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PDZ domain of neuronal nitric oxide
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PDZ domains are multifunctional protein-interaction motifs that often bind to the C-terminus of pro-
tein targets. Nitric oxide (NO), an endogenous signaling molecule, plays critical roles in nervous, immune,
and cardiovascular function. Although there are numerous physiological functions for neuron-derived
NO, produced primarily by the neuronal NO synthase (nNOS), excess nNOS activity mediates brain injury
in cerebral ischemia and in animal models of Parkinson’s disease. Subcellular localization of nNOS activ-
ity must therefore be tightly regulated. To determine ligands for the PDZ domain of nNOS, we screened
13 billion distinct peptides and found that the nNOS-PDZ domain binds tightly to peptides ending Asp-X-
Val. This differs from the only known (Thr/Ser)-X-Val consensus that interacts with PDZ domains from
PSD-95. Preference for Asp at the -2 peptide position is mediated by Tyr-77 of nNOS. A YD, to H;,E;;
substitution changes the binding specificity from Asp-X-Val to Thr-X-Val. Guided by the Asp-X-Val con-
sensus, candidate nNOS interacting proteins have been identified including glutamate and melatonin
receptors. Our results demonstrate that PDZ domains have distinct peptide binding specificity.
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Modular PDZ domains, which have also been called GLGF repeats
and disks-large homology repeats (DHRs), consist of about 80
amino acids. These domains were first identified as repeated
sequences in the neuron-specific postsynaptic density protein
(PSD-95/SAP-90), the Drosophila septate junction protein disks-
large (dlg), and the epithelial tight-junction protein zona occlu-
dens-1'%. PDZ domains are found in structural proteins of the
cytoskeleton and in a heterogeneous family of enzymes that associ-
ate with the cytoskeleton, suggesting a role in protein-protein
interactions®. Supporting this notion, the three PDZ domains
within PSD-95 were first shown to bind the carboxy-terminal
Ser/Thr-X-Val motif found in certain N-methyl-D-aspartate
(NMDA)-type glutamate receptors and in Shaker-type potassium
channel subunits*’. Clustering and localizing channels at synaptic
sites is one function of the concatenated domains®.

The crystal structures of the third PDZ domains of PSD-95 and
dlg have been determined’. The PDZ structures show a carboxy-
late binding loop containing the signature GLGF sequence, which
interacts with the C-terminal carboxylate group of the peptide
ligand. The peptide ligand forms main chain interactions with
backbone amide groups in a conserved « helix and B strand of the
PDZ domain. A critical sequence-specific interaction has been
noted between the threonine at the -2 position of the bound pep-
tide and a histidine residue in the PDZ domain’. This histidine is
conserved in all PDZ repeats of dlg, PSD-95, and related proteins.
However, it is not conserved in other PDZ domains’, suggesting
distinct peptide-binding specificities.

PDZ domains mediate specific protein-protein interactions.
Thus, understanding the biological function of PDZ-containing
proteins will necessitate determining the physiological ligand(s)
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for orphan PDZ domains. The interaction between the PDZ
domain and peptide ligands can be regulated by differential affin-
ity’ and by protein phosphorylation®. These mechanisms, however,
are not adequate to explain the diversity of PDZ-target protein
interactions in both excitable and nonexcitable tissues.

Nitric oxide (NO), an endogenous signaling molecule, plays
critical roles in nervous, immune, and cardiovascular function'".
Although there are a variety of functions for neuron-derived NO,
which is produced primarily by the neuronal NO synthase
(nNOS), excess nNOS activity mediates brain injury in cerebral
ischemia and in animal models of Parkinson’s disease''*. nNOS
activity must therefore be tightly regulated. Indeed, a protein
inhibitor of nNOS has recently been described”. A more complex
level of regulation is reflected by molecular targeting of nNOS to
specific intracellular membrane domains®. This subcellular local-
ization is mediated by the N-terminus of nNOS, which contains a
PDZ domain®. This N-terminal domain of nNOS interacts with
the PDZ domain of a1-syntrophin and the second PDZ domains
of PSD-95 and PSD-93. These interactions target nNOS to synap-
tic sites in skeletal muscle and brain®. The structural details of
these PDZ-PDZ interactions are not yet known.

