein phosphatase 1 (PP1) to dendritic
spines where PP1 dephosphorylates and inactivates glutamate receptors. However, thus far, it is still
unknown how neurabin and spinophilin themselves are targeted to these membrane receptors. Spinophilin
and neurabin contain a single PDZ domain, a common prof@iotein interaction recognition motif,

which are 86% identical in sequence. We report the structures of both the neurabin and spinophilin PDZ
domains determined using biomolecular NMR spectroscopy. These proteins form the canonical PDZ domain
fold. However, despite their high degree of sequence identity, there are distinct and significant structural
differences between them, especially between the peptide binding pockets. Using two-diméhbional

15N HSQC NMR analysis, we demonstrate that C-terminal peptide ligands derived from glutamatergic
AMPA and NMDA receptors and cytosolic proteins directly and differentially bind spinophilin and neurabin
PDZ domains. This peptide binding data also allowed us to classify the neurabin and spinophilin PDZ
domains as the first identified neuronal hybrid class V PDZ domains, which are capable of binding both
class | and Il peptides. Finally, the ability to bind to glutamate receptor subunits suggests that the PDZ
domains of neurabin and spinophilin are important for targeting PP1 to C-terminal phosphorylation sites
in AMPA and NMDA receptor subunits.

Neurabin () and spinophilin 2—4) are neuronal scaf-  while spinophilin, but not neurabin, is proposed to have a
folding proteins that play important roles in synaptic dopamine receptera-adrenergic interacting domain in its
transmission and synaptic plasticit$, (6). Neurabin and N-terminus, possibly between spinophilin residues 200 and
spinophilin are highly enriched in dendritic spines, the site 400 @, 9). The highest level of primary sequence identity
of excitatory neurotransmission. Neurabin is expressed between neurabin and spinophilin is found in the PDZ
almost exclusively in neuronal cells, while spinophilin is domains (86%), the protein phosphatase 1 (PP1) binding
expressed ubiquitously, although it is highly enriched in domains (81%), and the coiled-coil domains (63%).
neurons. Because spinophilin is a ubiquitous isoform of  Both neurabin and spinophilin have a central role in
neurabin, it is sometimes termed neurabin3). Neurabin  signaling in dendritic spines, as they function to target PP1
consists of 1095 residues (MW 122730 Da), while  toward components of both glutamatergic (fast synaptic
spinophilin is smaller, consisting of only 817 residues (MW transmission) and dopaminergic (slow synaptic transmission)
= 89 640 Da). Figure 1a shows a domain representation for signaling pathwaysl(). Changes in the phosphorylation state
both prOtEinS. As is typ|Ca| for Scaﬁ:OIding prOtEinS, both of the postsynaptic g|utamate recemamino-g-hydroxy-
proteins contain multiple protein interaction domains. Both 5.methyl-4-isoxazolepropionic acid (AMPAtype channels
neurabin and spinophilin contain an F-actin binding, a PP1- are important for synaptic plasticity. Regulationsmethyl-
binding, a PDZ, and a C-terminal coiled-coil domain. In  p_aspartate (NMDA)-type glutamate receptors also contrib-
addition, neurabin, but not spinophilin [in vertebrat@§,(  utes to control of synaptic transmission and plasticity. Protein
contains a sterilec motif (SAM) domain in its C-terminus,  kinase A (PKA) and calcium/calmodulin-dependent kinase

Il MKII) pl ritical roles in phosphorylation an
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Ficure 1: Primary amino acid sequences of spinophilin and neurabin. (a) Domain structure of spinophilin (top) and neurabin (bottom).
Domains of spinophilin and neurabin studied in this work are highlighted with a black box. (b) Sequence alignment of the spinophilin and

neurabin PDZ domains. Experimentally determined secondary structure assignments are annotated as cartoons. The consensus peptide
binding sequence, GLGI, is highlighted with a black frame.

its ability to dephosphorylate AMPA receptors. PP1 is also —2 of the C-terminal ligand. This interaction has resulted in
able to dephosphorylate and regulate NMDA receptbi ( the identification of five distinct classes of PDZ domains
Through their ability to target PP1 to dendritic spines, (13, 16, 17). (1) Class | PDZ domains bind peptides with
neurabin and spinophilin bring the phosphatase into the the consensus sequence SXF-X-®-COOH. The OH group
proximity of AMPA and NMDA receptors. Moreover, of Ser/Thr forms a hydrogen bond with the class | conserved
localization at dendritic spines allows spatial control of PP1 N3 atom of histidine in helix:B. (2) Class || PDZ domains
activity by additional signaling pathways involving D1  pind the sequence -¥p-X-®-COOH (hydrophobie -hydro-
dopamine I’eceptor-dependent aCtiVation Of PKA, aCtiVation ph0b|C interaction)_ (3) Class IlIl PDZ domains bind the
of the PP1 inhibitor, DARPP-32 (dopamine- and cyclic sequence -X3/E-X-®-COOH, where the acidic residue
AMP-regulated phosphoprotein with a relative molecular coordinates with a class Ill conserved Tyr in hatiB. (4)
mass 32000 Da), and PKA-dependent regulation of the cjass v PDZ domains bind the sequence®B/E-COOH,
|ntera(?t_|on o_f spinophilin with the F-actin cytoskeleton within -\, herew is an aromatic residud 8, 19). (5) Class V hybrid
dendritic spines12). PDZ domains are capable of binding both class | type and
PDZ domains, which were originally identified as con- class Il type C-terminal peptide&Q).
served elements in the postsynaptic density protein PSD-
95, the disc-large tumor suppressor Dlg, and the Zonula Despite the significant improvement in the detailed physi-
occludens protein ZO-1, are modular protein interaction ological understanding of the spinophitPP1-DARPP-
domains that recognize and bind C-terminal tetrapeptides 32—~AMPA signaling network §, 21), extremely limited
from interaction proteins, such as transmembrane receptorsstructural information about the protein interactions that
(13, 14). They have a critical role in anchoring supramo- regulate this system is available. Thus, we used biomolecular
lecular signaling complexes to receptor proteits)(Since NMR spectroscopy to elucidate the three-dimensional (3D)
PDZ domains mediate binding between large protgirotein structures of the spinophilin and neurabin PDZ domains.
assemblies that are involved in signaling and subcellular Furthermore, we used NMR titration experiments with
transport, they have received significant attention as potential C-terminal peptides derived from AMPA and NMDA recep-
drug targets for highly specific signaling pathway regulation tors and literature-reported cytosolic interaction proteins to
(16). determine if these C-terminal peptides bind the spinophilin
All PDZ domains have a conserved Gly-Leu-Gly- and/or neurabin PDZ domains. The results show that
binding motif (GLG®, where® is a hydrophobic residue  spinophilin and neurabin PDZ domains are the first known
and most often is Phe) within th&A and 8B connecting ~ neuronal class V PDZ domains and that they interact directly
loop. This loop is coordinated via a hydrogen bond with the with the C-termini of both AMPA and NMDA receptors,
C-terminus of the binding peptide. The binding specificity interactions that may contribute directly to the ability of PP1
of PDZ domains is significantly determined by the interaction to dephosphorylate closely adjacent C-terminal phosphory-
of the first residue of helixxB and the side chain of residue lation sites.



