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ABSTRACT: The protein-protein interaction between the NMDA receptor and
its intracellular scaffolding protein, PSD-95, is a potential target for treating ischemic
brain diseases, neuropathic pain, and Alzheimer's disease. We have previously
demonstrated thatN-alkylated tetrapeptides are potent inhibitors of this interaction,
and here, this template is exploited for the development of blood plasma-stable and
cell-permeable inhibitors. Initially, we explored both the amino acid sequence of the
tetrapeptide and the nature of the N-alkyl groups, which consolidated N-cyclohex-
ylethyl-ETAV (1) as the most potent and selective compound. Next, the amide
moieties ofN-methylated ETAV were systematically replaced with thioamides, demonstrating that one of three amide bonds could
be replaced without compromising the affinity. Subsequent optimization of theN-alkyl groups and evaluation of cell permeability led
to identification of N-cyclohexylethyl-ETASV (54) as the most potent, plasma-stable and cell-permeable inhibitor, which is a
promising tool in unraveling the therapeutic potential of the PSD-95/NMDA receptor interaction.

’ INTRODUCTION

Protein-protein interactions (PPIs) are vital for almost all
cellular and biochemical processes and constitute novel and promis-
ing targets for the treatment of a range of diseases. Moreover,
inhibitors of PPIs are important pharmacological tools for studying
biological phenomena.1,2 The PSD-95/discs-large/ZO-1 (PDZ)
protein domain family facilitates several vital PPIs, which are
putative targets in the development of drugs for the treatment of
cancer and disorders in the central nervous system (CNS).3-7 PDZ
domains are relatively small (∼90 amino acids), typically bind the
extreme C-terminal of their protein partner,8,9 and are highly
abundant in the human proteome. They are often found in multi-
domain scaffold and anchoring proteins involved in trafficking,
recruiting, and assembling of intracellular enzymes and membrane
receptors into signaling-transduction complexes. PDZ domains
increase the specificity and efficiency of intracellular communication
networks downstream of receptor activation by facilitating impor-
tant PPIs between signaling enzymes and receptors.10,11

The N-methyl-D-aspartate (NMDA) receptor, a subclass of
the ionotropic glutamate receptors, is involved in neurological
disorders such as neuropathic pain, ischemic stroke, and chronic
neurodegenerative diseases such as Alzheimer's disease, where
glutamate-mediated overstimulation of theNMDA receptor, known
as excitotoxicity, plays a pathophysiological role.4,12 Upon activation
of the NMDA receptor, Ca2þ enters the cell through the NMDA
receptor ion channel and activates the intracellular enzyme neuronal
nitric oxide synthase (nNOS), leading to generation of nitric oxide
(NO).NO acts as an important secondarymessenger under normal
physiological conditions, but excessive activation of the NMDA

receptor leads to toxic levels of NO, which contributes to excito-
toxicity-mediated neuronal damage.13,14 Thus, inhibition of the
NMDA receptor has been extensively pursued as a potential
neuroprotective strategy. However, clinical development of
antagonists that bind directly to the NMDA receptor has proven
difficult due to severe side effects such as psychosis and memory
impairment.4,12,15,16

Instead of modulating NMDA receptor activity directly, an
alternative approach is to uncouple the PPI between the intracellular
scaffolding protein postsynaptic density protein-95 (PSD-95) and
the NMDA receptor. PSD-95 bridges the NMDA receptor and
nNOS via PDZ domains,17 and it has been demonstrated that
inhibition of the PSD-95/NMDA receptor interaction reduces
NMDA-mediated NO production and prevents excitotoxic insults
in cultured neurons and ischemic brain damage in vivo.18,19 In
addition, it has recently been shown that uncoupling of the PSD-95/
NMDA receptor interactionmight also have therapeutic potential in
neuropathic pain and in Alzheimer's disease.20-23 Because this
strategy does not affect the ion channel function of the NMDA
receptor that is required for normal excitatory neurotransmission,
the side effects observed for conventional NMDA receptor antago-
nists may be avoided. Inhibiting the PSD-95/NMDA receptor
interaction therefore comprises a promising strategy for the devel-
opment of neuroprotective drugs.

PSD-95 contains three sequential PDZ domains, PDZ1-3,
which bind peptide ligands containing the consensus sequence
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Glu/Gln-Ser/Thr-X-Val-COOH. PDZ1 and PDZ2 display the
same selectivity profile against a broad range of peptide ligands
and interact with the C-terminal tail of the NMDA receptor
subunits (GluN2A-D),24-26 with an in vitro affinity for GluN2B
of 18 and 4 μM for PDZ1 and PDZ2, respectively.27,28 Generally,
it has been exceedingly difficult to identify small molecule inhibitors
of PDZ domains with reasonable potency (Ki < 10 μM),29 which
can be rationalized by a shallow and elongated binding pocket of
PDZ domains that is more suited for peptide-based ligands.30,31

Thus, to this date, potent inhibitors of the PDZ domains of PSD-95
have only been identified by peptide-based strategies,32-35 which
include side chain cyclization of a hexapeptide32 and dimerization of
peptide ligands.35 However, the most advanced PDZ domain inhi-
bitor in terms of drug development is a 20-mer linear peptide Tat-
N2B (NA-1, YGRKKRRQRRR-KLSSIESDV),18 which is currently
undergoing clinical phase II trials as a potential neuroprotective drug
related to stroke and endovascular procedures.36 Although posses-
sing only modest affinity toward PSD-95 (Ki ∼ 4.4 μM against
PDZ2), Tat-N2B displays neuroprotective efficacy in cultured
neurons and in in vivo stroke models.18,19,28

Recently, we have exploited the C-terminal tail of the GluN2B
subunit (YEKLSSIESDV) as a template for development of
inhibitors of the PSD-95/NMDA receptor interaction with reduced
size and increased potency.28 First, we demonstrated that the
C-terminal pentapeptide (IESDV) displayedwild-type affinity, while
tetra- and tripeptides showed a stepwise reduction in affinities.
Second, we observed that N-alkylation of tetrapeptides enhanced
affinity up to 40-fold and identifiedN-cyclohexylethyl ETAV (1) as a
potent inhibitor of PDZ2 of PSD-95 with aKi of 0.5 μM (Figure 1),
representing an almost 10-fold increase in potency as compared to
the wild-type GluN2B C-terminal tail.28

Here, we have elaborated on N-alkylated tetrapeptides as
inhibitors of the PSD-95/NMDA receptor interaction, focusing on
optimizing compound stability in blood plasma and cell membrane
permeability. Initially, we performed a structure-activity relation-
ship (SAR) study where combinations of tetrapeptides and N-alkyl
groups were prepared and investigated for their potency and
selectivity. Subsequently, a range of structurally diverse N-alkyl
groupswere introduced in the ETAV tetrapeptide.Wenext explored
the possibility of replacing amide bonds with thioamides, which
resulted in compounds with complete stability in human blood
plasma in vitro, while affinity was preserved. Finally, the optimized
compounds were investigated in a cell-based bioluminescence reso-
nance energy transfer (BRET) assay, demonstrating their ability to
penetrate cell membranes and inhibit the PSD-95/NMDA receptor
interaction in living cells.

’RESULTS AND DISCUSSION

N-Alkylated tetrapeptides were recently identified as potent
inhibitors of the PSD-95/NMDA receptor interaction.28 How-
ever, only a limited number of tetrapeptide sequences and
N-alkyl groups were investigated; thus, a more thorough SAR
study of these tetrapeptide derivatives aiming at optimizing
affinity toward PDZ2 of PSD-95, as well as preserving selectivity
relative to PDZ3, was warranted.

It is generally acknowledged that amino acids in position P0

and P-2 (counting from the C-terminal amino acid) are key
determinants for affinity.24,26,27 In agreement with this, we found
that Val in P0 and Ser or Thr in P-2 were crucial for affinity to
PDZ1 and PDZ2 of PSD-95, and we showed that Glu in the P-3

position was important for affinity, whereas Asp in P-1 could be
replaced with Ala or Gln without substantial loss in affinity.28 On
the basis of these results, a series of tetrapeptides and their
corresponding N-alkylated tetrapeptides, 1-12, were designed
(Table 1). The compounds were prepared by standard Fmoc-
based solid-phase peptide synthesis (SPPS) followed by N-alky-
lation using the Fukuyama-Mitsunobu reaction, and their
affinities toward PDZ2 and PDZ3 of PSD-95 were measured in
our well-established fluorescence polarization (FP) assay.28 Gen-
erally, it was found that substituting Asp in P-1 with Ala reduces
affinity toward PDZ2 less than 3-fold, and in the case of compound
1, equal affinity was seen as compared to 8 (Table 1). Substituting
Glu in P-3 generally led to larger decreases in affinity; however, Ala
was better tolerated than Gln (Table 1).

