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Through increasingly efficient sequencing of genes and
whole genomes, the amino acid sequences of unknown
proteins are being deduced at an accelerating rate. This
means that questions about the function of these identified
proteins in the corresponding organisms are becoming
increasingly important. Alongside the ªclassicalº approaches
to analyzing the roles of these proteins by molecular bio-
logical/biochemical methods, through the use of bioinformat-
ics it is possible to gain information about the new protein by
sequence comparisons with proteins of known function. At
the same time it has been demonstrated that large globular
proteins are usually built up of individual domains that show
independent folding and functions. Many of these domains
are protein modules which occur in a number of, often
unrelated, proteins.[1] Protein sequence comparison not only
reveals known protein domains, but also may identify novel,
previously undetected stretches of homologous sequence in
the new proteins.[2] While known domains potentially point to
the role of a protein, the function of new domains must be
derived experimentally. Generally, protein domains can be
produced by recombinant technology and folding in vitro.
Many of them play a role in signal transduction and regulation
processes where the identification of binding partners is a
basic step towards discovering their function. To accomplish
this, usually biologically generated protein libraries are
enlisted to screen for the potential binding partner of the
newly discovered domain.[3]

We report here the chemical synthesis of a new kind of
library, designed to discover binding partners for a PDZ
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domain comprising cellulose membrane-
bound peptides with free carboxy termini
(C termini). PDZ domains, the name
being derived from the first letter of the
proteins in which they were first discov-
ered (post synaptic density, disc large,
zonula occludens), are protein modules
about 100 amino acids long which mainly
occur in proteins of the cytoskeleton and
play a role in signal transduction.[4] Be-
sides the observed heterodimerization[5]

PDZ domains interact predominantly
with the C termini of their binding
partners, the terminal carboxyl group
being essential for this binding.[6]

To be able to investigate these inter-
actions using cellulose-bound peptide
libraries, a method was developed for
positionally directed generation of mem-
brane-bound, inverted peptides. The pep-
tides were synthesized by spot synthesis,[7]

cyclized, and finally linearized again to
generate a free C terminus[8] (Scheme 1).
In this way the C termini of all known
human proteins (SWISSPROT databank,
release 34, 3514 sequences) were synthe-
sized and tested for binding to a syntro-
phin ± PDZ domain[9] (Figure 1). A total
of 38 clearly binding C termini were
identified, and from chosen peptides the
dissociation constants of the peptide ±
PDZ complexes were determined
(Table 1).

In addition to a voltage-gated sodium
channel already identified as a PDZ
binding partner by two different ap-
proaches,[10, 11] the strongest binding C
termini belong to the a2 subunit of
soluble guanylate cyclase and the a-1A
adrenergic receptor. An interaction with
the a-1A adrenergic receptor is quite
plausible since this membrane protein,
like syntrophin, exists in heart muscle.[12]

The potential interaction of soluble gua-
nylate cyclase[13] is particularly interesting
since as yet no binding partner for this
enzyme is known; its gene was identified
by cDNA sequencing. The binding of the
native cyclase with the syntrophin ± PDZ
domain was confirmed using coprecipita-
tion and subsequent Western blots (Fig-
ure 2 A). The cyclase is activated by nitric
oxide (NO) and produces the signal
molecule cyclic guanosine monophos-
phate (cGMP). Therefore, functionally
this interaction is plausible and also very interesting (Fig-
ure 2 C) since NO synthase also interacts with syntrophin[5]

and, moreover, the cGMP-dependent protein kinase has been
identified on the cytoplasmic side of the cell membrane.[14]

This spatial proximity of the three components of the NO/
cGMP-mediated signal transduction cascade could facilitate
higher local concentrations of the enzyme activators NO and
cGMP and therefore efficient transfer of the signal.
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Scheme 1. Synthesis of inverted peptides on cellulose membranes. Aminopropyl ether cellulose[17]

(1) was used as the matrix. a) b-Alanine serves both as a spacer and to define the synthesis position.[7]