Several lines of evidence suggest that additional binding part-
ners for the PDZ domain of nNOS may also exist. Not all mem-
brane-associated nNOS in brain is bound to PSD-95 and related
proteins®. In certain muscle diseases, nNOS does not interact
properly with al-syntrophin at the skeletal muscle sarcolemma®.
We therefore sought to determine whether specific carboxylate-
peptides might associate with the PDZ domain of nNOS.
Identification of such peptides would facilitate the structure and
function study of PDZ domains. Also, the in vitro identified peptide
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Figure 1. Affinity selection from a C-terminal peptide library. () A pool
of oligonucleotides encoding 15 random amino acids (X)) was cloned
in frame C-terminal to fac /. Protein expression from each plasmid of
the library yields a Lac | fusion with a distinct peptide sequence. The
recombinant Lac | binds the fac O sites present on the same plasmid
yielding Lac I-plasmid complexes that are purified from the E. coli. (U]
Affinity panning selects peptides that interact with target receptor
{i.e., PDZ domain of nNOS.) (lll) The bound plasmid DNA can be
specifically recovered by addition of isopropyl p-p-thiogalacto-pyra-
noside (IPTG). (IV) The recovered plasmids are retransformed, ampli-
fied, and used for subsequent rounds of panning.

sequences may help identify additional nNOS interacting proteins.

In vitro determination of ligands for peptide-binding domains,
such as SH3 and SH2 motifs, has been achieved using two types of
random peptide libraries”*. One strategy utilizes the filamentous
phage coat protein to display random N-terminal peptides. By
repeated rounds of affinity panning and amplification, individual
interacting peptides can be identified by sequencing the corre-
sponding coding region of phage DNA®. A second approach uses
soluble random peptides that are chemically synthesized. By affin-
ity purification of a mixture of bound peptides and subsequent
peptide sequencing, a population-based consensus can be deduced™.
Because the phage display system only accommodates N-terminal
peptides, it can not be used to select C-terminal peptides for the
PDZ domain. Although chemical peptide libraries are applicable,
the approach has difficulties in accommodating cysteine and tryp-
tophan and does not provide individual ligand sequences. As a
result, analyses of chemical libraries cannot resolve compensatory
effects potentially present in peptides of low abundance and may
miss high-affinity sequences containing tryptophan and cysteine.
Thus, it would be desirable to use a genetic strategy to screen a
large pool of C-terminal peptides containing all 20 amino acids to
identify individual PDZ binding peptides.

We have taken advantage of a C-terminal peptide display strat-
egy® and screened 13 billion distinct C-terminal peptides to select
sequences specific to the PDZ domain of nNOS. Ninety-six
sequences have been identified, including individual peptides
that bind tightly to the PDZ domain of nNOS. These peptides have
a C-terminal consensus sequence of D-X-V-(COOH) and do not
bind to the PDZ3 domain present in PSD-95. We suggest that Y, of
nNOS determines binding to D at the -2 position of the peptide,
and by mutating Y,,Dy, to H,E,,, we change the specificity of nNOS
PDZ from D-X-V to T-X-V. We also find that the nNOS PDZ
domain has unique structural features making the functional
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Figure 2. Affinity selection of peptides interacting with PDZ3 of PSD-
95. (A) \dentification of PDZ3 interacting clones by ELISA. Crude bac-
terial lysates from individual clones (horizontal axis) selected through
four rounds of panning were prepared. Association of Lac I-peptide
fusion with GST-PDZ3 was determined by ELISA. Dashed bars indicate
wells coated with BSA only; gray bars: GST-NAB,..: + BSA; white bars:
GST-nNOS-PDZ + BSA; black bars: GST-PDZ3 + BSA. GST-NAB, is a
fusion protein containing amino acids 1 to 135 from HERG potassium
channel, which has no homology with PDZ domain®. All ELISA exper-
iments were repeated at least once with similar results. (B) Alignment
of deduced amino acid sequences of PDZ3-specific clones. PDZ3-
specific clones were chosen and sequenced. Single letter code for 20
amino acids are used. ltalic letters indicate amino acids present at the
end of the linker, which separates Lac | from the fused peptide.
Asterisk,*, indicates stop codon. Some peptides were truncated as
the peptide library was constructed using NNK scheme, in which stop
codon occurs at frequency of 1/32.

domain larger than that predicted by sequence alignments. Using
the consensus binding sequence, we have electronically identified
candidate nNOS-interacting proteins.

Results
Construction of a random C-terminal peptide library. Peptide
binding and x-ray crystallographic studies of PSD-95 indicate that
specificity of the peptide-PDZ interaction is primarily determined
by the final four residues of the peptide ligand**’**. To determine
optimal peptide binding ligands for other PDZ domains, we con-
structed a fusion protein library that contains 15 randomized
residues at the C-terminus. In this library, a degenerate oligo-
nucleotide encoding the random peptides is fused to the end of
the Escherichia coli lac repressor®. Following expression, the Lac
repressor protein binds to the Jac operator sequence on the same
plasmid linking each randomized 15-mer peptide to the plasmid
encoding that peptide (Fig. 1). This linkage allows repeated rounds
of selection for specific peptide ligands in the population by affin-
ity purification of peptide-repressor-plasmid complexes.