NMR Analysis of Neuronal PDZ Domains
MATERIALS AND METHODS

Protein Expression and Purificatiol€onstructs represent-
ing spinophilings-ss3 spinophilings-goz, OF NeurabiBy-s94

were subcloned into a vector derived from pET-28a (Novagen),

which encodes a Thibliss expression/purification tag (MGS-
DKIHHHHHH) and a TEV (tobacco etch virus) cleavage
site (ENLYFQGH) @2). The plasmids were transformed into
Escherichia colistrain BL21-CodonPlus (DE3)-RIL (Strat-
agene). The expression of uniformi§C- and'>N-labeled
and®N-labeled protein was carried out by growing freshly
transformed cells in M9 minimal medium containing 4 g/L
[*3C]-p-glucose and/or 1 g/E5NH,CI as the sole carbon and
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3C HSQC, 3D HNCACB, 3D CBCA(CO)NH, 3D CC(CO)-
NH, 3D HNCO, 3D HNCA, 3D HBHA(CO)NH, 3D*N-
resolved*H—H TOCSY, and 3D HC(C)H-TOCSY24).
The 2DH—1H NOESY, 2D'H—H TOCSY, and 2D'H—
IH COSY spectra of the spinophiligs-s0. and neurabigy,-sos
samples in DO solution after complete HD exchange of
the labile protons were used for the assignment of the
aromatic side chains. The NMR spectra were processed with
Topspinl.3 (Bruker, Billerica, MA) and analyzed with the
CARA software package (www.nmr.ch).

For the 3D structure determination of neurabinses and
spinophilings-s02, We used established NMR methods for the
sequence-specific backbone and side chain assignnagints (

nitrogen sources, respectively. Cell cultures were grown at Semiautomated programs were used to evaluate the data

37 °C with vigorous shaking to an Qi of 0.6-0.8. The
expression of neurabigy-ses, Spinophilings-ss3, and
spinophilings-g0; Was induced with 1 mM IPTG. The
temperature was lowered to 18, and the cell cultures were
grown for 18 h. The cells were harvested by centrifugation,
resuspended in extraction buffer [10 mM Tris-HCI (pH 8.0),
250 mM NacCl, 5 mM imidazole (pH 8.0), 0.1% Triton

X-100, and Complete EDTA free tablets (Roche)], and lysed

by cell cracking (Avestin C-3 Emulsiflex). The cell debris
was removed by centrifugation (20apfdr 20 min at 4°C).
For the first purification step, the soluble proteins were

either loaded onto a HisTrap HP column (GE Healthcare),

equilibrated with 50 mM Tris-HCI (pH 8.0), 5 mM imida-
zole, and 500 mM NacCl, or onto a Ni-NTA column
(Invitrogen) pre-equilibrated with 10 mM Tris-HCI (pH 8.0),
250 mM NacCl, and 5 mM imidazole (pH 8.0). The protein
was eluted wh a 5 to 500 mMmidazole gradient. Fractions

(CARA). We used the following spectra for the structure
calculation: 3D **N-resolved 'H—'H NOESY, 3D 3C-
resolved'H—"H NOESY (mixing time of 85 ms), and 2D
IH—-H NOESY (mixing time of 85 ms, BD solution).
NOESY peak picking, NOESY peak assignment, and 3D
structure calculation were performed automatically, using the
ATNOS/CANDID/CYANA software package2b6—27). The
inputs for the structure calculations of the neurabin and
spinophilin PDZ domains were amino acid sequences, the
complete chemical shift lists, and the 3D and 2D NOESY
spectra. Constraints for backbone dihedral angles derived
from 3C chemical shifts were used only in the initial
structure calculation. In a second step, the automatically
picked NOESY peak lists were manually improved and used
as input for the CYANA program package, which was used
for the final structure calculation. This additional manual step
improved the quality of the structures substantially. Our

containing the proteins were pooled and exchanged into agxperience shows that the ATNOS/CANDID approach works

buffer containing 50 mM Tris (pH 7.5) and 50 mM NaCl.
After addition of TEV Nla (S219V) protease fused to an
in-frame Hig tag, the solutions were incubated at room
temperature for £3 days. The progression of TEV cleavage
was monitored using SDSPAGE analysis. After cleavage

optimally with high-field NOESY spectra recorded at 800
and 900 MHz because of an improved resolution and signal
to noise ratio 28—30). However, when this additional
manual step is performed, NOESY spectra recorded at lower
field, like ours at 500 MHz, can also be used successfully.

was at least 95% complete, the samples were exchanged into A tota| of 2217 NOESY-derived distance constraint@4

a buffer containing 10 mM Tris-HCI (pH 8.0), 250 mM
NaCl, and 5 mM imidazole (pH 8.0) and loaded onto a pre-
equilibrated Ni-NTA column (Invitrogen). The flow-through
contained only cleaved neurakjf sgs Spinophilings-sgs, Or
spinophilings-go2 With an extra N-terminal GHM tripeptide
(residues 1-3) as determined by SDSPAGE. The solution
was then concentrated to a final volume of 580 The final
concentrations for the different NMR samples were 2 mM
for spinophilings-ss3, 2 MM for spinophilings-soz, and 1.5-3
mM for neurabiBg,-s94[20 MM sodium phosphate (pH 6.5),
50 mM NaCl, and 10% BD] (23).

