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The PDZ domain of neuronal nitric oxide synthase (nNOS)
functions as a scaffold for organizing the signal transduction
complex of the enzyme. The NMR structure of a complex
composed of the NnNOS PDZ domain and an associated pep-
tide suggests that a two-stranded B-sheet C-terminal to the
canonical PDZ domain may mediate its interaction with the
PDZ domains of postsynaptic density-95 and a-syntrophin.
The structure also provides the molecular basis of recogni-
tion of Asp-X-Val-COOH peptides by the nNOS PDZ
domain. The role of the C-terminal extension in Asp-X-Val-
COOH peptide binding is investigated. Additionally, NMR
studies further show that the Asp-X-Val-COOH peptide and a
C-terminal peptide from a novel cytosolic protein named
CAPON bind to the same pocket of the nNOS PDZ domain.
PDZ domains were originally identified as repeats of ~90
amino acid residues in postsynaptic density-95 (PSD-95), and
were named after PSD-95; Drosophila discs large tumor suppres-
sor, Dlg; and the mammalian tight junction protein, ZO-11-,
Amino acid sequence analysis showed that PDZ domains are
found in a wide array of proteins possessing diverse biological
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functionst. Numerous studies have indicated that PDZ domains
are multifunctional protein—protein interaction modules that
play important roles in clustering membrane proteins, organiz-
ing signal transduction complexes, and maintaining cell polar-
ity’-5. One common mode for the interaction of PDZ domains
involves association with short peptide fragments at the very C-
terminus of target proteins’8. Additionally, PDZ domains have
been shown to form hetero-dimers®'1, and to interact with inter-
nal peptide fragments of target proteins'?1%, Recent structural
studies have demonstrated that PDZ domains from various pro-
teins adopt similar three dimensional conformations’4-16, The
C-terminal peptides bind to a groove formed by the principal a.-
helix (aB) and the second pB-strand (fB) of the PDZ domains in
an anti-parallel fashion (Fig. 1c).

Neuronal nitric oxide levels are largely regulated by neuronal
nitric oxide synthase (NNOS). nNOS differs from the two other
NOS isoforms (endothelial NOS and inducible NOS) in having
an ~250 residue N-terminal extension which contains a PDZ
domain and a dynein light chain/protein inhibitor (PIN)-binding
domain'1°, The nNOS PDZ domain targets the enzyme to the
cell membrane by binding to PSD-95 and a-syntrophin3®. In
addition to its binding to short C-terminal peptides with a
Asp/Glu-X-Val* (where “*’ denotes the carboxylate of the pep-
tide) sequencel®il, the nNOS PDZ domain, uniquely, forms het-
erodimers with the PDZ domain of a-syntrophin and PSD-95°.
Formation of the above PDZ dimers requires the additional ~25
amino acid residues C-terminal to the canonical nNOS PDZ
domain®1, Very recently, a novel cytosolic protein named
CAPON was isolated, and the protein was found to bind to nNOS
and thereby regulate the interaction of nNOS with PSD-95%,
CAPON interacts with the nNOS PDZ domain through its C-ter-
minus, even though it does not contain an Asp/Glu-X-Val* motif.

Here, we present the solution structure of the nNOS PDZ
domain complexed with a seven-residue target peptide. The
three-dimensional structure of the complex provides insights
into the structural mechanism of the heterodimer formation

Fig. 1 a, Stereoview showing the best-fit superposition of the backbone
atoms (N, Ca, and C') of the final 15 structures of the nNOS PDZ-MelR
peptide complex. The structures are superimposed against the average
structure using the residues 14-98. The MelR peptide (VVKVDSV) is
shown in pink. The B-strands in the C-terminal extension are in orange,
and the rest of the extension is in cyan. b, Superposition of the 15 NMR
structures using the p'l and B'll showing the defined structure of the C-
terminal extension of the nNOS PDZ domain. ¢, Ribbon diagram of the
nNOS PDZ-MelR peptide complex. The secondary structural elements of
the canonical nNOS PDZ domain are labeled following the scheme of the
crystal structure of the PSD-95 PDZ domain’. The MelR peptide is shown
in pink, and the C-terminal extension is in yellow. The two C-terminal
strands are named B'l and f'll, respectively.
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Fig. 2 a, Stereoview atom represen-