Because the wild-type undecapeptide sequence of GluN2B
(YEKLSSIESDV) possesses no affinity toward PDZ3, which
instead binds to the C-terminal of cysteine-rich PDZ-binding
protein (CRIPT, LDTKNYKQTSV),28,37 the relationship be-
tween the Ki values of PDZ3 and PDZ2 is used as a measure of
selectivity. It is apparent that theN-alkyl group and the amino acid in
the P-3 position do not affect the selectivity for PDZ2, which is
almost entirely determined by the amino acid in the P-1 position
(Table 1). Thus, selectivity is achievedwithAsp in P-1 (compounds
3, 5, 7, 8, 10, and 12; Table 1), whereas Ala in the same position
entails increased binding to PDZ3, although 10-20-fold selectivity
for PDZ2 is still observed.

To investigate if these findings were valid for N-alkyl groups
other than cyclohexylethyl, a smaller series of six compounds
(13-18) were prepared where either (naphthalene-2-yl)ethyl or
(3,4-dichlorophenyl)ethyl were introduced into the N-terminal
amino group of three different tetrapeptides (Table 1). In
agreement with the cyclohexylethyl N-alkylated compounds,
substitutions in the P-3 position led to the most dramatic decreases
in affinity, whereas the P-1 position is the major determinant of

Figure 1. (A) Structure of 1. (B) Compound 1 docked into the PDZ2 homology model.28 Compound 1 is shown with sticks using purple carbons, red
oxygens, and blue nitrogens. The PDZ2 domain is shown as a blue cartoon model, with an indication of its electron surface, where carbons are shown in
white, oxygens in red, and nitrogens in blue. The red sphere (to the right) indicates a water molecule. Hydrogen bonds and electrostatic interactions are
indicated with orange dashes, and PDZ residues discussed in the text are highlighted.
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selectivity. Finally, it is apparent that theN-cyclohexylethyl group led
to the largest increase in affinity regardless of the sequence of the
tetrapeptide (Table 1). On the basis of these results, the ETAV
sequence was chosen for further optimization of the N-alkyl group,
as ETAV offers the most favorable balance between affinity,
selectivity, and physical properties such as polarity and size.

Docking of N-cyclohexylethyl-ETAV (1) into a homology
model of PDZ2 (Figure 1B)28 suggested that the N-alkyl group
binds in a small hydrophobic cavity created by Val178 and
His225 from the βB-βC loop and the RB helix, respectively,
of PDZ2. When the pentapeptide IESDV is docked into PDZ2,
this cavity is occupied by the side chain of Ile.28 To investigate if
this hydrophobic cavity is fully exploited by the N-cyclohexy-
lethyl group of 1, we tested the effect of introducing larger and
more hydrophobic N-alkyl substituents.

A series of 12 N-alkyl groups were selected with variation in
bulkiness and hydrophobicity. The alcohols required for N-alky-
lation were acquired from commercial sources, obtained by
reduction of the corresponding carboxylic acids or synthesized
from closely related starting materials (Supporting Information).
These alcohols were subsequently used in the Fukuyama-
Mitsunobu reaction to alkylate the N terminus of ETAV to
furnish compounds 19-30 (Table 2). Evaluation in the FP assay
revealed that most of the derivatives displayed increased affinity
toward PDZ2 as compared to non-alkylated tetrapeptide ETAV
(2), and several compounds had Ki values around 1-2 μM.

However, none of them showed improved affinity or selectivity
relative to N-cyclohexylethyl-ETAV (1). Compounds 24-30
were designed based upon N-(3,4-difluorophenyl)ethyl-ETAV
and N-(naphthalene-2-yl)ethyl-ETAV (13) having Ki values of
1.0 and 0.95 μM, respectively. However, increasing the length or
the number of fluorine substituents on the phenyl ring reduced
affinity (24 and 25, Table 2) and similarly increasing the alkyl
chain length or the size of the aromatic moiety also reduced
affinity (26-30, Table 2). Thus, the ETAV tetrapeptide
sequence combined with an N-cyclohexylethyl substituent as in
1 is the most potent and selective compound of the series.

One of the primary limitations for advanced biological studies
of peptide-based compounds is their low stability in blood and
tissues due to enzymatic cleavage by proteases or peptidases,
which efficiently hydrolyze the amide bonds. Several strategies
have been pursued to increase stability for PDZ peptide ligands
for example by derivatization of the N terminus with a short
polyethylene glycol (PEG) linker35 or by introducing a con-
formationally restricted central amino acid in a tripeptide.33 Also,
cyclization of the P-1 and P-3 amino acid side chains increased
the duration of activity in a cell-based assay.32

We considered replacing the amide bonds of 1 with thioa-
mides as a general and straightforward way of obtaining increased
stability in human blood plasma without modifying the peptide
side chains and thereby impairing affinity or selectivity, as also
demonstrated for other peptides.38-43 Thioamides generally

Table 1. Ki Values of N-Alkylated Tetrapeptides with the General Structure

compound sequence R3 PDZ2a PDZ3a selectivityb

GluN2Bd YEKLSSIESDV 4.1( 0.17 NAc >1000

CRIPT d LDTKNYKQTSV 25( 1.6 2.1 ( 0.15 0.08

1 ETAV cyclohexylethyl 0.63( 0.055 11 ( 0.79 17

2d ETAV H 22( 0.92 260 ( 20 12

3d ETDV H 16( 0.88 NA >1000

4 QTAV H 110 ( 6.3 >400 >4

5 QTDV H 60( 1.9 NA >1000

6 ATAV H 73( 3.8 >400 >4

7 ATDV H 38( 4.2 NA >1000

8 ETDV cyclohexylethyl 0.75( 0.13 NA >1000

9 QTAV cyclohexylethyl 12( 0.36 141 ( 14 12

10 QTDV cyclohexylethyl 4.4( 0.59 NA >1000

11 ATAV cyclohexylethyl 8.1( 0.12 89 ( 3.3 11

12 ATDV cyclohexylethyl 3.6( 0.30 >400 >110

13d ETAV (naphthalene-2-yl)ethyl 0.95( 0.05 10 ( 0.22 11

14d ETAV (3,4-dichlorophenyl)ethyl 1.1( 0.11 6.7 ( 0.20 6

15 ETDV (naphthalene-2-yl)ethyl 1.8( 0.15 210 ( 8.5 117

16 ETDV (3,4-dichlorophenyl)ethyl 1.2( 0.049 130 ( 3.4 109

17 ATAV (naphthalene-2-yl)ethyl 56( 1.8 280 ( 9.0 5

18 ATAV (3,4-dichlorophenyl)ethyl 13( 1.1 64 ( 2.4 5
a Ki values are shown asmeans( SEMs inμMbased on at least three individualmeasurements. b Ki (PDZ3)/Ki (PDZ2).

cNA, no affinity. dData from ref
28.
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mimic amides, but increased rigidity is introduced as the larger
sulfur atom and longer carbon-sulfur bond restrict j and ψ
angles.44 Moreover, thioamides have increased hydrophobicity,
and the thiocarbonyl is a weaker hydrogen bond acceptor than
the carbonyl oxygen.38,45 Thus, initially each of the three amide
bonds in N-methylated ETAV (N-Me-ETAV, 31) were substi-
tuted with a thioamide functionality, and the thioamide deriva-
tives were evaluated for affinity toward PDZ2.

The Lawesson's reagent was selected as a mild and convenient
way to convert amides into thioamides.46,47 Initial attempts to
perform the thionation on the solid phase failed; therefore,
protected dipeptides were treated with Lawesson's reagent in
solution. For each of the three thioamide derivatives, compounds
35, 41, and 45, different synthetic strategies were required. For
compound 35, where the amide bond between residues P0 and
P-1 is replaced with a thioamide, the protected dipeptide Fmoc-
Ala-Val-O-tert-Bu (32) was prepared and subsequently con-
verted into the corresponding thioamide 33 by treatment with
Lawesson's reagent in THF for 24 h (Scheme 1). Treating 33
with trifluoroacetic acid (TFA) provided 34, which was loaded to

a 2-chlorotrityl chloride resin, and standard SPPS provided the
desired compound N-Me-ETASV (35, Scheme 1).