NOE constraints per residue) were used for the structure
calculation of neurabig,—sgsand 1507 {14 NOE constraints
per residue) for spinophilis-s02 The decrease in the
number of NOE constraints per residue for spinophilin
compared to neurabin is easily ascribed to the 19-residue
highly flexible C-terminal linker in spinophilin, for which
very few NOE constraints were found and which increased
the number of unresolved peaks in the 2D and 3D NOESY
spectra (Table 1). The recently reported RECOORD scripts,
in conjunction with CNS, were used for energy refinement
in a water shell 1, 32). The neurabig, ses model has

Most NMR measurements were performed at 298 K on a excellent stereochemistry, with 98.6% of the residues in the

Bruker Avancell 500 MHz spectrometer using a TCI HCN  most favored and additionally allowed regions of the
z-gradient cryoprobe. Some experiments for neugapig., Ramachandran diagram, 1% in the generously allowed
were conducted on a Bruker DRX 600 MHz spectrometer region, and 0.4% in the disallowed region. Similarly, for
using a room-temperature TXI HCN z-gradient probe. Proton spinophilines g0z, 97.5% of the residues are in the most
chemical shifts were referenced to internal 3-(trimethylsilyl)- favored and additionally allowed regions, 1.6% in the
1-propanesulfonic acid, sodium salt (DSS). Using the generously allowed region, and 0.9% in the disallowed
absolute frequency ratios, tHé&C and'*N chemical shifts  region. Again, the lower stereochemical quality of the
were referenced indirectly to DSS. spinophilin PDZ domain structure, determined by a 1.1%
Chemical Shift Assignment and Structure Calculatiime increase in the percentage of residues in the generously
following spectra were used to achieve the sequence-specificallowed and disallowed regions of the Ramachandran plot,
backbone and side chain assignments of all aliphatic is due to increased spectral overlap and the lack of detectable
residues: two-dimensional (2BH—*N HSQC, 2D'H— long-range NOEs in the largely unstructured C-terminal
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recorded to ensure no interaction of DMSO with the PDZ
domains (Figure S4 of the Supporting Information). Interac-
tion study measurements were carried out on a Bruker

Table 1: Structural and CNS Refinement Statistics

spinophilines 602  NeurabiBoz—s94

no. ?\;ﬁiﬁ'ﬂg‘js distance 1507 o217 Avancell 500 MHz spectrometer equipped with a TCI HCN
restraints ?a") z-gradient cryoprobe. A 2BH—'N HSQC spectrum was
intraresidual 437 474 used to monitor perturbations 1l and*®N chemical shifts,
;eg(;liﬁmi_?;n . %é 21788 which occur due to peptide binding. Comparison of the
long-range g 391 747 bound and unbound 2BH—1N HSQC spectra was used to
deviations from idealized detect binding using TopSpinl.3 (Bruker). Data were ana-
Co‘éa'egt gf\ome”y 0,019 0.0003  0.013 0.0005 lyzed using the CARA software package (www.nmr.ch).
aﬁgless((d)eg) 132 0.033 17335 0,034 We calculated dissociation constarkg)(from the NMR
impropers (deg) 1.56 0.11 1.53+ 0.09 chemical shift perturbation measurements. Chemical shift
structural quality resonances of spinophilin/neurabin PDZ domains that ex-
Ramﬁg?ggg‘gﬁgtc}( 64 hibited the most significant change upon peptide interaction
most favored region (%)  73.0 77.4 (GLG® binding motif, sB, aB) and, in addition, were
additionally allowed 24.5 21.2 well-resolved were used for these calculations. The
ge;eegrg%nsl(y/oa)llowed 16 10 averaged proton and nitrogen chemical shift changes
_region (%) [\/ (0,—00)°+(0y—0,)°] were fitted to the following stan-
disallowed region (%) 0.9 0.4 H ~0/ " AYN . 0 . . .
pairwise rmsd (&) ' ' dard equation using the nonlinear regression analysis package
bat(:kbone (N, e)c and O) 0.88+0.18 0.58+ 0.11 of Mathematica 5.2 (Wolfram Research Inc.):
4-25, 35-93
all heavy atoms 1.41+0.2 1.25+ 0.17 2
(4—25, 35-93) S= 8 [my+ py+ Ky — \/(m0 + P+ Ky)™ — 4mypy
=90, omg
Table 2: C-Term_inal Peptides Derived from AMPA a_md NMDA
Receptors and Literature-Reported Interaction Proteins wheremy, and py are the initial concentrations of the PDZ
interaction domain and the peptide, respectivedy, is the maximum
i 1 a . . . .
receptor __protein peptide  PDZclass ke _ surfacé chemical shift change for the proteipeptide complex (1:5
AMPA  GluR1 GATGL I or 1:10 measurements), aKd is the dissociation constant.
g:ﬂgg S iig zmg” In addition, we used isothermal titration calorimetry (ITC)
GIuR4 ASDLP measurements using a_MicrocaI (Northamp;on) VP-ITC
NMDA NR1C2 SRHRES microcalorimeter to confirm th&y values obtained using
HE;ZZB gYESSTI;/\\// 'I iig: :Z:gz NMR data analysis (Table S1 of the Supporting Information).
NR2C/D SLESEV | 10t Iarge Since ITC measurements for proteipeptide interaction
NR3A NRTCES studies withKy values in the low micromolar range, the
NR3B AAPAES typical range expected for PBzpeptide interactions, require
AM-NR hybrid ESVKV ' 10 large a Iarge amount of protein and peptlde, only a s_elecpve
P70S6 Kinase EHLRMNL I 19-10¢  small experiment was conducted to confirm the NMR titration
Kalirin—7 DPFSTYV | 16-10*  large results.
ke is the estimated peptideprotein exchange constarBl 52). Chemical Shift Assignments and Coordina@semical
b Interaction surface correlates with the number of residues involved shift assignments of neuralgig-sqs Were deposited in the
in complex formation (Figure 6). BMRB as entry 6933, and coordinates were submitted to