tation of the MelR peptide binding M
pocket of nNOS PDZ. oB and B are  Ciass il @ 2 2 2 2 e s
shown in blue and green, respec- nNos NVISVRLFEREVG- -GLGFLVE=====~ ERVSEPP-VIISDLIR SELT IILAVNDRFLVDLS YDSALE
tively. The ‘GLGF’ motif is shown in C‘:":I TH RS PIAAD T Y OF B LEEVEED -~ -~ GIRRL - TLETHNRA-- -~ ADALNSE
orange, and the MelR peptide is in n;:snn | |
pink. For clarity, only three residues Lit2g :::ﬁwwng:rm:m:::::mm:n:cmmummmmumc:svmmmm
in oB are shown in explicit atom rep- P55 ———Rumxzmx-gllggm —————— m—g-mrmwmuﬁﬁmmm
resentation. Note that the carboxy- c"'“?' | |
late of Val 0 in the peptide is within Ebz LAGGFADLSGELRRGDQI LEVNCVDLENAS I
hydrogen bonding distance to the SLDgI ARA v I%ﬁm}r’%
backbone amides (blue) of Leu 28, Sapa7 D L RRCDRILEVNGVNLRNAT
ncmmsni%émm

Gly 29, and Phe 30 of nNOS PDZ. The Syn
hydrogen bond between the amide

SVNETDLRDATE Vo

of Leu 28 and the carboxylate of Val BF B’ pIF

0 in the peptide (numbered accord- TF— - T D Target sequence
ing to ref. 7) is expected to be partic-  Gluss ] a a g

ularly strong, as both the amide ANOS VLRGTASPTHVVLILRGPEGFTTHLETTFTCDETERT IRVTOPLEEPTRAV D-X-V-COOH
proton and nitrogen chemical shifts Tiam-1 ML RDF LS 0RELELLYRTY ~ == == = - -~ — =~ — - - mmmmmmm e o Y-X-AIF-GOOH
of Leu 28 shift dramatically towards Clasa i

down fields (see Fig. 3b). b, GRASP hCASK-A MLREMRGSITFRIVESYR- —— ——— == == == == === ——— e

surface representation of the hydro- :]'E:'éfﬂ R R e R~~~ —— T IITTTTTTToTTsoos FIV-X-AJFIV-GOOH
phobic pocket of nNOS PDZ for the  ctassi

side chain of Val 0. The figure also rozs

shows the charge stabilization of the POZ]
carboxyl group of Asp -2 by the posi- DLG
tively charged Arg 85. The hydropho- %3“"97

bic residues (Ala, Ile, Leu, Met, Pro,

SIT-X-/V-COOH

Phe, Tyr, and Val) are shown in yellow, negatively charged residues (Asp and Glu) in red, positively charged residues (Arg, His, and Lys) in blue, and
polar residues (Asn, GIn, Gly, Ser, and Thr) in white. ¢, Amino acid sequence alignment of selected PDZ domains. The secondary structure of nNOS PDZ
determined from this work is also included at the top of the sequence. The PDZ domains are divided into class |, Il, and Ill based on their target bind-
ing specificity. The ‘GLGF’ motif is highlighted with an open box. The amino acid residues forming the hydrophobic pocket accommodating the side
chain of the residue at position 0 of target peptides are drawn in red, and the amino acid residues that play critical roles in selecting the residue at
the -2 position of peptide are in green. The target peptide sequences for each class of PDZ are also included in the figure.

between the NNOS PDZ domain and the PDZ domains of PSD-
95 or a-syntrophin. The structure also reveals the target peptide
recognition mechanism by the nNOS PDZ domain. The contri-
bution of the C-terminal extension to the target recognition by
the nNOS PDZ domain was studied. We have also compared the
interactions of the nNOS PDZ domain with: (i) the Asp/Glu-X-
Val* peptide and (ii) a synthetic peptide derived from the C-ter-
minus of CAPON.

