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The PDZ protein interaction domain of neuronal nitric oxide synthase (nNOS) 
can heterodimerize with the PDZ domains of postsynaptic density protein 95 
and syntrophin through interactions that are not mediated by recognition of 
a typical carboyl-terminal motif. The nNOS-syntrophin PDZ complex structure 
revealed that the domains interact in an unusual linear head-to-tail arrange- 
ment. The nNOS PDZ domain has two opposite interaction surfaces-one face 
has the canonical peptide binding groove, whereas the other has a P-hairpin 
"finger." This nNOS P finger docks in the syntrophin peptide binding groove, 
mimicking a peptide ligand, except that a sharp P turn replaces the normally 
required carboy1 terminus. This structure explains how PDZ domains can 
participate in diverse interaction modes to  assemble protein networks. 

PDZ protein interaction domains (I) play a 
central role in organizing diverse signaling 
pathways (2-7). The scaffolding protein InaD 
(inactivation no after potential), which compris- 
es five PDZ domains, tethers multiple proteins 
of the Drosophila phototransduction cascade 
(6). The postsynaptic density protein PSD-95, 
which has three PDZ domains, clusters and 
localizes N-methyl-D-asparhc acid (NMDA)- 
type glutamate receptors at synapses (2). By 
organizing such protein networks, PDZ scaf- 
folding proteins increase the efficiency and 
specificity of signal transduction. 

Most known PDZ-mediated interactions 
occur through recognition of short COOH- 
terminal peptide motifs (2). Peptide interac- 
tion screens indicate that the terminal carbox- 
ylate of these ligands is required for binding 
(8). This canonical mode of PDZ recognition 
is well characterized: structures of PDZ-pep- 
tide complexes reveal that recognition is 
achieved through an extended binding groove 

that terminates in a conserved carboxylate 
binding loop (9, 10). 

Nonetheless, an increasing number of PDZ- 
mediated interactions occur through modes that 
are not dependent on recognition of a COOH- 
terminal motif. A well-characterized example is 
the PDZ domain of neuronal nitric oxide syn- 
thase (nNOS), the neuron- and muscle-specific 
isoform of the enzyme that produces the second 
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messenger nitric oxide (NO). The PDZ domain 
of nNOS specifically heterodirnerizes with 
PDZ domains from PSD-95 and syntrophin in 
neurons and muscle cells, respectively (5). 
These interactions allow the integration of 
nNOS into specific signaling pathways. Asso- 
ciation with PSD-95 in neurons is thought to 
couple NO production to NMDA receptor ac- 
tivation (11). Association with syntrophin in 
muscle cells localizes nNOS to the dystrophin 
complex (12), coupling NO production to mus- 
cle contraction. The resulting NO exerts a pro- 
tective effect by increasing blood flow to match 
the heightened metabolic load of contracting 
muscle. Loss of this response in Duchenne 
muscular dystrophy may contribute to muscle 
degeneration (1 3). 

These PDZ-PDZ interactions are distinct 
from canonical PDZ-peptide interactions in that 
they do not involve recognition of a COOH- 
terminal sequence on either partner protein. 
Moreover, the full tertiary structures of both 
PDZ partners are required, including 30 amino 
acids in nNOS that extend beyond the canonical 
PDZ region (5). These interactions are repre- 
sentative of an alternative class of PDZ domain 
interactions: the recognition of internal motifs. 
Such internal interactions have also been re- 
ported for PDZ domains from the scaffolding 
proteins GRIP and InaD (7, 14). 

We determined the crystal structures of 
the nNOS PDZ domain alone and in complex 
with the syntrophin PDZ domain to 1.25 and 
1.9 i\ resolution, respectively (15) (Table 1). 

syntrophin 
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and Department and 'De- Fig. 1. Linear head-to-tail heterodimer of nNOS-syntrophin PDZ domains. (A) The nNOS PDZ domain 
partment of University of (orange) has a polarized structure with distinct receptor (peptide binding groove) and ligand (P-finger) 
Francisco, San Francisco, CA 94143, USA. faces. The nNOS ligand face docks against the syntrophin PDZ domain (purple) peptide binding groove. 
*To whom correspondence should be addressed. E- (B) Structure of the syntrophin PDZ domain (purple) in complex with a COOH-terminal peptide 
mail: wlim@itsa.ucsf.edu (orange) (70). The figure was generated with the program MOLSCRIPT (25). 
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Table 1. Summary of crystallographic analysis. Dashes indicate entries that are meaningless for native data sets alone. 