the Protein Data Bank as entry 2FN5. Chemical shift

linker tail of the spinophiliges-g02 PDZ domain. The chemi-  assignments of spinophiligs-s0. were deposited in the
cal shift assignment of the spinophilin PDZ domain has been BMRB as entry 6927, and coordinates were submitted to
recently published23). The quality of the structures was the Protein Data Bank as entry 2G5M.
assessed with WHATCHECK38), AQUA (34), NMR-
PROCHECK 84), and MOLMOL (35). All structure com- ~ RESULTS
parisons throughout this work were performed using the
closest conformer to the mean structure for all PDB entries.

Peptide Library Screenind?eptide ligands derived from 3D Structures of the Neurabin and Spinophilin PDZ
the C-terminus of NMDA and AMPA channels and cytosolic Domains.Two constructs for the spinophilin PDZ domain
proteins [P70 S6 kinas&6) and kalirin-7 @7)] are listed in and one construct for the neurabin PDZ domain were
Table 2. Peptides were obtained>e@5% purity either from expressed and purified. The first of these constructs is
JPT Peptide Technologies Inc. or from the Keck Foundation spinophilines-ss3, Which comprises the spinophilin PDZ
Biotechnology Resource Laboratory at Yale University. All  domain, and the second is spinophiineoz, which comprises
peptides were solubilized in the same buffer that was usedthe spinophilin PDZ domain and a 19-amino acid C-terminal
for the NMR measurements of the PDZ domains. The extension that functions as a linker to the C-terminal coiled-
NR1C2 peptide (SVSTVV) was the only peptide not soluble coil domain (Figure 1A,B; Figure S1 of the Supporting
in this buffer and was solubilized by DMSO. DMSO without Information). Secondary structure prediction progra8®) (
the NR1C2 peptide was added to the neurabin and spino- predict that this linker may form am-helix. By comparison
philin PDZ domains and a 2BH—'*N HSQC spectrum  of the 2D *H—'N HSQC spectra of both constructs, 16

Structural Analysis
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Ficure 2: NMR structures of (a) neurakip-sq4 and (b) spinophiliggs-s02 Ca polypeptide backbone chains of a bundle of 20 energy-
minimized conformers superimposed for minimal rmsd values of the backbone atoms of residt€2%@hd 539-590 in neurabin and
corresponding residues in spinophilin. The C-terminus of spinopbilig. is disordered (turquoise correlating to turquoise residues in
Figure 1B).a-Helices are colored regi-strands yellow, and all residues not in regular secondary structural elements green. Secondary
structural elements are labeled following common PDZ domain nomenclature. The PDZ domain binding pocket is flghk&drigsB

and helixaB. The numbers 502 and 594, and 483 and 602, identify the N- and C-termini for neurabin and spinophilin, respectively. This
figure and all subsequent figures were generated using PyMQ)L (

additional cross-peaks were identified in the 2B—N structure elements fold into a six-strandedheet flanked
HSQC spectrum of spinophiligs-s0.. These 16 additional by the twoa-helices. The C-terminal recognition peptide
cross-peaks correlate well with the 19-amino acid extension binding groove is located between tji8 strand and the
of this construct. Importantly, the chemical shift pattern of aB helix.
the spinophilin PDZ domain, identified by overlap of the Notably, no secondary structure, based on chemical shift
2D H—1N HSQC spectrum of spinophiliss-s02 With that indexing and M—HN NOE analysis, was determined in the
of spinophilings-sg3, exhibited identicalH—°N chemical C-terminal extension of spinophiligs-s2 Instead, the 19-
shifts (except the last three C-terminal residues now extendedresidue C-terminal extension appears to be highly flexible,
by the 19-residue linker), demonstrating that the 3D structure based on its increased intensity of bross-peaks (increased
of the spinophilin PDZ domain is not influenced by the transverse relaxation time) in the 2EH—N HSQC
C-terminal linker. Therefore, the structure of spinophdlins: spectrum and dramatically reduced numbers of cross-peaks
was elucidated to determine whether there is residualin the 3D *N-resolvedH—'H NOESY spectrum when
structure in the linker region. In addition, the structure of compared to N cross-peaks from the rest (core PDZ
the neurabin PDZ domain, neurakinses without this domain) of the protein. Outside of this linker, the most
C-terminal linker was elucidated, to characterize potential notable difference between the two PDZ domains is that the
structural differences between the spinophilin and neurabinloop betweensB and SC of spinophilin is angled toward
PDZ domains. and cradles theB helix, whereas in the neurabin structure,
The Extended C-Terminal Loop of Spinophilin Is Unstruc- it does not (Figures 2 and 3). There are five glycine and
tured.As expected, the neuralin-sqs and spinophilines-eo2 two alanine residues in theB and SC loop region which
structures form typical PDZ folds (Figure 2). The 3D likely contribute to its high conformational flexibility. Thus,
structures of the neurabin and spinophilin PDZ domains, like it seems that the highly mobile 19-residue C-terminal tail of
most PDZ domains, are comprised of ghstrands,SA— spinophilin, which occupies a large amount of steric space,
BF, and two a-helices, tA and aB. These secondary constrains this loop to the observed more bent conformation.
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PA-BB
binding loop

Ficure 3: Comparison of the 3D structures of the neurabin (green)
and spinophilin (red) PDZ domains determined in this study. Core
residues with a rmsd of1 A were superpositioned to illustrate
the tilt of helix aB between the neurabin and spinophilin PDZ

Kelker et al.