Structure determination

The three-dimensional structure of the NNOS PDZ domain com-
plexed with a seven-residue synthetic peptide (Val-Val-Lys-Val-
Asp-Ser-Val) was solved using a total of 1,734 experimental
restraints derived from NMR spectroscopy (Table 1). The nNOS
PDZ domain used in this work encompasses amino acid residues
11-133 of the rat enzyme. The amino acid residues outside the
canonical PDZ domain (residues 100-133) were shown to be
required for nNOS PDZ to interact with the PDZ domain of PSD-
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95 and a-syntrophin®1°, and the construct is thus termed the long
nNOS PDZ domain (abbreviated here as ‘'nNOS PDZ’). The seven
residue synthetic peptide corresponds to an identical sequence in
the C-terminal domain of the melatonin receptor a (referred to as
the MelR peptide). It has been shown that nitric oxide signaling
can be regulated by melatonin?. In addition, the Asp-X-Val*
motif at the C-terminus of the melatonin receptor was shown to
be the optimal NNOS PDZ binding sequence®!, Fig. 1a shows a
stereo view of the best-fit superposition of a family of 15 struc-
tures of the complex. Due to the low content of aromatic amino
acids within nNOS PDZ (three in total, Phe 21, Phe 30, and Tyr 77
in the hydrophobic core of the canonical PDZ domain), the 94
methyl groups of the protein displayed limited spectral resolution.
Despite this inherent resonance degeneracy, we were able to deter-
mine the complex structure at a relatively high resolution by a
combination of 2D homonuclear, and 3D/4D heteronuclear NMR
spectroscopy (Fig. 1a, Table 1). The 4D 13C/:3C NOESY was par-
ticularly useful in unambiguously assigning 3C-separated NOE

nature structural biology * volume 6 number 5 » may 1999



#A4 © 1999 Nature America Inc. * http://structbio.nature.com

#4 © 1999 Nature America Inc. * http://structbio.nature.com

min(A ) = min[ /(A8 ,,)* + (A8, *a,)* ]

The scaling factor (ay) used to normalize the 'H and >N chemical shifts is
0.17. The chemical shift differences for the Pro residues are not plotted.
For comparison, the secondary structure of the protein is shown above
the plot. b, The overlay plot of the 'H-*N HSQC spectra of nNOS PDZ
complexed with the MelR peptide (blue) and the CAPON peptide (red).
The assignment of the nNOS PDZ-MelR peptide complex is labeled with
individual amino acid name and residue number.

crosspeaks??. The nNOS PDZ domain contains a core of five 3-
strands (BA-F) and two a-helices (A and B) (Fig. 1c). Two addi-
tional B-strands ('l and p'l1) at the C-terminus pack loosely with
the core of NNOS PDZ. As predicted by the amino acid sequence,
the residues 14-98 form a compact PDZ domain structure having
an overall topology similar to the other PDZ domains determined
by X-ray crystallography and NMR spectroscopy (an r.m.s. differ-
ence of 1.91 A when compared with the X-ray structure of the
third PDZ domain of PSD-95 complexed with a four residue pep-
tide using the secondary structure elements of the com-
plexes)”14-16, The MelR peptide binds to the pocket formed by B
and aB at an antiparallel p-strand structure (Fig. 1c). However,
significant differences do exist in the loop regions, A, and gD,
when compared to the crystal structure of the PSD-95 PDZ—-pep-
tide complex’. In particular, the loop connecting oA and D, as
well as the orientation of oA are significantly different between
the two structures. The differences likely arise from the packing of
the C-terminal extension with these regions of nNOS PDZ. In
addition, D in nNOS PDZ is three residues shorter, and BE is not
detected (Fig. 1c).