Dmab-glutamic acid is coupled as a bivalent linker followed by hydroxymethylbenzoic acid (HMB) as
a base-labile cleavage site (!2). b) The intended C-terminal amino acid is coupled through an ester
bond (!3). c) Remaining amino acids and b-alanine as spacer are coupled (!4). d) The Fmoc and
Dmab protecting groups on the N terminus and the side chains of the glutamic acids are cleaved off
and the construct cyclized (!5). e) After removal of the side chain protecting groups, hydrolysis of
the ester bond linearizes the construct and generates a free C terminus (!6). Dmab�a-4-[N-{1-(4,4-
dimethyl-2,6-dioxocyclohexylidene)-3-methylbutyl}amino]benzyl, Fmoc� 9-fluorenylmethoxycar-
bonyl, HMB� 4-hydroxymethylbenzoic acid, TBTU� 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyl-
uronium tetrafluoroborate, DIEA�N,N-diisopropylethylamine, DIC�diisopropylcarbodiimide,
NMI�N-methylimidazole, PyBOP� benzotriazole-1-yloxytripyrrolidinophosphonium hexafluoro-
phosphate, NMM�N-methylmorpholine, TFA� trifluoroacetic acid.
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Investigations into the binding specificity of this syntro-
phin ± PDZ domain was made possible by the novel
method of synthesizing membrane-bound peptide libraries
with free C termini.[8] A selection of binding peptides in
noninverted form on cellulose showed no, or severely
reduced, binding (not shown). For a more universal
application of this method to identify linear binding sites
which do not lie on the N or C terminus, the synthesis and
testing of considerably greater numbers of peptides would
be necessary. However, through selection of sequences
which, for example, are found on the surface of known
protein structures, the number of peptides can be reduced
to a range that in the near future will be synthetically
feasible.

Table 1. Syntrophin ± PDZ-binding peptides from human C termini.[a]

Spot Sequence KD Acc. no. Protein description

95 AKRCGCI P39905 glial cell line-derived neurotrophic factor precursor
250 CHSETVV P01135 transforming growth factor alpha precursor
771 FLRETSL 6 mm P33402 guanylate cyclase soluble, alpha-2 chain (EC 4.6.1.2)
857 GDRFFTI 1.3 mm P18440 arylamine N-acetyltransferase, monomorphic (EC 2.3.1.5)
940 GLNQRRI P07766 T-cell surface glycoprotein CD3 epsilon chain precursor

1016 GTRLTVV P01733 T-cell receptor beta chain precursor V region (YT35)
1024 GVKESLV 76 mm P35499 sodium channel protein, skeletal muscle alpha-subunit
1260 IRTVVKI 804 mm P11766 alcohol dehydrogenase class III chi chain (EC 1.1.1.1)
1283 ITTKKYI 500 mm P51587 breast cancer type 2 susceptibility protein
1318 KAVETDV P22459 potassium channel protein KV1.4
1477 KRISKRI P07148 fatty acid-binding protein, liver (L-FABP)
1643 LKFRTEI P49888 estrogen sulfotransferase (EC 2.8.2.4)
1677 LLRHERI P16415 zinc finger protein ZFP-36 (fragment)
1774 LRHWLKV Q01959 sodium-dependent dopamine transporter
1780 LRRESEI P48049 inward rectifier potassium channel 2
1974 NLRETDI 3 mm P25100 alpha-1A adrenergic receptor.
2331 PSQGHQP P28329 choline O-acetyltransferase (EC 2.3.1.6)
2396 QSLETSV P48050 calcium-transporting ATPase plasma membrane, isoform 4
2470 RGMRGKI P15248 interleukin-9 precursor (IL-9)
2484 RIRHFKV P02765 alpha-2-HS-glycoprotein precursor (FETUIN)
2499 RKSRRTI ± P01589 interleukin-2 receptor alpha chain precursor
2569 RRSAGFI P48645 neuromedin U-25 precursor (contains: NMU-25)
2599 RTRITFV 45 mm P33993 DNA replication licensing factor CDC47 homolog
2666 SERISSV P28335 5-hydroxytryptamine 2C receptor
2813 SQKETSI P53618 coatomer beta subunit (beta coat protein) (beta-COP) (fragment)
2939 TCRTSII P47872 secretin receptor precursor(SCR-R)
2972 THFLPRI P10767 fibroblast growth factor-6 precursor (FGF-6) (HBGF-6)
3007 TKNRFVV P06730 eukar. initiation factor 4 E (EIF-4E)
3107 TRVTVLG 246 mm P01702 Ig lambda chain V-I region (NIG-64)
3108 TRVTVLS 354 mm P01705 Ig lambda chain V-II region (NEI)
3125 TSRETDL P22460 potassium channel protein KV1.5 (HK2) (HPCN1)
3126 TSRITTL P30872 somatostatin receptor type 1 (SS1R) (SRIF-2)
3165 VAAFNKI P24534 elongation factor 1-beta (EF-1-BETA)
3181 VCYQCKI P26371 keratin, ultra high-sulfur matrix protein (UHS keratin)
3307 VQDKRFI Q07001 acetylchonline receptor protein, delta chain precursor
3346 VTVETVV P04201 MAS proto-oncogene
3455 YLRRSDV P35080 profilin II
3485 YRRESAI P48050 inward rectifier potassium channel 4