domains were overlapped to achieve a rmse bfA, aiding

the visual distinction of major structural differences between
the two proteins. TheA—fB loop of neurabin, which
contains the highly conserved C-terminal binding motif,
GLG-®, is tilted toward the ligand binding site compared
to that of spinophilin. In addition, theB helix of neurabin

is also tilted inward toward the peptide binding pocket,
whereas the helix of spinophilin is not, resulting in-ag0°
different orientation of the helices. This results in a narrowing
of the neurabin peptide binding pocket compared to spino-
philin. This differential arrangement of th@A—/£B loop
region and thexB helix of neurabin and spinophilin is due
to two single-amino acid substitutions. First, Arg575 in
spinophilin is substituted with Asn584 in neurabin (Figures
1B and 4 and Figure S1 of the Supporting Information). In
spinophilin, the side chain of Arg575 forms a bipartite salt
bridge with the side chain of Glu500. The long arginine side
chain pushes the loop between helR® and the lasp-strand,
PF, away from the ligand binding pocket and also from
pB-strand A (which is shorter therBA in neurabin). This
gives rise to the more pronounced tilt of heliB in the
spinophilin PDZ domain. Second, Thr555 in the spinophilin
PDZ domain is substituted with 1le564 in the neurabin PDZ
domain (Figure S2 of the Supporting Information). In
neurabin, the much more bulky isoleucine side chain exhibits
a strong steric constraint in the interaction with Val577 in
helix oB. The dramatically decreased bulkiness (lle to Thr
substitution) of the Thr555 and Val568 interaction in the
spinophilin PDZ domain leads to a more open peptide
binding pocket for the spinophilin PDZ domain.

domain structures. The global rmsd between the two structures is  The Spinophilin Peptide Binding Pocket Is More Basic

1.74 A, including all main chain atoms, excluding the highly mobile
loop region betweeps-strandspB and fC (residues 518528 in
spinophilin). Black lines alongB form an~20° angle separation

than That of NeurabinElectrostatic surface potential maps
were generated to compare the molecular surfaces of

between this helix between the structures. This comparison wasneurabin and spinophilin (Figure 5). The predicted pl values

done using the energy-minimized conformer of the spinophilin and

of neurabiggz-s94, SPiNophilings-sgz (PDZ domain only), and

neurabin PDZ domain structures that is closest to the mean structurespinophiliryes-02 (PDZ domain and linker) are 4.63, 5.11,

of these PDZ domains.

After we determined the structure of neurafinsgs, the

and 4.78, respectively. These small differences are evident
in the calculated electrostatic surface potential distribution.

Japanese Riken Structural Genomics Consortium releasedspecifically, spinophilin contains more basic patches than

the coordinates for a second construct of this domain,

residues 501594, which includes seven N-terminal and six
C-terminal residue cloning artifacts (PDB entry 1WF8). The
PDB file refers to this domain as the spinophilin PDZ

neurabin. Most importantly, the peptide binding pocket of
neurabin is relatively neutral compared to the larger basic
patch in spinophilin. This change cannot be explained by a
leucine to glutamine substitution at position 550 of the

domain. However, by primary sequence analysis, it is clear spinophilin PDZ domain. Instead, this basic patch is again

that this is actually the neurabin PDZ domain. The rmsd

created indirectly by Arg575 in spinophilin: in the neurabin

between the two average neurabin NMR structures is 1.4 A PDZ domain structure, the side chain of Lys582 forms a salt
over 78 residues (84% of the total which excludes the large bridge with the side chain of Asp562. In spinophilin, the

flexible loop betweeiB andSC, but includes all other loop
regions), indicating a high degree of similarity between the
two structures. Notably, the seven N-terminal and six
C-terminal residue cloning artifacts are highly flexible,
similar to what is observed for the C-terminal linker in the
spinophilin PDZ domain. Also hergB andj3C are pushed
more toward thexB helix following our spinophilin PDZ
domain model.

In Spite of an 86% Ll of Sequence Identity, the
Structures of the Spinophilin and Neurabin PDZ Domain
Are Not Identical.The root-mean-square deviation (rmsd)

bulky side chain of Arg575 pushes the side chain of Val576
away from its original position to form a hydrophobic patch
with Phe578. This disrupts the formation of the by&ssp
salt bridge that is present in the neurabin PDZ domain,
pushing the lysine residue toward the binding pocket and
creating this positively charged patch.

Peptide Interaction Studies

The Spinophilin and Neurabin PDZ Domains Are the First
Experimentally Confirmed Neuronal Class V PDZ Domains.
It is not possible to predict the PDZ domain class to which

between the spinophilin and neurabin PDZ domains is 1.74 a PDZ domain belongs from either its sequence or structure,
A, which includes all main chain residues except for the since the class is defined by the sequence of the interacting
highly mobileB—/C loop. In Figure 3 (red for spinophilin  peptides. Thus, we used C-terminal peptides, derived from
and green for neurabin), a subset of residues of both PDZreceptors and cytosolic proteins, to investigate which peptides
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FIGURE 4. Top view of (a) neurabia,-s94 and (b) spinophilinys-e02. Structures are superpositioned on heliX. In spinophilin, Arg575

forms a salt bridge with Glu500. The corresponding residue in neurabin, Asn584, does not form this salt bridge. The resulting shortening

of A and SF and the tilt ofaB are shown.