One of the most striking features of the nNOS PDZ-MelR pep-
tide complex structure is the short antiparallel p-sheet (B'l of
residues 103-106, and B'l1 of 122-125) C-terminal to the canoni-
cal PDZ domain (Fig. 1c). The side chains of Thr 104, Thr 105
from p'l'and Thr 119 and lle 120 prior to p'll make van der Waals
interactions with the beginning of BA and the loop connecting
aA and BD, resulting in the loose packing of the C-terminal
extension with the core of the PDZ domain (Fig. 1a). The loop
connecting p'l and B'll is flexible as indicated by NOE contacts
and heteronuclear 'H->N NOE values (data not shown; Fig. 1a).
However, superposition of the 15 NMR structures using f'l and
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Fig. 3 a, Plot of combined 'H and >N chemical shift differences of the @ Han
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B'1l showed that the C-terminal B-sheet is also well defined by
itself (Fig. 1b; Table 1). Among numerous PDZ domains, the
NNOS PDZ domain is the only one known to form dimers with
the corresponding PDZ domains from a-syntrophin and PSD-
95/PSD-93°. The C-terminal extension was shown to be
absolutely required for such PDZ dimer formation®, It was fur-
ther demonstrated that the binding sites within the PDZ domain
of PSD-95 for Thr/Ser-X-Val* peptides and nNOS PDZ overlap
with each other®. These data suggest that the C-terminal exten-
sion of NNOS PDZ binds to the Thr/Ser-X-Val* peptide binding
groove of the PDZ domain of PSD-95. It was previously proposed
that not only C-terminal peptides but also internal p-strands
might interact with PDZ domains*. Indeed, it was shown that the
PDZ domain of a-syntrophin was able to bind to a restrained
cyclic peptide with high affinity?. Formation of complexes with
internal peptide fragments from their respective targets may be
another general mode of interaction for many PDZ domains!?13,
Taken together, it is very likely that one of the internal g-strands
in the C-terminal extension of NNOS PDZ binds to the target
recognition groove in the PDZ domains of a-syntrophin and
PSD-95. Once forming complexes with a.-syntrophin or PSD-95,
the loosely packed C-terminal extension may detach from the rest
of the domain. Experiments are currently in progress to elucidate
the exact amino acid sequence of NNOS PDZ that mediates the
interaction with the PDZ domain of PSD-95.

Peptide-binding pocket
Similar to the class | PDZ domains, nNOS PDZ has a conserved
‘GLGF’ carboxylate-binding motif (Fig. 2a,c)”®. As expected, the
hydrogen bonding pattern between the -COOH of the MelR
peptide and the backbone amides of the ‘GLGF’ motif is similar
to that observed in the previously determined PDZ-peptide
complex structures”1516 (Fig. 2a). The side chain of Val 0 is situ-
ated deep in a hydrophobic pocket comprised of the highly con-
served hydrophobic amino acids of Leu 28, Phe 30 and Leu 84
(Fig. 2b,c). Two additional hydrophobic residues (lle 87 and Val
94) located at the perimeter of the pocket also partially interact
with the side chain of Val 0 in the peptide (Fig. 2a).

The nNOS PDZ domain has a strong preference for negatively
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Fig. 4 Model for nNOS signal transduction complex organization by PDZ
domains. The NMDA receptors are clustered by multiple PDZ domain con-
taining PSD-95. The multimeric PSD-95 further couples nNOS to the NMDA
receptors, allowing direct activation of nNOS by influxes of Ca?*. The PDZ
domain of NNOS can further recruit its binding protein such as CAPON by
binding to its C-terminal tail. The PTB domain of CAPON may bind to as yet
unknown NPXpY motif containing proteins in the signaling pathway.

charged amino acids at the —2 position of its peptide ligands®,
Therefore, NNOS PDZ represents a novel class (class I11) PDZ
domain (Fig. 2c). The selectivity at the —2 position of peptide lig-
ands by various PDZ domains is largely determined by the amino
acid residue in aB178. In the case of NNOS PDZ, the hydroxyl
group of Tyr 77 in aB1 forms a hydrogen bond with the carboxyl
group of Asp -2 of the ligand (Fig. 2a). Oriented peptide library
studies showed that a PDZ domain containing an Asp in place of
Tyr at aB1 selectively binds to peptide ligands with Tyr at the —2
position, thus supporting the selectivity of Tyr and Asp/Glu at the
two positions against each other8. The selectivity of nNOS PDZ
for a negatively charged amino acid residue at the —2 position is
also contributed by the positively charged Arg 85 side chain of the
protein (Fig. 2a,b). In class | PDZ, the aB1 is a His residue and it
selects for Ser or Thr at the —2 position by forming a hydrogen
bond between the hydroxyl group of Ser/Thr and Ne of His’8.
Mutation of Tyr 77 to His in nNOS PDZ changes the ligand bind-
ing specificity from Asp-X-Val* to Ser/Thr-X-Val*'t. The pres-
ence of a hydrophobic residue (class 11) at aB1 predestines these
PDZ domains to selectively bind to C-terminal peptides with
hydrophobic amino acids in the -2 position®16,