[a] The table shows the spot number corresponding to the position in the library (Figure 1), the amino acid sequence, the databank number (Acc. no.) of the
appropriate SWISSPROTentry, and the protein description of the 38 identified C termini. For chosen binders the dissociation constant (KD) was determined.

Figure 1. Library of carboxy-terminal peptides from all known human
proteins. The cellulose-bound library contains the C termini (heptam-
ers) of all human proteins from the SWISSPROT databank (release
34). The figure shows the chemiluminescence intensity measured
following incubation with horseradish peroxidase labeled syntrophin ±
PDZ domain. The numbers correspond to the peptides for which the
dissociation constant was measured. The 38 strongest binders are listed
in Table 1.
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Figure 2. A) Interaction between soluble guanylate cyclase and syntro-
phin. Cell lysate containing guanylate cyclase[20] was incubated with
sepharose-bound syntrophin ± PDZ domain.[10] The PDZ domain was
precipitated by sedimentation, and the whereabouts of cyclase analyzed
by Western blotting.[22] In a control experiment the C-terminal peptide
FLRETSL-COOH was added to the cyclase. Lane 1: cell lysate, lane 2:
supernatant, lane 3: pellet, lane 4: supernatant of the control experiment,
lane 5: pellet of the control experiment. B) Substitutional analysis of the C
terminus of cyclase. The peptide FLRETSL and its single-exchange
analogues were synthesized on the cellulose membrane and tested for
binding to the syntrophin ± PDZ domain. The first column (wt) contains
identical peptides with the sequence FLRETSL as controls. At every
position the corresponding amino acid (rows) was substituted by all 20 l-
amino acids (columns). This led to the identification of amino acids
arginine (R), glutamic acid (G), and threonine (T) as key residues which
cannot be exchanged without loss of binding activity. At the C-terminal
position, in addition to leucine (L), isoleucine (I) or valine (V) was also
tolerated. C) Syntrophin in the cell (model). Dystrophin (DYS) is anchored
to the sarcolemma at the neuromuscular junction through a- and b-
dystroglycan (aDG, bDG) and sarcoglycan (SG).[23] Syntrophin (SYN)
attaches to dystrophin[24] and brings the neuronal NO synthase (nNOS) and
the soluble guanylate cyclase (sGC) within proximity of the dystrophin ±
glycoprotein complex. nNOS, sGC, and the cGMP-dependent protein
kinase (cGMP PK), which is also associated with the sarcolemma, build a
signal transduction cascade with the help of the mediators NO and
cGMP.

With the newly developed method, the door is opened to
the future identification of binding partners for other PDZ
domains in addition to derivation of a detailed description of
their binding specificity by substitutional analyses (Fig-
ure 2 B). Further protein ± peptide interactions where termi-
nal carboxyl groups play a roleÐfor example, as described for
some monoclonal antibodies[15]Ðwill similarly be open to
investigation. Moreover, variations of this method will allow
the synthesis of peptides with modified C termini,[16] facilitat-
ing ways of studying the biological function of C-terminal
modifications using peptide libraries.