In a similar manner, the amide bond between the P-1 and
the P-2 residues was converted into a thioamide. The protected
dipeptide, Fmoc-Thr(O-tert-Bu)-Ala-O-tert-Bu (36), was treated
with Lawesson's reagent and converted into a thioamide to
furnish 37 (Scheme 2). Subsequently, 37 was treated with
TFA to give deprotected dipeptide 38, which was coupled to
Val-O-tert-Bu in solution providing 39. Removal of the Fmoc
protecting group with dimethylamine, followed by coupling with
Fmoc-N-Me-Glu(O-tert-Bu)-OH provided 40, and deprotection
gave N-Me-ETSAV (41, Scheme 2).

Introduction of the thioamide between the P-2 and the P-3

amino acids was more challenging and required an orthogonal
protecting group strategy for the two carboxylic acid groups in
the protected dipeptide 43 (Scheme 3). Initially, Fmoc-Thr-
(O-tert-Bu)-OH was loaded on to a 2-chlorotrityl chloride resin
followed by Fmoc deprotection and subsequent coupling with
Fmoc-N-Me-Glu(O-tert-Bu)-OH. Treatment of this resin with
hexafluoroisopropanol (HFIP)48 provided the protected dipep-
tide 42, which allowed a selective protection of the C-terminal
carboxylic acid with tert-butyldiphenylsilyl (TBDPS) chloride to
give 43 (Scheme 3). This dipeptide was treated with Lawesson's
reagent providing 44, and subsequent removal of the TBDPS
group with tetrabutylammonium fluoride (TBAF) allowed cou-
pling to resin-bound H-Ala-Val. Finally, Fmoc deprotection and
TFA cleavage provided the target compoundN-Me-ESTAV (45,
Scheme 3).

Compounds 35, 41, and 45 were tested for affinity to PDZ2
and PDZ3, as well as for their stability in human blood plasma,
using N-Me-ETAV (31) as a reference compound. Interestingly,
the three compounds demonstrated very different properties both in
affinity and in stability: Compound 35, containing a thioamide
between the P0 and the P-1 residues, was equipotent to 31 and
displayed complete stability in plasma as measured over 5500 min
(∼92 h, Figure 2). In contrast, 41 having the thioamide placed
between the P-1 and the P-2 residues showed a considerable loss
(23-fold) in affinity toward PDZ2. The stability of 41 in blood
plasma was improved as compared to 31 with T1/2 = 540( 50 min
but significantly less than 35. Finally, 45with the thioamide between
the P-2 and the P-3 residues also demonstrated complete stability
in plasma, but affinity was reduced by 3.3-fold as compared to 31
(Figure 2). For all three compounds, PDZ2 vs PDZ3 selectivity was
not affected by the introduction of thioamides (data not shown).
Thus, gratifyingly, a thioamide can be introduced instead of the
amide bond between residues P0 and P-1 as in 35 without compro-
mising biological activity, whereas complete stability in blood plasma
is achieved.

To rationalize the biological activity in a structural context,
compound 31 and the thioamide derivatives 35, 41, and 45 were
docked into a homology model of PDZ2, which is based on the
X-ray crystal structure of PDZ3 in complex with the C-terminal
peptide fromCRIPT.28,37 Docking of 31 showed that the backbone
superimposes with the CRIPT peptide in PDZ3, and similar to the
CRIPT-PDZ3 interaction, the amide carbonyl group of Thr (P-2)
in 31 forms a hydrogen bondwith a backbone amide hydrogen from
PDZ2 (Figure 3A). Because the thiocarbonyl sulfur is a weaker
hydrogen bond acceptor than the carbonyl oxygen, it is not
surprising that a substantial loss in affinity is seen when the P-2

amide carbonyl is replaced with thiocarbonyl as in 41. In contrast,
the amide carbonyl groups from the P-1 and P-3 positions do not
have any direct interactions with the PDZ domain (Figure 3A),

Table 2. Ki Values of N-Alkylated ETAV Peptides

a Ki values are shown as means ( SEMs in μM based on at least three
individual measurements. b Ki (PDZ3)/Ki (PDZ2).

cData from ref 28.
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explaining that thioamides in these positions do not affect affinity to
PDZ2 to a great extent. Docking of compounds 35, 41, and 45 into
PDZ2 reveals that 35 binds to PDZ2 in the same conformation as
31 (Figure 3B), whereas a twist in the backbone region around P-3

position is seen for 41 and 45. Moreover, the positioning of the Glu
and Thr side chains of 41 and 45 deviates from that of 31. These
results suggest that thioamides 35, 41, and 45 generally bind in a
manner similar to that of 31 but that minor differences are observed
for 41 and 45, which lead to reduced affinities (Figure 3B).

Encouraged by the results of the thioamide derivatives, we
next aimed at combining high affinity and selectivity, low polarity,
and high blood plasma stability into one compound. Thus, we
hypothesized that introduction of a thioamide between the P0 and
the P-1 residue of ETAV, combined with the N-alkyl groups,
N-cyclohexylethyl, N-(naphthalene-2-yl)ethyl, or N-(3,4-dichloro-
phenyl)ethyl, could provide compounds with the desired properties.
Initially, a linear synthetic route was attempted, and dipeptide Fmoc-
ASV-OH (34) was loaded on a 2-chlorotrityl chloride resin, followed

by SPPS to obtain the thioamide-tetrapeptide ETASV. However,
the conditions for the Fukuyama-Mitsunobu synthesis (Ph3P and
DIAD) were not compatible with the thioamide moiety, as the
desired N-alkylated product could not be identified. Instead, a
convergent approach was attempted, where Fmoc-Glu(O-tert-Bu)-
OH was loaded to the resin to give 46, and after Fmoc deprotection
and introduction of the 2-nitrobenzenesulfonyl (Ns) group, the
N-terminal sulfonamide was alkylated using the Fukuyama-Mitsu-
nobu method to provide 47-49 (Scheme 4). The N-alkylated Glu
derivatives were subsequently cleaved from the resin by treatment
with HFIP to furnish the appropriately protected N-alkylated amino
acids (50-52, Scheme 4). In parallel, 34 was loaded on a 2-chlor-
otrityl chloride resin and Fmoc deprotected, followed by coupling
with Fmoc-Thr(O-tert-Bu)-OH and removal of the Fmoc group
(53). Subsequent coupling of 50-52 to 53, removal of the Ns
group, and TFA cleavage provided the target compounds 54-56
(Scheme 4). In contrast to the N-methylated thioamide derivatives
35, 41, and 45, some epimerization (15-25%) was observed in the

Scheme 1a

aReagents and conditions: (a)HBTU, Et3N,MeCN. (b) Lawesson's reagent, THF. (c) TFA, DCM. (d) 2-Chlorotrityl chloride resin, DIPEA, DCM. (e)
(i) 30% piperidine in DMF; (ii) Fmoc-Thr(O-tert-Bu)-OH, HBTU, DIPEA, DMF; (iii) 30% piperidine, DMF; (iv) Fmoc-N-Me-Glu(O-tert-Bu)-OH,
HBTU, DIPEA, DMF; (v) 30% piperidine in DMF; (vi) TFA, TIPS, H2O (90:5:5).

Scheme 2a

aReagents and conditions: (a) HBTU, Et3N,MeCN. (b) Lawesson's reagent, THF. (c) TFA, DCM. (d) H-Val-O-tert-Bu, HBTU, DIPEA, DMF. (e) (i)
Me2NH, MeOH; (ii) Fmoc-N-Me-Glu(O-tert-Bu)-OH, HBTU, DIPEA, DMF. (f) (i) Me2NH, MeOH; (ii) TFA, TIPS, H2O (90:5:5).
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synthesis of 54-56 as indicated by HPLC and NMR. However, the
diastereomers were separated by preparative HPLC, and the desired
isomer was obtained in >95% diastereomeric excess.