Crystal Resolution Reflections 
Completeness RIyrn§ Phasing double R c u ~ ~ i s Y  

limit (A) (measuredlunique) (highest bin) bar power11 acentric 

Complex* 
Native1 
S55C I (HgCl,) 
S55C II (HgCI,) 
A60C (MeHgCI) 

nNOSt 
Native1 
S55C (HgCI,) 
A60C (MeHgCI) 

Resolution 
(A) 

1.9 
2.6 
2.0 
2.7 

1.25 
2.2 
1.7 

No. of 
reflections Completeness Free R Bond length 

factor** (rmsd)t t 

- 
2.6 
1.8 
1.4 

- 
2.4 
1.8 

Bond angle 
(rmsd) tt 

- 
0.64 
0.76 
0.86 

- 
0.64 
0.75 

Average B 

Complex 50-1.9 15,162 89.3 20.8 25.9 0.005 1.34 19.3 
nNOS 50-1.25 31.989 95.8 23.9 25.5 0.004 1.39 15.7 

'Complex: space group P2,2,2,; a = 31.58, b = 34.31, c = 187.83; one complex per asymmetric unit. tnNOS: space group P2,2,2,; a = 35.18, b = 38.99, c = 85.60; one molecule 
per asymmetric unit. SMerged high- and low-resolution data sets. $R,, = 100 x Xjllj - (O~/Z{~  ]]Phasing power = (F,,)/E,, v,, = XIF,, - F,,I - IF,,,,I/Z IF,, 
- 1 .  #R factor = HIF,, - F,,l/Z F,,. **lo% of data was used for calculation of free R factor. ttrmsd, root mean square deviation. 

These structures reveal the mechanism of 
PDZ heterodimerization and, more generally, 
of internal sequence recognition. The nNOS 
and syntrophin PDZ domains associate in a 
linear head-to-tail fashion that lacks the two- 
fold rotational symmetry normally observed 
in dimer structures (Fig. 1). Linear associa- 
tion occurs because the nNOS PDZ domain 
has an unusual polarized structure with two 
distinct faces: a receptor face, comprising the 
canonical PDZ domain with its peptide bind- 
ing groove (residues 1 to loo), and a ligand 
face, comprising a P-hairpin "finger" (resi- 

dues 100 to 130). This P finger acts as a PDZ 
ligand, docking into the peptide binding 
groove of the syntrophin PDZ domain. The 
two-stranded nNOS P finger augments an 
antiparallel P sheet in syntrophin, forming a 
composite four-stranded sheet (16). In the 
complex, the peptide binding groove of the 
nNOS PDZ domain remains accessible to 
interact with additional proteins. 

The fist strand of the nNOS P finger (re- 
ferred to as the pseudo-peptide motif) mimics a 
canonical COOH-terminal peptide ligand in its 
sequence-specific interactions with the syntro- 

phin PDZ domain (Fig. 2) (1 7). However, the 
normally required terminal carboxylate of a 
peptide ligand is replaced by the sharp P turn at 
the tip of the nNOS P finger. 

The existence of this complex demonstrates 
that a temhal chxy la te  group is not an 
absolute requirement for PDZ recognition. In 
canonical PDZ complexes, the ligand terminal 
carboxylate is cradled in the GLGF (18), or 
carboxylate binding, loop found at the end of 
the binding groove (19). Because the nNOS P 
finger lacks a carboxylate, yet still serves as a 
specific ligand, we propose that the GLGF loop 

Fig. 2. Presentation of the nNOS p finger as an internal sequence motif other numbers refer t o  the actual residue number. The GLGFlcarboxylate 
that mimics a COOH-terminal PDZ peptide ligand. (A) Sequence com- binding loop (79) is highlighted. Hydrogen bonds are shown as dashed 
parison of syntrophin PDZ domain preferred COOH-terminal peptide lines, and an ordered water molecule is shown as a red sphere. For clarity, 
ligands (70) with the nNOS pseudo-peptide (78). Binding site nomencla- nNOS strand H is shown as a Ca trace, and its backbone hydrogen bonds 
ture is from (9). (0) Stereo depiction of the nNOS p finger (orange) have been omitted. The image was generated with the program MOL- 
bound at the syntrophin (purple) binding groove. nNOS pseudo-peptide SCRIPT (25). (C) Schematic depiction of heterodimer interface interac- 
residues are indicated by the binding pocket number (in parentheses). All tions. The nNOS pseudo-peptide segment is outlined. 
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) COOH-teninal 
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GLGF ' 
Internal (pfinger) 

l i d  

PDZ 
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site 0 site -2 

Fig. 3. Recognition of internal motifs by PDZ 
domains. In (A) through (C), the CLCF loop acts D 
as a steric block at the end of the binding 
groove, necessitating chain termination or a 
sharp P turn immediately after the recognition 
motif. (A) lnteraction topology of a COOH- 
terminal peptide (orange) bound to PSD-95 
PDZ3 (purple surface). (B) Interaction topology 
of the nNOS P finger (orange) with the syntro- 
phin PDZ domain (purple surface). In (A) and 
(B), the hydrophobic ligand residue that packs 
at site 0 is shown in space-filling mode. Gray, 
carbon; red, oxygen. (C) Schematic of structural 
requirements for PDZ domain recognition of 
internal or COOH-terminal ligands. (D) Rigidly 
stabilized structure of nNOS 8 finger. Overlay 