Experimental Section

Library synthesis (Scheme 1): Library peptides with a chain length of seven
were chosen since in the PDZ ± peptide complexes identified to date the

last seven C-terminal amino acids are sufficient for the interaction.
Whatman 50 filter paper (20� 30 cm) which was amino functionalized
through the anchor molecule 3-amino-2-hydroxy-propyl ether was used as
the matrix.[17] The peptide combinations were synthesized by the spot
technique.[7] a) 0.3m Fmoc-b-alanine-OPfp in DMSO, double coupling, 2�
15 min; Fmoc cleavage, 20% piperidine in DMF, 2� 5 min; 0.3m Dmab-
glutamic acid-OH, 0.6m DIEA, 0.3m DIC, 0.3m Pfp in N-methylpyrrolidine
(NMP), double coupling, 2� 15 min; Fmoc cleavage, 20% piperidine in
DMF, 2� 5 min; 0.3m HMB, 0.6m DIEA, 0.3m TBTU, fourfold coupling,
4� 15 min. b) 0.3m Fmoc-AS-OH, 0.3m DIC, 0.6m NMI, fourfold coupling,
4� 15 min. c) 0.3m Fmoc-AS-OPfp, standard spot synthesis.[7] d) Fmoc
cleavage, 20% piperidine in DMF, 2� 5 min; Dmab cleavage, 1 %
hydrazine hydrate in DMF, max. 2� 3 min (to prevent ester hydrazinol-
ysis); cyclization with 300 mg of PyBOP and 100 mL of NMM in 40 mL of
DMF, 1� 4 h, 1� 16 h. e) Cleavage of the side chains, 50% TFA, 1%
phenol, 2% water, 3 % triisobutylsilane (TIBS) in CH2Cl2, 2.5 h; ester
hydrolysis, saturated Li2CO3 solution in H2O, 16 h. Due to the essential
stable ether bridges with the cellulose the peptides are not amenable to
analysis. Therefore, to confirm the procedure, analogous synthesis steps
were carried out on Tentagel S RAM resin (Rapp Polymere, Tübingen,
Germany). Usually syntheses on cellulose and on resin results in peptides
of comparable purity.[7, 17] Following cleavage from the resin the products
were analyzed by RP-HPLC and MALDI-TOF mass spectrometry.
Compound 6 with the peptide sequence NYKQTSV was obtained with
87% purity, and the mass spectrum showed the calculated mass of this
combination (not shown).

Detection of PDZ domain interactions with the membrane-bound peptide
library: The PDZ domain as a glutathione-S-transferase (GST) fusion
protein[10] was attached through the sugar group to horseradish
peroxidase.[18] The library was washed with ethanol, then with TBS
(50 mm Tris buffer, 100 mm NaCl, pH 8.0), blocked for 2 h with
blocking buffer (CRB, Northwich, UK), and finally incubated with
1 mg mLÿ1 labeled domain in blocking buffer at 4 8C for 16 h. After
threefold washing of the library with TBS, the bound domain was detected
following addition of the chemiluminescent substrate Lumi-Light Plus
Western Blotting substrate in a Lumi-Imager (Boehringer, Mannheim,
Germany).

ELISA measurements of the dissociation constants: Microtiter plates were
coated with streptavidin (125 ng per well in 0.1m carbonate buffer, pH 9.6),
washed three times with PBS (10 mm phosphate buffer, 150 mm NaCl,
pH 7.3)/0.1 % Tween 20 (Merck, Darmstadt, Germany), and 50 mL of
peptide biotin-bA-bA-FLRETSL-OH (bA: b-alanine) (100 mm) in water
were added. After threefold washing with PBS/0.1% Tween 20, horse-
radish peroxidase-labeled syntrophin ± PDZ domain in the presence of
various concentrations of the peptides (0.5 ± 250 mm) in PBS/0.1 % Tween
20/6 % Gelifundol (Biotest, Dreieich, Germany) was added to the wells.
Following three washes with PBS/0.1 % Tween 20 the enzyme activity was
measured using 5.5mm o-phenylendiamine dihydrochloride (Fluka, Buchs,
Switzerland)/8.5 mm H2O2 in 0.1% citrate buffer (pH 5.0). The reaction was
stopped by the addition of 1m sulphuric acid/0.05m sodium sulphite. The
absorption was measured at 492 nm and 620 nm (reference). The inhibition
constants were calculated according to Friguet et al. ,[19] and the values
obtained by ELISA confirmed by grating coupler measurements (F.
Kleinjung, not shown).