Gratifyingly, the N-alkylated thioamide derivatives 54-56
were equipotent to their corresponding amide derivatives 1, 13, and
14, respectively (Table 3), with the N-cyclohexylethyl derivative
(54) being the most potent. In addition, the three N-alkylated
thioamide derivatives showed complete stability in human blood
plasma within the period of measurement (117 h) in contrast to the
corresponding nonthioamide containing compounds (Table 3).
This substantiates that the observed increase in blood plasma
stability is mediated by the introduction of the thioamide only
and is independent of the nature of the N-alkyl group (Table 3).

The PSD-95/NMDA receptor interaction is located intracel-
lularly, and a prerequisite for these compounds to be used in
further biological studies is therefore that they can permeate
cell membranes and uncouple the interaction within an intra-
cellular environment. To address both membrane permeabil-
ity and inhibitory effect in living cells, we have developed a
cell-based BRET assay.49 In this assay, fusion proteins, where
the C-terminal of the NMDA receptor subunit GluN2B is
fused to green fluorescent protein (GFP) and the PDZ2
domain of PSD-95 is fused to Renilla luciferase (Rluc), are
expressed in COS-7 cells. Interaction between the GluN2B
terminal and the PDZ2 brings GFP and Rluc together and
enables a BRET signal to be detected.49

Scheme 3a

aReagents and conditions: (a) (i) 30% piperidine in DMF; (ii) Fmoc-N-Me-Glu(O-tert-Bu)-OH, HBTU, DIPEA, DMF. (b) HFIP, DCM. (c) TBDPS,
DIPEA, DMF. (d) Lawesson's reagent, THF. (e) (i) TBAF, THF; (ii) H-Ala-Val-(2-chlorotrityl resin), HBTU, DIPEA, DMF; (iii) 30% piperidine in
DMF; (iv) TFA, TIPS, H2O (90:5:5).

Figure 2. Biological properties of 31, 35, 41, and 45. (A) FP affinitiy measurements between compounds and PDZ2 of PSD-95. (B) Stability of
compounds in human blood plasma. (C) Table of Ki values (μM) shown as means ( SEMs, based on at least three individual experiments in the FP
assay, and plasma half-lives (T1/2) in minutes in human blood plasma shown as means ( SEMs, based on at least two individual experiments.
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During validation of our BRET assay, we used the Tat-N2B
peptide as a positive control to inhibit GluN2B/PDZ2-mediated
BRET in COS-7 cells. Although the Tat moiety is frequently uti-
lized as a cell-penetrating peptide (CPP),50 it has also been reported
that this effect is highly dependent on cell type.51 Thus, to investigate
whether other CPPs than Tat could improve cell permeability, four
different fluorescently labeled CPPs fused to the N terminus of
GluN2B peptide (57-60) were synthesized, together with fluores-
cently labeled Tat-N2B (61) (Figure 4). Uptake of the peptides into
COS-7 cells was characterized by fluorescence microscopy, and a
noticeable difference in cell permeability was observed as follows:
Peptide 59 with an Arg octapeptide (Arg8) as the CPP moiety was
highly efficient in mediating cell permeability, whereas the Tat
sequence (61) displayed less permeation (Figure 4). This is in agree-
mentwith a previous study that directly compared the ability of CPPs

to facilitate cell permeability and observed that Arg8 was more effi-
cient than Tat.50 The three remaining CPP sequences (57, 58, and
60) did not facilitate detectable membrane permeability in COS-7
cells. In the BRET assay, the 17-mer peptide 62 (Arg8-N2B, RRRR-
RRRR-KLSSIESDV) caused a significant inhibition of the BRET
signal at 100 μM and was subsequently used as a control compound
(Figure 5).

We subsequently screened a range of N-alkylated peptides
(1, 8, 11, 13-19, and 24), thioamides (54-56), and the nonmo-
dified tetrapeptides (2, 3, and 6) in a concentration of 500 μMfor
the ability to inhibit BRET. It was found that the three optimized
N-alkylated thioamide peptides (54-56) and their correspond-
ing amide derivatives (1, 13, and 14) significantly inhibited
BRET. The polar, but potent, N-alkylated analogues (8, 15,
and 16) and the non-alkylated tetrapeptides (2, 3, and 6) did not

Figure 3. Docking studies of compounds31,35,41, and45 into thePDZ2homologymodel. (A) Schematic representationof the contacts between31 (black)
and backbone amides of PDZ2 (gray) of PSD-95. Dashed lines represent hydrogen bonds. (B) Binding conformations of 31 (green carbons), 35 (purple
carbons), 41 (turquoise carbons), and 45 (yellow carbons) in the PDZ2 binding pocket. Oxygens are shown in red, and nitrogens are shown in blue.

Scheme 4a

aReagents and conditions: (a) (i) 20% piperidine in DMF; (ii) o-Nitrobenzenesulfonyl chloride, DIPEA, THF/DCM. (b) Ph3P, R-OH, DIAD. (c)
HFIP, DCM. (d) (i) 20% piperidine in DMF; (ii) Fmoc-Thr(O-tert-Bu)-OH, HBTU, DIPEA, DMF; (iii) 20% piperidine, DMF. (e) (i) HATU, HOAt,
collidine; (ii) DBU, mercaptoethanol, DMF; (iii) TFA, TIPS, H2O (90:5:5).
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demonstrate activity, suggesting that the ETAV peptide sequence in
combination with N-alkylation is required for obtaining effect in the
BRET assay.

The dose-response relationship of the six active compounds
was then tested in the BRET assay at four different concentra-
tions (50, 200, 500, and 1000 μM), and dose dependency was
observed for compounds 1, 13, 14, 55, and 56, as analyzed by a
one-way analysis of variance (ANOVA) including a post test for

linear trend (P < 0.001) (Figure 5). N-(3,4-Dichlorophenyl)-
propyl-EAAA (63) was included as a negative control, as it is
structurally similar to the tested compounds but is devoid of in vitro
binding activity at PDZ2 (data not shown). Indeed, 63 did not
significantly reduce the BRET signal, verifying that the inhibitory
effects observed in the BRET assay are mediated by specific com-
pound interactions with PDZ2 (Figure 5). Furthermore, compar-
ison of thioamides 54-56 with their corresponding amide deriva-
tives (1, 13, and 14) by a two-way ANOVA analysis showed that
54-56 are significantly (P < 0.001) more potent than 1, 13, and 14
in this assay. This improved inhibitory activity in the BRET assay
could reflect the increased stability and/or increased membrane
permeability of the thioamide compounds.

’CONCLUSION

We have explored the N-alkylated tetrapeptide 1 in the search
for potent, selective, plasma-stable, and cell-permeable inhibitors
of the PSD-95/NMDA receptor interaction, as potential phar-
macological tools and therapeutic leads related to stroke,
neuropathic pain, and Alzheimer's disease. Initially, a systematic
SAR study was carried out, where combinations of tetrapeptide
sequences andN-alkyl groups were explored as inhibitors of the
PDZ2 domain of PSD-95. It was found that the ETAV sequence
provided the best compromise between affinity, selectivity, size,
and polarity, and although a range of potent (Ki = 1-2 μM)
N-alkyl ETAV derivatives were identified, cyclohexylethyl-
ETAV (1) with a Ki of 0.63 μM still proved to be the most
potent compound.

To increase the stability of the peptides in human blood
plasma, we developed synthetic approaches for selective intro-
duction of thioamides into N-Me-ETAV (31). The peptides
containing a thioamide bond between P-2 and P-3 (45) or
between P-1 and P-2 (41) showed reduced affinity toward PDZ2,
but introducing a thioamide between P0 and P-1, compound 35,
did not affect affinity. Because 35 showed complete stability in
human blood plasma (T1/2 > 5500 min), the three N-alkyl groups
showing the best in vitro affinity for PDZ2, combined with a
thioamide bond between P-1 and P0 in the ETAV sequence, were
prepared. This resulted in blood plasma-stable, N-alkylated thio-
amide containing tetrapeptides (54-56), which were equipotent
to their corresponding N-alkylated tetrapeptides (1, 13, and 14).

Table 3. Ki Values of Optimized N-Alkylated Thioamide ETAV Peptides

compound R X PDZ2a PDZ3a selectivityb stability (T1/2/min)

2c H O 22( 0.92 260( 20 12 106( 18

1 cyclohexylethyl O 0.63( 0.055 11( 0.79 17 29( 8

13 (naphthalene-2-yl)ethyl O 0.95 ( 0.05 10( 0.22 11 92( 7

14 (3,4-dichlorophenyl)ethyl O 1.1( 0.11 6.7( 0.20 6 83 ( 5

54 cyclohexylethyl S 0.63( 0.031 11( 0.97 17 >7000

55 (naphthalene-2-yl)ethyl S 1.1( 0.13 11( 0.44 10 >7000

56 (3,4-dichlorophenyl)ethyl S 1.0( 0.10 8.3( 0.76 8 >7000
a Ki values are shown as means ( SEMs in μM based on at least three individual measurements. b Ki (PDZ3)/Ki (PDZ2).

cData from ref 28.