Effect of the C-terminal truncation

While it is certain that the C-terminal extension is required for
NNOS PDZ to interact with the PDZ domains from a-syntrophin
and PSD-95, it remains open to debate whether the same exten-
sion is essential for the domain to interact with C-terminal pep-
tides!01120, To resolve this issue, we studied the interactions of the
MelR peptide with nNOS PDZ with and without the C-terminal
extension by comparing the *H-N HSQC spectra of the two
forms of the PDZ domain complexed with the MelR peptide.
Chemical shift differences between the two complexes using the
minimal shift difference approach?* are shown (Fig. 3a). Very lit-
tle chemical shift differences are observed in the peptide binding
pockets and its peripheral regions between the two complexes,
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indicating that peptide binding is unlikely to be affected by the C-
terminal extension. The regions that show large chemical shift
differences are the areas with which the C-terminal extension
interacts (Figs 1c, 3a). This is expected since the shift perturba-
tion is a direct result of the deletion of the extension. We have also
studied the binding of the biotinylated MelR peptide with the two
forms of NNOS PDZ using surface plasmon resonance. The data
suggest that the MelR peptide binds to the PDZ domain of both
forms in an indistinguishable manner (data not shown). These
results can be readily explained by the three dimensional struc-
ture of the complex (Fig. 1). The C-terminal extension and the
peptide binding groove are located at the two opposite sides of the
PDZ domain and no contacts are observed between the residues
in the two regions of the protein. Therefore, we conclude that the
canonical NNOS PDZ domain (residues 11-98) is sufficient for its
binding to C-terminal Asp-X-Val* peptides.

Interaction with the CAPON peptide
It has been suggested that CAPON may regulate cellular NnNOS
activity by altering its localization from the membrane to the
cytosol®. Unexpectedly, CAPON has a C-terminal sequence dif-
ferent from the previously identified Asp-X-Val* motif. Similar to
the finding described here, the canonical NNOS PDZ domain is
sufficient for CAPON interaction?, We asked whether the Asp-X-
Val* peptide and the C-terminus of CAPON bind to the same site
on NNOS PDZ. To address this issue, a peptide corresponding to
the last 12 amino acid residues of CAPON (ELGDSLDDEIAV)
was synthesized to study its interaction with nNOS PDZ. The
overlay plot of the *H-5N HSQC spectra of nNOS PDZ com-
plexed with MelR peptide (blue) and the CAPON peptide (red) is
shown (Fig. 3b). The two spectra are strikingly similar, and the
resonances corresponding to the residues in the peptide binding
groove of the two PDZ complexes are nearly superimposable,
indicating that the two peptides binding sites in nNOS PDZ
overlap with each other. Moreover, NMR titration experiments
also showed that the two peptides compete with each other in
binding to nNOS PDZ (data not shown). These data, together
with the structure (Fig. 1), suggest that CAPON is unlikely to
compete with PSD-95 for nNOSZ. Indeed, it has been indepen-
dently shown that a similar CAPON peptide does not block the
association between the long nNOS PDZ domain and the PDZ
domain of PSD-95 (David Bredt, personal communication).
The structural and biochemical data from this work together
with previous findings suggest the following model (Fig. 4).
The C-terminal tail of an N-methyl-D-aspartate (NMDA)
receptor binds to one of the PDZ domains of PSD-95.
Organization of nNOS into the NMDA receptor-PSD-95 com-
plex is mediated by the binding of the C-terminal extension in
nNOS PDZ to the second PDZ domain of PSD-95. The nNOS
PDZ domain can further interact with related proteins such as
CAPON using its PDZ domain. It is possible that the phospho-
tyrosine binding (PTB) domain of CAPON may further recruit
as yet unknown Asn-Pro-Xaa-pTyr motif containing pro-
teins*20, The model proposed here presents another example
showing the role of PDZ domains as versatile scaffolds in orga-
nizing signal transduction complexes®.