Expression of soluble guanylate cyclase and precipitation experiments: The
a2b1 isoform of soluble guanylate cyclase was expressed in Sf9 insect
cells.[20] The cells were collected by centrifugation at 800 g for 10 min,
resuspended in buffer (2mm dithiothreitol, 2mm EDTA, 0.2mm benzami-
dine, 0.5 mm PMSF, 1 mm pepstatin A, and 50 mm triethanolamine/HCl,
pH 7.4) and lysed by sonication; the cytoplasm was extracted by ultra-
centrifugation (200 000 g for 30 min at 4 8C). The syntrophin ± PDZ ± GST
fusion protein was coupled to glutathione sepharose CL-4B (Pharmacia,
Uppsala, Sweden) according to the manufacturer�s instructions. Protein
concentrations were determined following the method of Bradford.[21]

Precipitation of the guanylate cyclase was carried out with 2 mg of Sf9
cytoplasmic cell protein and 1 mg of sepharose-bound PDZ domain in a
volume of 500 mL (75 mm NaCl, 1 mm EDTA, 2 mm DL-dithiothreitol,
50mM TEA, pH 7.4) for 10 min at room temperature. Sedimentation
of the sepharose was carried out on ice (5 min), and separation of the
proteins from the relevant fractions achieved by 7.5 % SDS-PAGE. To
detect the cyclase an immunoblot was carried out as described by
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Polynitrogen compounds are of significant interest as high
energy density materials (HEDM) for propulsion or explosive
applications.[1±3] In spite of numerous theoretical studies
predicting that certain all-nitrogen compounds might be
stable, only a few unsuccessful experimental studies aimed
at their actual synthesis have been undertaken.[4] Presently,
only two homoleptic polynitrogen species are known that can
be prepared on a macroscopic scale: dinitrogen, N2, which was
independently isolated in pure form from air in 1772 by
Rutherford, Scheele, and Cavendish, and the azide anion, N3

ÿ,
discovered in 1890 by Curtius.[5] Other species such as N3

. ,
N3
�, and N4

� have been observed only as free gaseous or
matrix-isolated ions or radicals.[6±8] In view of the extensive
theoretical studies indicating that molecules such as N4, N8,
N(N3)2

ÿ, N(N3)3, and N(N3)4
� are vibrationally stable,[4] the

lack of a single successful synthesis of a new species on a
macroscopic scale is surprising and may be a testament to the
great experimental difficulties resulting from their high
endothermicities, which give rise to instability and unpredict-
able explosiveness.

The high energy content of polynitrogen candidates stems
from the NÿN single and double bonds they possess. The
average bond energies of 160 and 418 kJ molÿ1, respectively,
are much less than one-third or two-thirds the N2 triple bond
energy of 954 kJ molÿ1.[9] Therefore, any transformation of a
polynitrogen compound to N2 molecules is accompanied by a
very large energy release, and any new metastable polyni-
trogen compound will be isolable and manageable only if it
possesses a sufficiently large energy barrier to decomposition.

In view of the dearth of potential synthetic pathways for the
construction of homoleptic polynitrogen rings or polycycles,
and because many chain- or branch-type polynitrogen com-
pounds are calculated to be lower in energy than their cyclic
or polycyclic isomers,[3] our efforts are focused on the
synthesis of catenated polynitrogen species, which may be
more readily accessible. The weakest link in a chain always

Harteneck et al.[22] The antibodies used are directed against the C-terminal
peptide of the a2 subunit (KKVSYNIGTTMFLRETSL).
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