Figure 4. Cell permeability of fluorescently labeled CPP-N2B pep-
tides in COS-7 cells investigated by fluorescent microscopy. The peptides
57 (F-RRRERRAEK-GluN2B), 58 (F-KCPSRRPKR-GluN2B), and 60
(F-YARAAARQARA-GluN2B) were also tested, but no fluorescence could
be detected in the cells. 5-FAM(F) alonewas tested as a background control.
GluN2B: KLSSIESDV.

Figure 5. Dose-response relationship of extracellularly applied com-
pounds for inhibition of intracellular BRET in COS-7 cells expressing
the GluN2B-GFP terminal and PDZ2-Rluc. BRET signals from cells
treated with varying compound concentrations are normalized to the
BRET signal from cells treated with vehicle (see the Experimental
Section). Values are means ( SEMs from at least three individual
experiments. *p< 0.05, **p< 0.01, and *** p< 0.001 significantly different
from vehicle; paired Student's t test.
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Finally, 54-56 were found to be the most potent compounds
in a cellular BRET assay, which reflects their ability to permeate cell
membranes in COS-7 cells and disrupt the interaction between the
C-terminal of the NMDA receptor and PDZ2. In conclusion, the
thioamide derivatives 54-56 are potent and selective inhibitors of
the PDZ2 domain of PSD-95, which show exceptional stability in
blood plasma and disrupt the PSD-95/NMDA receptor interaction
in living cells. Therefore, these compounds are excellent candidates
for further studies of the biological importance of the PSD-95/
NMDA receptor interaction, as well as leads for therapeutic
development to establish the full potential of this interaction.

’EXPERIMENTAL SECTION

Chemistry. Proton (1H) NMR spectra were recorded on a Varian
spectrometer, Mercury Plus (300MHz) and carbon (13C) NMR spectra
were recorded on aVarian spectrometers,Gemini 2000 (75MHz).Chemical
shifts (δ) are reported in parts per million (ppm) with reference to tetrame-
thylsilane (TMS) as an internal standard. The following abbreviations are
used for the proton spectra multiplicities: s, singlet; br-s, broad singlet; d,
doublet; dd, double doublet, triplet; q, quartet; and m, multiplet. Coupling
constants (J) are reported inHertz (Hz). Elemental analyses were performed
by Mr. J. Theiner, Department of Physical Chemistry, University of Vienna,
Austria. Preparative HPLC was performed on a Agilent 1200 system using a
C18 reverse phase column (Zorbax 300 SB-C18, 21.2mm� 250mm) with
a linear gradient of the binary solvent system of H2O/ACN/TFA (A, 95/5/
0.1, and B, 5/95/0.1) with a flow rate of 20 mL/min. Analytical HPLC was
performed on an Agilent 1100 system with a C18 reverse phase column
(Zorbax 300 SB-C18 column, 4.6 mm� 150 mm), flow rate of 1 mL/min,
and a linear gradient of the binary solvent systemofH2O/ACN/TFA(A, 95/
5/0.1, and B, 5/95/0.1). Mass spectra were obtained with an Agilent 6410
Triple Quadrupole Mass Spectrometer instrument using electron spray
coupled to an Agilent 1200HPLC system (ESI-LC/MS) with a C18 reverse
phase column (Zorbax Eclipse XBD-C18, 4.6 mm� 50 mm), autosampler
anddiode array detector using a linear gradient of the binary solvent systemof
H2O/ACN/formic acid (A, 95/5/0.1, and B, 5/95/0.086) with a flow rate of
1 mL/min. During ESI-LC/MS analysis, evaporative light scattering (ELS)
traces were obtained with a Sedere Sedex 85 Light Scattering Detector.
Compound identity of all tested compounds was confirmed by ESI-LC/MS,
which also provided purity data (all >95%; UV and ELSD). High-resolution
mass spectra (HRMS) were obtained using aMicromassQ-Tof 2 instrument
and were all within(5 ppm of theoretical values.
Peptide Synthesis. General Procedure. Peptides were manu-

ally synthesized by Fmoc-based SPPS using a MiniBlock (Mettler-
Toledo, Columbus, OH). The 2-chlorotrityl chloride polystyrene resin
(1-2% DVB cross-linking, 100-200 mesh) was used as a solid support,
and after the resin swelled in dry DCM for 15-30 min, the first amino acid
was loaded to the resin using diisopropylethylamine (DIPEA) (resin/amino
acid/DIPEA in 1:4:8) in DCM for 1.5 h, followed by capping withmethanol
(DCM/MeOH/DIPEA 17:2:1). Fmoc deprotection was performed with
20% piperidine inDMF (1� 5 and 1� 15min; wash step in between), and
coupling of the consecutive amino acidwas carried out withO-(benzotriazol-
1-yl)-N,N,N0,N0-tetramethyluronium hexafluorophosphate (HBTU) and
DIPEA (resin/amino acid/HBTU/DIPEA 1:4:4:4) in dry DMF (∼2 mL
per 0.25mmol resin) for 30min. The final peptidewas cleaved from the resin
by treatmentwithTFA/TIPS/H2O (90:5:5) for 2 h followed by evaporation
in vacuo, cold ether precipitation, lyophilization, and HPLC purification.
Compounds were lyophilized affording white or yellowish pure (>95%)
solids. Fluorescent peptides (57-61) were synthesized by attaching 5-FAM
(Anaspec, San Jose, CA) to the N-terminal of the respective resin-
bound peptide by couplingwithO-(7-azabenzotriazol-1-yl)-N,N,N0,N0-tetra-
methyluronium hexafluorophosphate (HATU) and 2,4,6-trimethylpyridine
(Resin/5-FAM/HATU/2,4,6-trimethylpyridine 1:2:2:3) for 24 h in DMF,
followed by cleavage from the resin and purification as described above.

N-Terminal Alkylation of Peptides. General Procedure
(1, 8-30, and63). Tetrapeptides (0.25mmol, 1 equiv) were synthesized
on a 2-chlorotrityl chloride resin as described above followed by Fmoc
deprotection, washing, and drying of the resin. The resin was swelled in
DIPEA (6 equiv) in THF (2.5 mL) for ca. 30 min. 2-Nitrobenzenesulfonyl
(Ns) chloride (4 equiv) in DCM (1 mL) was added slowly, while agitating
the solution for 3 h followed by draining and washing with THF, MeOH,
DCM, and THF (flow washes for 2 min). Subsequently, the resin was
charged with nitrogen atmosphere, and the resin was treated with triphe-
nylphosphine (2 M in THF, 5 equiv) and the alcohol (ROH, 10 equiv) in
dry THF (1.0 mL) under nitrogen. Diisopropyl azadicarboxylate (DIAD)
(1M inTHF, 5 equiv) was introduced slowly followed by agitation for 1 h at
room temperature. The resin was drained and washed with THF and DCM
(flow washes). Ns deprotection was carried out by swelling the resin in dry
DMF (2 mL) followed by treatment with either (a) NaSPh (1 M, 2 mL)
over a period of 3� 1 h (intermediate flow washes in DMF) or (b) DBU
(4 equiv) andmercaptoethanol (4 equiv) in 4mL of dryDMFover a period
of 4 � 0.5 h (intermediate flow washes in DMF). Finally, the resin was
washed, and the product was cleaved from the resin, purified by HPLC, and
characterized. Experimental details and characterization of 1, 13, 14, and 31
have been described previously.28