of peptide (an example is shown in Figure S3 of the
Supporting Information). Peptide binding was assessed by
comparing H and N chemical shifts between 2BI—1°N
HSQC spectra of the free and bound PDZ domains; differ-
ences in the chemical shifts were indicative of PDZ domain
peptide binding. For peptides that bound, we then system-
atically varied the protein:peptide ratios (1:1, 1:2.5, 1:5, and,
for some samples, 1:10 protein:peptide concentration ratios)
to determine the binding affinities for each peptide. Using
chemical shift changes (see Materials and Methods), we show
that the binding affinities of the spinophilin and neurabin
PDZ domains for the AMPA and NMDA receptor-derived
peptides are in the low micromolar range-(0 «M). These
affinities were then confirmed by ITC measurements. In
. 5 Electrostati . tential of the (2) bin and addition, we observed in the NMR measurements that all
IGURE ©. Eleclrostalic surface potential of the (&) neurabin and receptor-derived peptides that bind the spinophilin and
b) spinophilin PDZ domains. The 19-residue C-terminal, highl . . . . .
Enébi?e taFi)I of the spinophilin PDZ domain has been omittedgfo)r/ neurabin PDZ dornams_: ar_e Ina fas_t exchange time regime.
clarity. The electrostatic surface potentials were generated via Thus, these peptide binding experiments demonstrate that
MOLMOL (35). Positive potential is blue, neutral potential white, spinophilin and neurabin PDZ domains interact directly with
2 oval flUstiating & clear inorease i the elecoposiiiy of the < crinal peptides derived from CGIUR2, GIURS (AMPA),
ligand l:;inding pogket of the spinophilin PDZ domgin. v and NR1C2 NR2A/B, NR2C/D .(NMDA) receptor SUbu.mts'
We were unable to detect binding of the neurabin and
bind the spinophilin and neurabin PDZ domains. An over- SPinophilin PDZ domains to GluR1, GluR4, NR1C2, and
view of the screened peptides is given in Table 2. Our results, NR3A/B receptor C-terminal peptides.
reported in detail below, have allowed us to classify these C-Terminal AMPA receptor-derived binding peptides
PDZ domains as class V PDZ domains and, in addition, GIuR2 and -3 are PDZ class Il binding peptid&vKIl),
provided critical insights into their functional roles for PP1 while NMDA receptor-derived binding peptides NR1C2
targeting. NR2A/B, and NR2C/D are PDZ class | binding peptideSAE
We carried out NMR-based peptide screening using low TXV, where X=V, D, or E). Therefore, both the spinophilin
micromolar concentrations (156M) of >N-labeled spino-  and neurabin PDZ domains are class V PDZ domains, which
philin and neurabin PDZ domains with a 5-fold molar excess can bind both class | and class Il type peptid2®.(These
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Ficure 6: Amino acids for which chemical shift changes were identified are mapped on a surface representation of the 3D structure of the
neurabin PDZ domain. Differences upon binding of class | or class Il peptides are clearly visible and are discussed in detail in the text. Al
and A2 (180 horizontal rotation) map the interaction sites for GluR3-derived peptides and B1 and B2 for NR2A/B-derived peptides on the
neurabin PDZ domain.

are the first experimentally identified neuronal class V PDZ amino acids often found at positiofi. grurthermore, class |
domains and therefore are distinct from all other neuronal peptides that contain threonine at positiorf pre superior
PDZ domains, such as those from GRIP, PICK, SAP-97, as binders compared to those containing a serine in this
and PSD-95, among others. position. Last, peptides containing glutamine or glutamic acid

A Direct Interaction with NRICANMDA) but Not GluR1 ~ at position p* are superior binders, closely followed by
(AMPA). Differences in the relative binding affinities of the ~aspartic acid and serine at position®p
five C-terminal receptor-derived peptides (GIuR2, GIuR3, In this study, all class | NMDA receptor-derived peptides
NR1CZ, NR2A/B, and NR2C/D) from those of the spino- (valine at position f) do bind slightly tighter than AMPA
philin and neurabin PDZ domains are small, with uniform receptor-derived peptides (isoleucine at positiénbut do
Kq values between 2 and 1M, typical for many PDZ have larger interaction surfaces, indicating that valine, most
domains. These values were calculated using the NMR-basedikely because of its smaller size, must fit differently into
chemical shift measurements. Differences in the affinities the peptide binding pocket. This must result in additional
of the different C-terminal peptides can be detected betweeninteractions formed between the peptide and PDZ domains,
the neurabin and spinophilin PDZ domains. AMPA receptor- necessary for this increased interaction surface. NR1C2
derived peptides exhibit an2-fold reduced binding affinity ~ which has a threonine residue at positior?,pinteracts
(~10uM) for the spinophilin PDZ domain when compared slightly more strongly with the PDZ domains than the
to that of the neurabin PDZ domain. We expect this is due NR2A—D-derived peptides, which have a serine at position
to the positively charged lysine residue at positieh (p~2) p~2. This observation is consistent with Lim’s observation
in the AMPA receptor-derived peptides that reduces the that class | peptides with Thr at positioriind more tightly
strength of the interaction because of the more positively than those with serine. Finally, the residue at positichip
charged spinophilin peptide binding pocket. Neurabin's all of our proteins is either a glutamic acid or serine.
binding pocket is not charged. In contrast, the binding Therefore, on the basis of Lim’s results, no significant effect
affinities of the NMDA receptor-derived C-terminal peptides on binding should be exerted by the amino acid at this
are nearly identical between the two PDZ domains. position.

In addition, the binding of these NMDA class | peptides  valine Is Important for Binding Seleetty. On the basis
(NR1CZ, NR2A/B, and NR2C/D) changes the electronic of our structural results and the peptide binding studies, we
environment of many more residues compared to the AMPA find that residue Arg575 (spinophilin) and the corresponding
class Il-derived peptides (GIuR2 and GIuR3), as detected Asn584 (neurabin) play highly critical roles in peptide
by additional chemical shift changes of cross-peaks in 2D pinding. As stated before, an increased number of residues
H—""N HSQC spectra. NMDA receptor-derived peptides affected due to NMDA receptor-derived peptide binding and
interact with 28 residues, while AMPA receptor-derived the subsequent changes in their electronic environments can
peptides interact with only 14 residues, a key difference in he mapped onto th6A—pB loop, theaB helix, and the
binding and thus likely important for specificity (Figure 6). |oop betweenuB and F, all of which are close in space