In vitro selection of optimal binding peptides for PDZ
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domains. We first screened a random 15-mer peptide library using
the third PDZ (PDZ3) domain of PSD-95. In PSD-95, PDZ1 and
PDZ2 domains interact with the C-terminal four amino acids found
in Shaker potassium channels and NMDA receptor subunits*?,
which have a shared consensus of E-(T/S)-X-V-COOH. PDZ3
binds to an identical sequence’. A PDZ3 fusion protein was
constructed by linking amino acids 302 to 402 of PSD-95 to the
C-terminus of glutathione S-transferase (GST). The purified pro-
tein was incubated with a 15-mer lac I library with a complexity of
1.3X10%. After 4 rounds of panning selection, a 1,700-fold enrich-
ment of interacting peptides was achieved. Since GST fusion pro-
tein of PDZ3 was used in panning and bovine serum albumin
(BSA) was used for blocking nonspecific binding, the selected pep-
tide may interact with the GST portion, the PDZ3 domain, or BSA,
In order to identify peptides that are specific for the PDZ3 domain,
individual clones were randomly selected and subjected to ELISA
analysis using either the GST-PDZ3 fusion or GST-NAB 5, an1
unrelated GST fusion protein (Fig. 2A). The enriched clones were
divided into two classes. One class, including PD-301, PD-302, and
PD-304, interacted with both GST-NAB,;; control and GST-PDZ3

Table 1. Sequence alignment of nNOS binding peptides (NBPs).

fusion, suggesting that the corresponding peptides interact with
GST. The other class of clones, including PD-312, PD-314, and
PD-315, bound selectively to GST-PDZ3. Affinity of interaction
(EC,;) was 2 to 100 nM as determined by quantitative ELISA.

To determine the binding specificity, purified recombinant
PDZ fusion protein of nNOS (amino acids 1 to 150)* was tested
for peptide binding. Under the same conditions, the PDZ3-posi-
tive clones failed to interact with the PDZ domain of nNOS (Fig.
2A). Plasmids encoding PDZ3-specific clones were sequenced.
Most of the interacting peptides closely resemble the peptide
sequence at the C-terminus of Shaker-like potassium channels and
NMDA receptor subunits, with a consensus of E-(T/S)-X-V-
COOH (Fig. 2B).

Identification of novel peptides interacting with PDZ domain
of nNOS. To determine optimal peptide ligands for the nNOS
PDZ domain, a recombinant GST fusion protein corresponding to
the coding sequence of amino acids 1 to 150 of nNOS (nNOS-PDZ)
was used for peptide selection. After four rounds of panning, a
2,300-fold enrichment was achieved. Individual GST-nNOS-PDZ
specific clones were identified by ELISA. Ninety-six out of 150