(S)-tert-Butyl 2-((S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-
propanamido)-3-methylbutanoate (32). Triethylamine (3 mL) and
HBTU (3.95 g, 10.4 mmol) were added to an ice-cooled slurry of Fmoc-
Ala-OH (3.11 g, 10mmol) and Val-O-tert-Bu 3HCl (2.18 g, 10 mmol) in
acetonitrile (40mL). After it was stirred at room temperature for 2 h, the
resulting white slurry was poured into brine (250mL) and extracted with
ethyl acetate (3 � 100 mL). The pooled extracts were successively
washed with hydrochloric acid (2 M, 10 mL) and saturated sodium
hydrogen carbonate (10 mL). After evaporation on Celite, the product
was separated by automated flash chromatography on a stationary silica gel
using ethyl acetate/heptane (1:4). Evaporation of the solvent and drying in
a vacuumoven (10 Pa, 30 �C, 24 h) gave the protected dipeptide 32 (4.56 g,
98%) as a white crystalline mass; mp, 85-88 �C. 1H NMR (CDCl3): δ
0.85-0.91 (m, 6H), 1.39 (d, J = 6.9 Hz, 3H), 1.42 (s, 9H), 2.11-2.17
(m, 1H), 4.17 (t, J = 7.2Hz, 1H), 4.33-4.35 (m, 2H), 4.41-4.46 (m, 2H),
5.83 (d, J = 7.7 Hz, 1H), 6.86 (d, J = 8.8 Hz, 1H), 7.22-7.27 (m, 2H),
7.31-7.36 (m, 2H), 7.55 (d, J = 6.9 Hz, 2H), 7.70 (d, J = 7.4 Hz, 2H). 13C
NMR (CDCl3): δ 17.69, 19.03, 19.18, 28.06, 31.36, 47.05, 50.39, 57.58,
67.12, 81.84, 119.83, 125.06, 126.94, 127.55, 141.08, 143.72, 155.83, 170.61,
172.35. Anal. calcd for C27H34N2O5: C, 69.50; H, 7.35; N, 6.00. Found: C,
69.54; H, 7.45; N, 5.90.

(R)-tert-Butyl 2-((S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-
propanethioamido)-3-methylbutanoate (33). Compound 32 (0.23 g,
0.5 mmol) was dissolved in dry THF (10 mL), and Lawesson's reagent
(0.24 g, 0.6 mmol) was added in one portion. Stirring was maintained at
room temperature for 48 h under nitrogen. The resulting white slurry was
poured into ice (100 mL) and extracted with ethyl acetate (3� 30 mL).
The pooled extracts were washed with water (10 mL), dried over
magnesium sulfate, and evaporated on Celite. The product was separated
by automated flash chromatography on a stationary silica gel column with
ethyl acetate:heptane (1:4). Evaporation of the solvent and drying in a
vacuum oven (10 Pa, 30 �C, 24 h) gave the thioamide 33 (0.20 g, 83%) as
white crystals;mp, 134-135 �C. 1HNMR (CDCl3):δ 0.88 (d, J= 6.9Hz,
3H), 0.93 (d, J= 6.6Hz, 3H), 1.38 (s, 9H), 1.46 (d, J= 6.3Hz, 3H), 2.21-
2.23 (m, 1H), 4.17 (t, J = 7.3 Hz, 1H), 4.33-4.35 (m, 2H), 4.82-4.87
(m, 1H), 4.93-4.97 (m, 1H), 6.11 (d, J = 8.3 Hz, 1H), 7.21-7.27 (m,
2H), 7.30-7.35 (m, 2H), 7.56 (t, J= 7.7Hz, 2H), 7.68 (d, J= 7.4Hz, 2H),
8.82 (d, J = 7.7Hz, 1H). 13CNMR (CDCl3): δ 18.54, 18.77, 22.55, 28.00,
31.01, 46.94, 55.79, 63.33, 67.34, 82.28, 119.81, 125.09, 126.92, 126.95,
127.56, 141.03, 143.54, 143.61, 155.61, 169.25, 205.60. Anal. calcd for
C27H34N2O4S: C, 67.19; H, 7.10; N, 5.80; S, 6.64. Found: C, 66.96; H,
7.25; N, 5.71.
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(S)-2-((S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)propanethio-
amido)-3-methylbutanoic Acid (34). Compound 33 (0.19 g, 0.4 mmol)
was added in one portion to an ice-cooled mixture of TFA (10 mL) and
DCM (4 mL), and stirring was maintained under nitrogen for 1 h. At this
point, the reaction was complete according to TLC. Evaporation and drying
in a vacuum oven (10 Pa, 35 �C, 12 h) quantitatively gave 34 as a thick
colorless oil, which appeared pure on TLC and was used directly in the next
step. 1HNMR(CDCl3):δ 0.94 (d, J= 6.7Hz, 3H), 1.00 (d, J= 6.7Hz, 3H),
1.44 (d, J= 6.1Hz, 3H), 2.29-2.40 (m, 1H), 4.18 (t, J= 6.9Hz, 1H), 4.28-
4.39 (m, 2H), 4.72 (br-s, 1H), 5.08-5.16 (m, 1H), 5.88-5.91 (m, 1H),
7.23-7.29 (m, 2H), 7.34-7.39 (m, 2H), 7.54 (d, J = 6.9 Hz, 2H), 7.72 (d, J
= 7.4 Hz, 2H), 8.63 (br-s, 1H). 13C NMR (CDCl3): δ 18.65, 18.70, 22.16,
30.97, 47.07, 56.19, 62.70, 67.65, 120.07, 125.12, 127.15, 127.83, 141.23,
143.56, 156.10, 174.83, 205.94. Anal. calcd for C23H26N2O4S: C, 64.77; H,
6.14; N, 6.57. Found: C, 64.89; H, 6.26; N, 6.43.
N-Me-ETASV (35). 2-Chlorotrityl chloride resin (0.16 g, loading 1.57

mmol/g) was shaken in dry DCM for 15 min and drained. Compound
34 (0.17 g, 0.4 mmol) dissolved in DCM (2 mL) containing DIPEA
(0.35 mL) was added, and shaking was maintained for 2 h. After
draining, the resin was washed three times with DCM/MeOH/DIPEA
(17:2:1, 3 mL) and then flow washed with DCM and DMF. The resin
was treated for 2 � 5 min with piperidine/DMF (3:7, 3 mL), drained,
and washed twice with DMF. A solution of HBTU (0.38 g, 1 mmol),
Fmoc-Thr(O-tert-Bu)-OH (0.40 g, 1 mmol), and DIPEA (0.17 mL) in
DMF (1 mL) was added, and shaking was maintained for 30 min. After
draining, the resin was washed twice withDMF and treated for 2� 5min
with piperidine/DMF (3:7, 3 mL), drained, and washed twice with
DMF. A solution of HBTU (0.38 g, 1 mmol), Fmoc-N-Me-Glu(O-tert-
Bu)-OH (0.43 g, 1 mmol), and DIPEA (0.17 mL) in DMF (1 mL) was
added, and shaking was maintained for 30 min. After draining, the resin
was washed twice with DMF and then treated 2 � 5 min with
piperidine/DMF (3:7, 3 mL), drained, and washed twice with DMF.
An inhomogenous mixture of TFA/triisopropylsilane(TIPS)/H2O
(18:1:1, 5 mL) was added, and shaking was maintained for 2 h. The
peptide containing solution was filtered into a flask and combined with
two successive washes withDCM. After gentle evaporation in a stream of
nitrogen, the crude peptide was washed with cold ether (2� 10 mL) to
give the crude product (0.16 g). Separation of 0.020 g by HPLC,
evaporation, and lyophilization gave 11 mg (79%) of 35 as a white solid.
1HNMR (CD3OD): δ 1.01 (d, J = 6.6 Hz, 3H), 1.04 (d, J = 6.9 Hz, 3H),
1.22 (d, J = 6.3 Hz, 3H), 1.43 (d, J = 6.6 Hz, 3H), 2.18-2.31 (m, 3H),
2.53 (t, J = 7.4 Hz, 2H), 2.67 (s, 3H), 3.98 (t, J = 6.1 Hz, 1H), 4.21 (p, J =
4.4Hz, 1H), 4.42 (d, J = 4.4Hz, 1H), 4.84 (q, J = 6.9Hz, 1H), 4.95 (d, J =
6.1 Hz, 1H). HRMS (ESþ) calcd for C18H33N4O7S [M þ H]þ,
449.2070; found, m/z 449.2064.
(S)-tert-Butyl 2-((2S,3R)-2-(((9H-Fluoren-9-yl)methoxy)carbonyl-