In a recent study, Lim et al30) tested the effect of amino  (Figures 2 and 6). What causes these differences in binding
acid substitutions in class | and |l peptides on their binding interactions for NMDA-derived peptides? On the basis of
efficiencies. They showed that peptide residutp?, and the study of Lim et al., the peptide residue at positién p
p~2 are critical positions for binding affinity, but not the plays a critical role in this differential behavior. Thé p
residue at position P. In addition, Lim reported that the residue of the class Il AMPA receptor-derived peptides is
valine at position presults in a stronger interaction when an isoleucine, while that of the class | NMDA receptor-
compared with that of isoleucine and leucine, two other derived peptides is a valine. Therefore, this single-amino acid
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C-terminal change is likely of key importance for the time scales and complexities between cytosolic- and receptor-
observed differences in their interactions with the neurabin derived peptides with these PDZ domains suggest that the
and spinophilin PDZ domains. We feel confident that the mechanism by which this targeting is achieved and regulated
carboxyl terminus of the C-terminal valine is capable of is different.

forming a HO-bridged hydrogen bond with Arg575 (spino-

philin) or Asn584 (neurabin)4Q), while the more bulky =~ DISCUSSION

isoleucine residue is not capable of forming this hydrogen
bond, as reported for other PDZ domain structures. To
experimentally verify the importance of thé msidue for
the differential binding to the neurabin and spinophilin PDZ
domain, we designed a class-dlass Il hybrid peptide,

PDZ domains are common protein domains which function
in protein—protein recognition. PDZ domains typically bind
the C-termini of their protein binding partner. This recogni-
tion allows multiple proteins to form large macromolecular

composed of the class Il GIUR2 peptide backbone (ERVK assemblies, which are vita}IIy important for signaling pro-
with the C-terminal presidue from class | NMDA peptide cesses. PDZ domains, until recently, have been categorized

valine (XXXXV) for a hybrid peptide of ESVKV. Indeed into four distinct classes (classeslIV), which are defined

this | to V mutation confers NR binding behavior on tr;e _by the canonical sequence of the binqling peptides. |_—I0we_\_/er,
GluR-derived peptide, showing that this binding pattern is in the past fe_w years, new PDZ domains have been 'de“t'f"?d
strictly regulated by thedresidue. This was indicated by a that do not fit easily into any of these classes. The neurabin

strong change in the chemical shift of the Arg575 (spino- and spinophilin PDZ domain also fall into a new hybrid PDZ
philin) or Asn584 (neurabin) residues following hybrid class, class V, whose members are able to bind to both class

peptide titration, as only seen before by NR peptides, while | (ESXV. where X=D or E) and class Il peptides Y&I).

also slightly increasing the binding affinity, which would By targeting PP1 to the AMPA and NMDA receptors,
be expected on the basis of Lim's experimental results. SPinophilin and neurabin regulate the phosphorylation state
Therefore, in spite of the distinct structural differences Of these receptors. While the interaction of spinophilin and
between the neurabin and the spinophilin PDZ domain, the neurabin with PP1 has been biochemically and physiologi-

amino acid composition of the binding peptide, especially cally investigated during the past few years, this was not

selectivity. whether the two proteins target the receptors directly or if
Differences between Cytosolic ProteifDZ and Mem- additional proteins are used as linking scaffolds. Since PDZ

brane-Bound RecepteiPDZ Domain InteractionsiVe have domain.s'are knqwn for their.strong intgractions with the
also tested binding of the neurabin/spinophilin PDZ domains C-términi from different proteins, especially receptors, we
to two cytosolic protein-derived peptides, a class II C- USed S-7-mer peptides, derived from GIuRZ (AMPA
terminal peptide derived from p70S6 kinask 86) and a  receptors) and NR1, NR2A-D, and NR3 (NMDA receptors),
class | binding peptide derived from kalirin-37). Both of to test for direct interactions with the spinophilin and
these proteins have been demonstrated to interact with thes@€urabin PDZ domains. By using 2BI—*N HSQC NMR
PDZ domains in vivo. Surprisingly, these peptides have an analysis, we were able to demonstrat_e that both spinophilin
~2—3-fold weaker binding affinity for the PDZ domains than @nd neurabin PDZ domains directly bind to GIuR2, GIuRS,
the class | and Il receptor-derived peptides3(—50 xM). and NR1C2, NR2A/B-, and NR2C/D-derived peptides.
However, even more interesting are the different binding  Our peptide binding results show, despite changes in the
kinetics, which are most pronounced for the p70S6 C- width of the blndlng pocket between the neurabin and
terminal peptide. We are able to detect cross-peaks only inspinophilin PDZ domain, which is surprising because the
the 2DH—15N HSQC spectra when a large surplus of these sequences of spinophilin and neurabin are 86% identical, the
peptides is used (1:5 and 1:10). For 1:1 and 1:2.5 PDz dominant influences on binding selectivity come from the
domain:peptide molar ratios, we are unable to detect cross-SPecific amino acid sequence in the C-terminal binding
peaks of the interacting residues in the 315N HSQC peptides. Notably, NR1C2 NR2A/B-, and NR2C/D-derived
spectrum. To detect possible errors in the chemical shift peptides exhibit interactions with residues outside the major
measurements, we confirmed the NMR-derived data using binding pocket (Arg575 in the spinophilin and the corre-
ITC measurements (see Table S1 of the Supporting Informa-sponding asparagine residue in the neurabin PDZ domain),
tion). This demonstrates that these cytosolic protgieptide which seems to effect their interaction in a manner inde-
interactions take place on an intermediate time scale, andpendent of the shape of the binding pocket. Most likely, the
their interactions with the neurabin and spinophilin PDz carboxyl group of the C-terminal valine fits into the binding
domains are markedly different from those with the class | pocket and forms a #D-mediated hydrogen bond with
and || AMPA/NMDA receptor-derived peptides (fast time Arg575 in the spinophilin PDZ domain or the corresponding
scale). In addition, for both peptides, we are able to detectasparagine residue in the neurabin PDZ domain. The
the same interaction pattern as for NMDA receptor-derived interaction between the peptide and flanking hel& has
peptides, particularly showing a strong chemical shift change been identified as an important element for binding selectivity
for the Arg575/Asn584 residue as described above. This (41). However, despite the differences in the relative angle
further supports our conclusion that the C-terminal isoleucine of helix oB between the spinophilin and neurabin PDZ
of the GIuR2/3 peptides, which is different from the valine domain structures, it seems that its spatial orientation does
and leucine (only P70S6 kinase), is the key residue for not have an effect on the overall binding affinity of the
selectivity. While the underlying biological functions of the binding peptides for the PDZ domain.

cytosolic and membrane-derived proteins are likely equiva- In neurabin and spinophilin, the PDZ domain is located
lent, i.e., targeting PP1 to its points of action, the interaction immediately C-terminal to the PP1-binding domain. The
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it has been shown that phosphorylation of Ser845 results in
a dramatic potentiation of channel activity in response to
S——— T glutamate 48).