\ 

of Ca traces of the uncomplexed (orange) and BA 
c ,.BE. 13-20) 

complexed (grey) nNOS PDZ domain struc- 
tures, highlighting residues that stabilize the nNOS P-fin er conforma- footprint of the nNOS PDZ domain (Ca trace shown in orange) bound to 
tim. The main interaction is a salt bridge between Arggl and Aspe2. the syntrophin PDZ domain (purge surface. -800 A'), compared to the 
which is buried by the surrounding h drophobic residues lle16, Leus7, footprint of a peptide ligand (pink surface, -400 A2). Images were 
Pro1? Phelo3. Thrlos, Leu1O7, and ThrK3. (E) Increased contact area in generated with the programs MOLSCRIPT (25) and WebLab Viewer Lite 
the PDZ heterodimer through tertiary interactions. Solvent excluded (26). 

- 
nNOS 
Bfinoer 

serves another function aside from carboxylate 
recognition: acting as a steric block to prevent 
binding of peptides that extend beyond the rec- 
ognition sequence (Fig. 3, A through C). The 
restriction imposed by such a block can be 
overcome only if the ligand chain either termi- 
nates, as do COOH-terminal peptide ligands, or 
folds back on itself, as does the nNOS P finger. 

Thus PDZ domains can recognize internal 
motifs if these are presented within a secondary 
structure that is sterically compatible with the 
PDZ binding groove. The importance of a sta- 
ble structural context is supported by the appar- 

ent conformational rigidity of the nNOS P fin- 
ger. Despite extending far from the main body 
of the domain, the p finger adopts essentially 
the same structure in the crystals of the nNOS 
PDZ domain alone (Fig. 3D). This rigid con- 
formation is stabilized by extensive interactions 
between the p finger and the main body of the 
nNOS PDZ domain. The core interaction, 
which pins the COOH-terminal base of the 
finger back against the main domain, is a buried 
salt bridge between Arg"' in the P finger 
(strand H) and Asp6' in the main PDZ domain 
(strand D). 

Stabilization of the nNOS P-finger structure 
appears to be critical because the entire folded 
nNOS PDZ domain is required for interaction 
(5). Moreover, a cyclic peptide that bears an 
internal recognition motif can bind the syntro- 
phin PDZ domain (20). The cyclic linkage may 
lock this peptide in a turn conformation similar 
to that of the nNOS P finger. Other internal 
PDZ ligands are also likely to present pseudo- 
peptide motifs in a constrained context (21). 

The heterodimer structure also reveals the 
important role of tertiary interactions in PDZ 
recognition specificity. Many residues in 
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nNOS and syntrophin that participate in he-
tereodimerization are distant in sequence 
from the primary pseudo-peptide contacts. As 
a result, heterodimerization buries twice the 
surface area on the syntrophin PDZ domain 
as compared to binding of a peptide ligand 
(Fig. 3E). Most of the additional tertiary con
tacts come from the most NH2-terminal 
strand of the nNOS PDZ domain (strand A), 
which in the complex packs against the syn
trophin a helix. Residues that participate in 
this ensemble of primary and tertiary interac
tions (Ser95, Asn102, Ser109, His142, and 
Asp143) are uniquely conserved in the syntro
phin and PSD-95 (second domain) PDZ do
mains, perhaps explaining why only these 
two domains heterodimerize with nNOS (22). 
Analogous tertiary interactions may also en
hance the specificity of COOH-terminal pep-
tide-mediated PDZ interactions (23). 

The linear head-to-tail arrangement ob
served in the syntrophin-nNOS complex may 
allow PDZ proteins to achieve more than sub
cellular localization (Fig. 4A). Correct targeting 
of nNOS could be achieved by simply append
ing an appropriate COOH-terminal sequence. 
The bifunctional (that is, receptor and ligand) 
nNOS PDZ domain, however, in addition to 
localizing its cargo protein (the catalytic portion 
of NOS), adds on a new receptor site with 
altered specificity that can recruit additional 
proteins (24). Bifunctional PDZ domains could 
also oligomerize to yield heteropolymer fila
ments. Indeed, the polarized structure of the 
nNOS PDZ domain is typical of cytoskeletal 
filament monomers or viral capsid proteins, 
both of which form higher order repeating as
semblies. Finally, these types of domains could 
mediate branching interactions between pro
teins with multiple PDZ domains. A search of 
known PDZ sequences revealed several that 
may have a nNOS type of (3 finger immediately 
COOH-terminal to the canonical PDZ domain 
(Fig.4B). 

These structures reveal that PDZ domains 
can interact in multiple ways—recognizing 
COOH-terminal or constrained internal mo
tifs and forming head-to-tail oligomers. The 
ability of PDZ domains to participate in these 
diverse interactions and their potential to 
form higher order assemblies may explain 
why these modules so often mediate scaffold
ing of sophisticated signaling networks at 
synapses and other critical membrane sites. 
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