amino)-3-tert-butoxybutanamido)propanoate (36). Triethylamine
(3 mL) and HBTU (3.95 g, 10.4 mmol) were added to an ice-cooled
slurry of Fmoc-Thr(O-tert-Bu)-OH (3.97 g, 10 mmol) and Ala-O-tert-
Bu 3HCl (1.89 g, 10 mmol) in acetonitrile (40 mL). After the solution
was stirred at room temperature for 2 h, the resulting white slurry was
poured into brine (250 mL) and extracted with ethyl acetate (3� 100
mL). The pooled extracts were successively washed with hydrochloric
acid (2 M, 10 mL) and saturated sodium hydrogen carbonate (10 mL).
After evaporation on Celite, the product was separated by automated
flash chromatography on a stationary silica gel using ethyl acetate/
heptane (1:4). Evaporation of the solvent and drying in a vacuum oven
(10 Pa, 30 �C, 24 h) gave the protected dipeptide 36 (4.56 g, 98%) as a
white crystalline mass; mp, 70-72 �C. 1H NMR (CDCl3): δ 1.07 (d, J
= 7.6 Hz, 3H), 1.10 (s, 9H), 1.26 (d, J = 7.2 Hz, 3H), 1.37 (s, 9H),
3.82-3.86 (m, 1H), 4.01-4.07 (m, 1H), 4.14-4.17 (m, 3H), 4.23-
4.34 (m, 1H), 7.00 (d, J = 9.4 Hz, 1H), 7.29 (t, J = 7.3 Hz, 2H), 7.38 (t,
J = 7.3 Hz, 2H), 7.70-7.74 (m, 2H), 7.85 (d, J = 7.4 Hz, 2H), 8.04 (d,
J = 6.9Hz, 1H). 13CNMR (CDCl3): δ 18.18, 20.32, 47.47, 49.03, 60.34,

66.52, 68.37, 74.36, 81.22, 120.73, 122.00, 125.95, 127.77, 128.25, 129.52,
141.35, 144.41, 156.45, 170.04, 172.03. Anal. calcd for C30H40N2O6: C,
68.68; H, 7.68; N, 5.34. Found: C, 68.35; H, 7.70; N, 5.18.

(S)-tert-Butyl 2-((2S,3R)-2-(((9H-Fluoren-9-yl)methoxy)carbonyl-
amino)-3-tert-butoxybutanethioamido)propanoate (37). Compound
36 (2.65 g, 5 mmol) was dissolved in dry THF (100 mL), and Lawesson's
reagent (2.43 g, 6 mmol) was added in one portion. Stirring was maintained
at room temperature for 48 h under nitrogen. The resulting white slurry was
poured into ice (400 mL) and extracted with ethyl acetate (3 � 100 mL).
The pooled extracts werewashedwithwater (25mL), dried overmagnesium
sulfate, and evaporated on Celite. The product was separated by automated
flash chromatography on a stationary silica gel column with ethyl acetate:
heptane (1:4). Evaporation of the solvent and drying in a vacuum oven (10
Pa, 30 �C, 24 h) gave the thioamide 37 (1.75 g, 65%) as white crystals; mp,
132-133 �C. 1H NMR (CDCl3): δ 1.18 (d, J = 6.1 Hz, 3H), 1.33 (s, 9H),
1.51 (s, 9H), 1.53 (d, J = 11.8 Hz, 3H), 4.25-4.30 (m, 2H), 4.37-4.46 (m,
3H), 4.86 (t, J = 6.9 Hz, 1H), 6.63 (d, J = 5.2 Hz, 1H), 7.25-7.34 (m, 2H),
7.37-7.42 (m, 2H), 7.64 (t, J=7.0Hz, 2H), 7.75 (d, J=7.4Hz, 2H), 9.50 (d,
J = 5.5 Hz, 1H). 13C NMR (CDCl3): δ 17.05, 17.18, 28.08, 28.37, 47.20,
54.74, 62.79, 67.15, 69.06, 75.63, 82.26, 119.88, 125.13, 125.21, 126.99,
127.61, 141.16, 143.56, 155.60, 170.54, 199.66. Anal. calcd forC30H40N2O5S:
C, 66.64; H, 7.46; N, 5.18. Found: C, 66.62; H, 7.53; N, 5.07.

Fmoc-TASV-O-tert-Bu (39). Compound 37 (0.54 g, 1 mmol) was
added in one portion to an ice-cold mixture of TFA (15 mL) and DCM
(6 mL), and stirring was maintained under nitrogen for 1 h. After
evaporation and drying in a vacuum oven (10 Pa, 35 �C, 12 h), the free
acid 38 remained as a thick colorless oil. Val-O-tert-Bu 3HCl (0.23 g, 1.1
mmol) and DMF (6 mL) were added, and the resulting slurry was
stirred, while DIPEA (0.4 mL) and HATU (0.42 g, 1.1 mmol) were
successively added during cooling in an ice bath, and stirring was
maintained for 2 h at room temperature. The reaction mixture was
poured into water and extracted with ethyl acetate (3 � 30 mL). The
pooled organic phases were dried over sodium sulfate, filtered, and
evaporated on Celite. The product was separated by automated flash
chromatography on a stationary silica gel using ethyl acetate-heptane
(1:1). Evaporation of the solvent and drying in a vacuum oven (10 Pa,
30 �C, 24 h) gave 39 (0.45 g, 77%) as a dark-yellow oil. 1H NMR
(CDCl3): δ 0.82-0.93 (m, 6H), 1.01-1.27 (m, 6H), 1.41 (s, 9H), 1.99
(br-s, 1H), 2.04-2.18 (m, 1H), 3.98-4.17 (m, 3H), 4.19-4.58 (s, 3H),
4.98-5.07 (m, 1H), 6.26 (br-s, 1H), 6.84 (br-s, 1H), 7.17-7.37 (m,
4H), 7.50-7.72 (m, 4H), 9.11 (s, 1H). 13C NMR (CDCl3): δ 14.25,
14.31, 17.24, 17.72, 18.58, 28.08, 31.30, 47.01, 54.62, 57.85, 60.45, 63.80,
67.40, 68.89, 82.22, 119.84, 125.00, 126.94, 127.64, 141.13, 143.51,
156.39, 170.60, 171.14, 200.90. Anal. calcd for C31H41N3O6S: C, 63.78;
H, 7.08; N, 7.20. Found: C, 64.12; H, 7.43; N, 6.90.

Fmoc-E(O-tert-Bu)TSAV-O-tert-Bu (40). Compound 39 (0.29 g,
0.5 mmol) was dissolved in a dimethylamine solution (2.0 M in MeOH,
4 mL, 8 mmol), and stirring was maintained for 2 h. After evaporation in
a stream of air, THF (4 mL) was added and successively evaporated in a
stream of air in order to remove traces of dimethylamine. The residue
was placed in a vacuum oven (10 Pa, 30 �C, 24 h), dissolved in DMF
(3 mL), and cooled in an ice bath, while Fmoc-N-Me-Glu(O-tert-Bu)-
OH (0.21 g, 0.55 mmol), DIPEA (0.2 mL), and HATU (0.21 g, 0.55
mmol) were successively added. After it was stirred at room temperature
for 2 h, the reaction mixture was poured into water (40 mL) and
extracted with ethyl acetate (3 � 30 mL). The pooled organic phases
were dried over sodium sulfate, filtered, and evaporated on Celite. The
product was separated by automated flash chromatography on a
stationary silica gel using ethyl acetate-heptane (1:1). Evaporation of
the solvent and drying in a vacuum oven (10 Pa, 30 �C, 24 h) gave 40
(0.13 g, 33%) as a thick colorless oil. 1H NMR (DMSO-d6): δ 0.85
(d, J = 3.3Hz, 3H), 0.87 (d, J = 3.0Hz, 3H), 1.03 (d, J = 5.8Hz, 3H), 1.36
(s, 18H), 1.79 (br-s, 1H), 1.96-2.07 (m, 3H), 2.66 (s, 3H), 2.68-2.76
(m, 3H), 4.02 (t, J = 6.6 Hz, 2H), 4.27-4.40 (m, 4H), 4.50-4.65
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(m, 2H), 4.89-4.99 (m, 2H), 7.27-7.40 (m, 4H), 7.60 (d, J = 7.2 Hz,
2H), 7.72 (d, J = 6.9Hz, 1H), 7.84 (d, J = 7.4Hz, 2H), 8.07 (d, J = 7.7Hz,
1H), 9.73 (d, J = 6.1 Hz, 1H). 13C NMR (DMSO-d6): δ 18.24, 18.80,
19.74, 20.82, 24.30, 28.41, 28.53, 30.57, 32.23, 39.00, 47.48, 54.33, 58.32,
58.80, 65.10, 67.66, 68.92, 80.36, 81.19, 120.72, 125.72, 127.74, 128.27,
141.34, 144.33, 156.71, 170.26, 170.73, 171.49, 172.04, 201.03. Anal. calcd for
C41H58N4O9S: C, 62.89;H, 7.47;N, 7.16. Found: C, 62.54;H, 7.25;N, 7.40.
N-Me-ETSAV (41). A dimethylamine solution (2.0 M in MeOH,