Low levels of Ser845 phosphorylation directly correlate
with low channel open probability and channel trafficking.
Other studies have indicated that PP1 is targeted to the
AMPA receptor via spinophilin. As our data show, the PDZ
domain of spinophilin binds peptides derived from C-termini
of GIuR2/3 AMPA receptor subunits, but not a peptide from
- - the GIuR1 subunit. As previously reporte2by, proteins such
as p70S6 kinase bind only to the PDZ domain of spinophilin/
neurabin when PP1 is not bound; i.e., spinophilin/neurabin
cannot have the PDZ- and PP1-binding pockets simulta-
—_— T — — neously occupied. Either intrinsic steric interaction between

— | — the spinophilin PP1-binding domain and the PDZ domain
FiGURe 7: lllustration of the spinophilin-mediated PP1 dephos- OF steric blocking when one of the targets, i.e., PP1 or the
phorylation of the GIuR1 AMPA subunit (details in the text). PDZ domain interaction partner, is bound to spinophilin
hinders simultaneous PP1 and PDZ domain binding.

Furthermore, it is known that both spinophilin and
neurabin are present as a dimer or higher-order multimeric
species in vitro and in vivo. This dimerization is mediated
by their coiled-coil domains, domains frequently demon-

proximity of these domains may play an important role in
directing PP1 toward phosphorylated AMPA and NMDA
receptor subunits, thus ensuring maximal catalytic efficiency
as well as substrate specificity. Notably, the affinity of

neurabin and spinophilin PDZ domains with their glutamate ¢4 ta to pe important for proteiprotein multimerization

receptor C-terminal peptides was in the low micromolar 4 4 This dimerization has been shown to be important

range. The only moderate affinities of these interactions o e jation of F-actin bundling by neurabin. Spinophilin/
would enable spinophilin and neurabin to bind to and rEIeaseneurabin multimerization is mediated by the coiled-coil

from the receptors rapidly, anq to allow rggulgtion of domain (unpublished data).
glutamate receptor phosphorylation by other signaling path- h del di h lecule of
ways, such as when PP1 is inhibited by PKA-phosphorylated | °9€ther, our new model predicts that one molecule o
DARPP-32 or when the F-actin-binding domain of spino- SPINophilin binds with its PDZ domain to the GluR2/3

philin is phosphorylated. By targeting PP1 to glutamate SUPunits of the AMPA receptor and a second spinophilin
receptors, spinophilin and neurabin have been shown tomolecule, which interacts via its coiled-coil domain with the

: i PDZ-bound spinophilin molecule, binds PP1 and targets it
regulate the phosphorylation state and activity of these . . . :
channel proteins. Spinophilin and neurabin are highly to Ser845 of GluR1 (Figure 7). This brings PP1 into the

enriched in dendritic spines by virtue of their interaction with proxi.njitly Of. its point of aCtiPr." ensuring a high degree_ of
F-actin, and this actin interaction was thought to be largely specmcny directing PP1 activity toward GluR1. Interaction
responsible for directing the actions of PP1 toward its with NMDA receptors could be mediated by two alternative

synaptic substrates such as AMPA and NMDA receptors. mechanisms. First, it could follow the same mechanism
However, the results of this study suggest that targeting of ProPosed for AMPA receptor dephosphorylation described

; ; bove. Alternatively, since we identified a direct interaction
PP1 toward AMPA and NMDA receptors is also likely to at e ) .
involve direct binding of neurabin and spinophilin with with the NR1C2 subunit, and since simultaneous PDZ and

glutamate receptor subunits via PDZ doma@termini PP1 binding has so far not been demonstrated, a second
interactions mechanism would be one in which the first spinophilin

A New Model for AMPA Receptor Dephosphorylation molecule binds the NR1CZXubunit instead of NR2A-D
These data lead to the formulation of a novel model fo-r subunits, while the second spinophilin molecule targets PP1
AMPA receptor dephosphorylation by PP1 (Figure 7). to Ser897 in the NR150).

AMPA receptors mediate the majority of fast excitatory
transmission, and changes in the efficacy of this transmissionACKNOWLEDGMENT

underlie plasticity in the CNS. The best-studied form of this  \v p_ thanks Dr. Rebecca Page for discussion and careful
plasticity is long-term potentiation (LTP) and long-term  eading of the manuscript and Drs. Dale F. Mierke, Mark
depression (LTD). Phosphorylation of AMPA receptor gpaier, and John Marshall for discussions.

subunits regulates the intrinsic properties of the channel and

its interactions with associated proteins. The C-termini of SUPPORTING INFORMATION AVAILABLE

these receptor subunits are especially critical for the regula-

tion of AMPA receptor function. While it is widely recog- A figure showing the 3D mapping of the amino acid
nized that AMPA receptor function is highly complex, difference between neurabin and spinophilin on their struc-
including important regulatory effects due to receptor traf- tures, a figure allowing a visualization of the impact of the
ficking (42, 43) and interactions with additional membrane single-residue change of 1564 (neurabin) to T555 (spinophi-
proteins, such as stargazid4(46), it is evident that the  lin), 2D H—N HSQC spectra showing peptide titration
phosphorylation state of Ser845 on GIuR1 subunits is one results, 2D*H—N HSQC showing no change upon DMSO
of the most important factors for regulation of AMPA titration, and a table showing a comparison betwégn
receptor activity 47). For example, using a S845A mutant, values derived from NMR chemical shifts and ITC measure-
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ments. This material is available free of charge via the
Internet at http://pubs.acs.org.
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