Clone no. Sequence Clone no. Sequence
NBP-4 GGGGTPQXAVHRDWGVSV* NBP-74 GGGDRGWAVGWGLRGVPV*
NBP-5 ettt GGGIRAGGDPV* NBP-76 ittt GGGGPARYGDSV*
NBP-7 i et rnnneasoasestenoaannoanenas GGGDPV* NBP-77 ittt tenuotnennneeseannsennnnan GGGDLV*
NBP-8 ... GGGDARTKIWNRAADLI* NBP-78 GGGFSSLVLGAGDLGVAP*
NBP-9 GGGAQGRWPQFCVYPDAV* NBP-79 .GGGMQWWAQRDLAGDCV*
NBP-10 = i itiierneennannans GGGVHVFGDSV* NBP-81 GGGKDGGRQGANFFGDAV*
NBP-11 = ittt eeeeeeenanenannns GGGVLGDLV* NBP-82 = i iiiieeaeeeeaenn GGGTWGRAV*
NBP-12 GGGAMEVTLLSHQPGDPV* NBP-83 GGGLKSTGSEVNSLGDVV*
NBP-14 ittt eenneeeeennanaaeennns GGGDAI* NBP-84 GGGSEATAVWTSKWSDLV*
NBP-15 GGGWAGYGRGMAVSGDMV* NBP-85 GGGPVSSVRYSGVAGDQV*
NBP-17 GGGFPFFMGTMGEYGIQV* NBP-86 i GGGLWSDAV*
NBP-18 GGGLGKDYPSAPDNGDLV* NBP-87 GGGRVTGRSSYLGMGDIV*
NBP-24 GGGIYGMMRIGTGLVDVL* NBP-88 i i eeen GGGDMV*
NBP-27 GGGAGQDKQAGQHEWGDLV* NBP-89 GGGKFSVRHTLVSAGDPV*
NBP-28 = ittt reanncnaneaanans GGGGVDWV* NBP-91 GGGARGQLPATRCKAFLC*
NBP-32 i iittinnnnseessaasaoaenananeens GGGDAV* NBP-92 L a e, GGGYEEGVAV*
NBP-33 ittt eee e GGGRWDWV* NBP-93 e GGGDRV*
NBP-34 GGGRGHIAITSDGVGDLL* NBP-94 e GGGDLV*
NBP-35 GGGNYDRVGLLRGPVDFL* NBP-95 GGGVRGALTRGMTPGDPV*
NBP-36 GGGKRPDGVLFQRPGDLV* NBP-96 e GGGDLV*
NBP-37 ittt eeeeenoneeeeennoesnnnnns GGGDAV* NBP-102 ....GGGVAGVGKYGDLV*
NBP-41 ittt tenreneeaonaneeneennens GGGDPV* NBP-103 e GGGDLV*
NBP-42 ittt teennnneeeeennesonnnnns GGGGDAV* NBP-107 e GGGDVI*
NBP-44 GGGGLARLNLSSYYGDAV* NBP-108 ... GGGKMRVGVDAV*
NBP-45 ittt GGGVDWV* NBP-111 i i GGGDPV*
NBP-47 GGGRVIGSPNPSRSADIV* NBP-112 ....GGGRDSERLMGIPV*
NBP-48 ittt iissoneenennaneeennnnns GGGDWV* NBP-113 e GGEGDQV*
NBP-49 GGGSFMNBPVAGTAGDSV* NBP-114 L .. GGGRWSEGDGV*
NBP-52 4ttt tennsacnancannaas GGGSRGDMV* NBP-117 GGGLGRGSVRPGRRPDIV*
NBP-53 i iitinnneeeennneennnnnnns GGGDWV* NBP-118 e GGGDVV*
NBP-54 GGGDGMLLRRPQLRWIFC* NBP-119 GGGIKRLDIYMRNIGDLV*
NBP-55 .GGGKRDETGFNMWGNAV* NBP-122 .. GGGSATAWNGDPV*
NBP-56 = ittt GGGWQGDPV* NBP-123 . .GGGLDRLRNRVHGDAV*
NBP-57 ittt GGGGALGDPV* NBP-124 GGGREVSVCHRPDAGDAV*
NBP-59 L .tttttonuerneneenoneaeeennnas GGGDPV* NBP-125 GGGSRVPRNTSIFWGNAV*
NBP-60 it ieeereeennneneeennnneennns GGGGDLV* NBP-126 GGGDCGNVTHAILWGDAV*
NBP-61 L., GGGESGSGVRTWGVPV* NBP-128 GGGKALGAIYVMGGVDAV*
NBP-62 il GGGRVQLVRGGVDCV* NBP-129 ... GGGWGSPV*
NBP=64 & ivtieenneenneenoenannnonenneas GGGDAV* NBP-131 GGGRGSPSLVGPVWADAV*
NBP-65 .GGGWRVVKSVMRWPDPV* NBP-133 GGGILNPVPRNLSEGDYV*
NBP =66 & vveereeennnneeeeennnnneennnns GGGDLV* NBP-136 e e GGGDQV*
NBP-67 e GGGSKSCGRVILGDIV* NBP-137 GGGGERLNRSATAGADLV*
NBP-68 &t iittnunennonneennnnnnnnns GGGVDWV* NBP-138 ... GGGEGGRNPDIV*
NBP-69 GGGIIQGQARGTRWGEMV* NBP-140 GGGNQRYVVNPFIWGQSV*
NBP-70 it iittetneennnneseennnanennnns GGGDAV* NBP-142 ....GGGDSINLSWPVAV*
NBP-71 GGGGGWPELNPNLLGVPI* NBP-143 GGGCMLQVRHIYGPCDAV*
NBP-72 GGGRCMLNLVTGRWADTV* NBP-161 ....GGGVIGKSCYGDAV*
NBP-73 GGGGMGQTLEELTTGDWV* NBP-226 ..., GGGAVSPDFGDAV*