Methods

Sample preparations. The long rat nNOS PDZ domain (residues
11-133) was PCR amplified from rat brain ¢cDNA and inserted into
the plasmid pET14b (Novagen). The His-tagged nNOS PDZ domain
was expressed in Escherichia coli BL21(DE3) cells. Uniformly '*N-, and
5N/13C-labeled nNOS PDZ samples were prepared as described?. The
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Table 1 Structural statistics for the family of 15 structures’

Distance restraints

Intraresidue (i-j = 0) 577
Sequential (li-jl = 1) 421
Medium range (2 < li-jl < 4) 196
Long range (li-jl = 5) 442
Hydrogen bonds 44
Intermolecular 54
Total 1,734
Dihedral angle restraints
D 46
Y 45
Total 91
Mean r.m.s. deviations from the experimental restraints
Distance (A) 0.033 = 0.001
Dihedral angle (°) 0.81+0.11

Mean r.m.s. deviations from idealized covalent geometry

Bond (A) 0.004 = 0.000
Angle (°) 0.56 + 0.02
Improper (°) 0.40 = 0.02
Mean energies (kcal mol =)
Enoe? 97.3+7.1
Ecgin2 3.72+1.04
Erepel 118.4+10.4
EL —344.9+12.0
Ramachandran plot3
Residues 15-98
% Residues in the most favorable regions 63.4
Additional allowed regions 354
Generously allowed regions 0.9
Atomic r.m.s. differences (A)*
Residues 15-98 in protein and -3 to 0 in peptide
Backbone heavy atoms (N, Ca, C' and O) 0.48
Heavy atoms 0.90
Residues 15-34, 41-98 in protein and -3 to 0 in peptide
Backbone heavy atoms (N, Ca, C' and O) 0.43
Heavy atoms 0.79
Residues 98-100 (') and 116-118 (B'll)
Backbone heavy atoms (N, Ca, C' and O) 0.41
Heavy atoms 0.84

None of the structures exhibits distance violations greater than 0.3 A or
dihedral angle violations greater than 5°.

“The final values of the square-well NOE and dihedral angle potentials
were calculated with force constants of 50 kcal mol-' A -" and 200 kcal
mol-'rad-', respectively.

3The program PROCHECK?3¢é was used to assess the overall quality of the
structures.

“The precision of the atomic coordinates is defined as the average r.m.s.
difference between the 15 final structures and the mean coordinates of
the protein.

His-tagged nNOS PDZ domain purified from a Ni2*-NTA column was
digested with thrombin, and the His-tag was removed by gel filtra-
tion chromatography. The C-terminal truncated form of nNOS PDZ
(residues 11-98) were prepared using the identical method
described for the long form of the PDZ domain. The synthetic pep-
tides used were commercially obtained. NMR samples were dis-
solved in 100 mM potassium phosphate buffer at pH 6.0. The
concentrations of the samples were in the range of 1.0-1.4 mM. Due
to the low solubility of free nNOS PDZ it was not possible to obtain
interpretable NMR spectra.

NMR spectroscopy. All NMR spectra were recorded at 35 °C on a
Varian Inova 500 spectrometer equipped with an actively z-gradient
shielded triple resonance probe. Sequential backbone and side
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chain assignments of the nNOS PDZ in the complex were obtained
using standard heteronuclear multidimensional NMR experiments26.
Stereospecific assignment of the methyl groups of Val and Leu was
achieved using a 10% '3C-labeled sample?’. The backbone coupling
constants (3Jyu.) of NNOS PDZ were measured as described?s.

Structure calculations. Approximate interproton distances were
obtained from four NOESY spectra (a 3D *N-separated, a 3D 3C-sep-
arated, a 4D '3C/'3C-separated, and a homonuclear 'H 2D NOESY
experiments, see ref. 25 for details). The intermolecular NOEs
between the labeled PDZ domain and the unlabeled peptide were
obtained by a 3D '3C F,-filtered, F;-edited NOESY-HSQC?. The dis-
tance and dihedral angle restraints were classified as described previ-
ously?. Hydrogen bond restraints were generated from the standard
secondary structures of the protein based on the NOE patterns. The
NMR structures were calculated using a standard distance geome-
try/simulated annealing protocol?*® using the program X-PLOR3'.

Illustrations. The figures were prepared using the programs MOL-
MOL32, MOLSCRIPT33, Raster3D34, and GRASP3.

Coordinates. The coordinates of the structures for the nNOS
PDZ-MelR complex have been deposited in the Protein Data Bank
(accession code 1B8Q).
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