Sequence alignment of 96 independent NBPs. The deduced amino acid sequences of 96 independent clones were obtained and aligned according to
the first stop codon (*). The italic Gs are part of the linker region. The library template is GGG-XXXXOOOOXXK*,
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Figure 3. Determination of a consensus
nNOS binding peptide (NBP).
Normalized amino acid abundance of
the final nine residues from the popula-
tion of 96 independent nNOS binding
peptides (black bars) is compared with
codon frequency in the original library
{white bars). Residues in the library
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clones specifically interacted with nNOS-PDZ but not with the
control GST fusion protein. Binding affinity of these peptides to
immobilized nNOS-PDZ (EC,,) was 8 to 100 nM. Plasmids from
these nNOS-specific clones were sequenced. The deduced amino
acid sequences of 96 independent clones were aligned via their
C-termini (Table 1).

An analysis of amino acid abundance at each position indicates
that valine again is strongly preferred (89%) at the 0 position (Fig. 3).
At the -1 position, there is no obvious preference. Fifteen of the 20
amino acids were found; amino acids D, E, H, K, and N were not
present. In contrast to the PDZ3 consensus, aspartate at the -2
position was present in 81% of all nANOS-PDZ binding peptides.
At the -3 position, glycine is significantly preferred. Considering
that glycine was used as a part of the linker that separates Lac I
from the random peptide (Fig. 1), we appropriately corrected this
bias. The corrected glycine abundance is 47% at the -3 position.
From position -4 to position -8, no obvious amino acid preference
was observed (Fig. 3). Based on the amino acid abundance at each
position, the optimal sequence for an nNOS binding peptide
(NBP) is D-X-V-COOH.

Specificity of NBP binding to nNOS-PDZ. Our in vitro pep-
tide selection suggests that PDZ3 of PSD-95 and the nNOS-PDZ,
despite a shared preference for valine at the 0 position, have dis-
tinct binding specificity. To directly test this, we performed ELISA
and found that 36 randomly chosen NBPs failed to bind to PDZ3
of PSD-95 (Fig. 4A). The higher affinity sequences of NBPs were
selected using putative monovalent maltose binding protein
fusion®. For example, mNBP161 has an EC;, of 8 nM (Fig. 4B).
Based on the peptide-PDZ3 crystal structure’, the side-chain of
His,,, of PSD-95 forms a critical sequence-specific hydrogen bond
with the T at the -2 position of the bound peptide. Interestingly,
the amino acid at the corresponding position of nNOS-PDZ is Y,
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linker region were not included.

consistent with the idea that substitution of H to Y at this position
converts the -2 position peptide preference from T to D. Amino
acid sequence comparison of a number of PDZ domains present
in Genbank shows that the residue after the H or Y is also con-
served (nNOS is Y-D, PDZ3 is H-E). To determine whether the Y,,
of nNOS is critical, we mutated Y,,D,; to H,E,. This mutant,
nNOS-PDZ,;, lost its ability to bind D-X-V peptides and gained
the ability to bind T-X-V peptides (Fig. 4C).

To evaluate the specificity of the NBP-nNOS interactions, we
mutated the D at the -2 position of the NBP-123 (LDRLRN-
RVHGDAV-COOH, EC,, = 40 nM) peptide to A, L, Q, R, S, T, and
V. Peptides with these amino acid substitutions failed to interact
with nNOS-PDZ (Fig. 4D). To test whether NBPs bind to native
nNOS protein, we generated an affinity column linking NBP-123
to an agarose matrix. We found that nNOS protein in crude rat
brain homogenates adhered to the NBP-123 matrix. In contrast,
nNOS did not bind to an analogous column in which the -2 D
residue of NBP-123 was mutated to T (Fig. 4E).

The nNOS-PDZ domain has unique structural features.
Previous studies have shown that the N-terminal domain of nNOS
(amino acids 1 to 150) binds to the PDZ domain of a1-syntrophin
and to the second PDZ domains of PSD-95 and PSD-93 (ref. 20).
Although amino acids 16 to 100 of nNOS define the consensus
PDZ domain, binding studies have shown that fusions containing
amino acids 1 to 100 of nNOS do not bind to the PDZ domain of
either al-syntrophin or PSD-93 (ref. 20). To determine whether
the peptide binding property of the nNOS-PDZ is confined to the
typical consensus, we tested whether any of five randomly selected
NBPs interact with a fusion protein containing nNOS 1 to 100. All
five NBPs bind to nNOS (1 to 150) but not to nNOS (1 to 100)
(data not shown).

To determine the minimal functional structure for nNOS-
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