2 mL, 4 mmol) was added to 40 (0.04 g, 0.05 mmol). After it was
stirred for 1 h, the reactionmixture was evaporated to dryness in a stream
of nitrogen. TFA (2mL)was added, and stirring wasmaintained at room
temperature for 2 h. After evaporation, the product was separated by
HPLC. Evaporation of solvent and lyophilization gave 41 (16 mg, 71%)
as a thick colorless oil. 1H NMR (CD3OD): δ 0.98 (d, J = 6.6 Hz, 6H),
1.22 (d, J = 6.3 Hz, 3H), 1.49 (d, J = 7.2 Hz, 3H), 2.14-2.19 (m, 3H),
2.51 (t, J = 7.4 Hz, 2H), 2.68 (s, 3H), 3.97 (t, J = 6.0 Hz, 1H), 4.08 (p, J =
6.1Hz, 1H), 4.30 (q, J = 5.2Hz, 1H), 4.66 (d, J = 6.1Hz, 1H), 4.96 (d, J =
7.2 Hz, 1H). HRMS (ESþ) calcd for C18H33N4O7S [M þ H]þ,
449.2070; found, m/z 449.2060.
Fmoc-N-Me-E(O-tert-Bu)T(O-tert-Bu)-O-TBDPS (43). 2-Chlorotri-

tyl chloride resin (0.33 g, loading 1.57 mmol/g) was shaken in dry
DCM for 15 min and then drained. Fmoc-Thr(O-tert-Bu)-OH (0.60 g,
1.5 mmol) dissolved in DCM (5 mL) containing DIPEA (1 mL) was
added, and shaking was maintained for 2 h. After draining, the resin was
washed three times withDCM/MeOH/DIPEA (17:2:1, 5mL) and then
flow washed with DCM and DMF. The resin was treated 2� 5 min with
piperidine/DMF (3:7, 5 mL), drained, and washed twice with DMF. A
solution of HBTU (0.38 g, 1 mmol), Fmoc-N-Me-Glu(O-tert-Bu)-OH
(0.44 g, 1 mmol), and DIPEA (0.4 mL) in DMF (2 mL) was added, and
shaking was maintained for 30 min. After draining, the resin was washed
three times with DMF (10 mL) and then three times with DCM
(10mL).Amixture ofHFIP andDCM(1:4, 15mL)was added, and shaking
was maintained for 5 min. The peptide-containing solution was filtered
into a flask and combined with two successive washes with DCM. After
gentle evaporation in a stream of nitrogen, the residue (42) was
dissolved in DMF (5 mL) containing DIPEA (1 mL), and TBDPS
chloride (0.52mL, 2mmol) was added. The reaction was stirred at room
temperature for 2 h, poured into water (55 mL) containing brine
(5 mL), and extracted with ethyl acetate (3 � 30 mL). The pooled
extracts were successively washed with hydrochloric acid (2 M, 10 mL)
and saturated sodium hydrogen carbonate (10 mL). After evaporation
on Celite, the product was separated by automated flash chromatogra-
phy on a stationary silica gel using ethyl acetate/heptane (1:9).
Evaporation of the solvent and drying in a vacuum oven (10 Pa,
30 �C, 24 h) gave the protected dipeptide 43 (0.30 g, 72%) as a colorless
oil. 1H NMR (CDCl3): δ 0.95 (s, 9H), 1.12 (s, 9H), 1.26 (d, J = 7.0 Hz,
3H), 1.43 (s, 9H), 2.12-2.26 (m, 4H), 2.87 (s, 3H), 4.20-4.27
(m, 3H), 4.42 (d, J = 6.6 Hz, 2H), 4.54 (d, J = 8.5 Hz, 1H), 6.77 (d, J =
8.0 Hz, 1H), 7.20-7.39 (m, 9H), 7.55-7.57 (m, 2H), 7.64-7.55 (m,
7H). 13C NMR (CDCl3): δ 19.56, 21.36, 23.62, 27.28, 28.47, 28.77,
30.64, 32.41, 58.60, 59.34, 67.28, 68.32, 74.29, 80.77, 120.20, 125.21,
127.29, 127.86, 127.92, 130.37, 131.30, 131.43, 135.86, 141.46, 144.01,
157.26, 169.94, 170.44, 172.07. Anal. calcd for C49H62N2O8Si: C, 70.47;
H, 7.48; N, 3.35. Found: C, 70.13; H, 7.18; N, 3.02.
Fmoc-N-Me-E(O-tert-Bu)ST(O-tert-Bu)-O-TBDPS (44). Compound

43 (0.17 g, 0.2 mmol) was dissolved in dry THF (3mL), and Lawesson's
reagent (0.10 g, 0.25 mmol) was added in one portion. Stirring was
maintained at room temperature for 48 h under nitrogen. The resulting
white slurry was poured into water (15 mL) and extracted with ethyl
acetate (3 � 20 mL). The pooled extracts were dried over magnesium
sulfate and evaporated on Celite. The product was separated by
automated flash chromatography on a stationary silica gel column with
ethyl acetate:heptane (1:9). Evaporation of the solvent and drying in a
vacuum oven (10 Pa, 30 �C, 24 h) gave the thioamide 44 (0.12 g, 70%) as

a colorless oil. 1H NMR (CDCl3): δ 0.93 (s, 9H), 1.06 (s, 9H), 1.16 (d,
J = 6.8 Hz, 3H), 1.43 (s, 9H), 2.15-2.24 (m, 4H), 2.92 (s, 3H), 4.10-
4.39 (m, 4H), 4.90-4.98 (m, 1H), 5.18 (d, J = 8.3 Hz, 1H), 7.22-7.46
(m, 9H), 7.52-7.56 (m, 2H), 7.67-7.85 (m, 7H), 7.78 (br-s, 1H). 13C
NMR (CDCl3): δ 19.36, 26.83, 27.13, 28.31, 28.56, 30.15, 32.41, 43.32,
55.58, 63.49, 64.46, 66.86, 68.28, 74.44, 80.64, 120.02, 125.09, 127.15,
127.68, 130.43, 131.17, 134.80, 135.76, 141.26, 143.37, 157.11, 165.17,
171.89, 202.40. Anal. calcd for C49H62N2O7SSi: C, 68.14; H, 7.34; N,
3.29. Found: C, 68.51; H, 7.53; N, 3.48.

N-Me-ESTAV (45). 2-Chlorotrityl chloride resin (0.33 g, loading 1.57
mmol/g) was shaken in dry DCM for 15 min and drained. Fmoc-Val-
OH (0.34 g, 1 mmol) dissolved in DCM (3 mL) containing DIPEA (0.5
mL) was added, and shaking was maintained for 2 h. After draining, the
resin was washed three times with DCM/MeOH/DIPEA (17:2:1,
3 mL) and then flow washed with DCM and DMF. The resin was
treated 2 � 5 min with piperidine/DMF (3:7, 3 mL), drained, and
washed twice with DMF. A solution of HATU (0.38 g, 1 mmol), Fmoc-
Ala-OH (0.31 g, 1 mmol), and DIPEA (0.17 mL) in DMF (1 mL) was
added, and shaking was maintained for 30 min. After draining, the resin
was washed twice with DMF and then treated 2 � 5 min with
piperidine/DMF (3:7, 3 mL), drained, and washed twice with DMF.
Compound 44 (0.12 g, 0.14 mmol) was treated with a TBAF solution
(1.0 M in THF, 1 mL, 1 mmol) for 1 h under nitrogen. The reaction
mixture was evaporated to dryness in a stream of nitrogen, and the
residue was redissolved in a solution of DIPEA (0.2 mL) and HATU
(0.065 g, 0.17mmol) in DMF (1mL) and added to the resin. After it was
shaken for 30 min, the resin was drained, washed twice with DMF
treated 2 � 5 min with piperidine/DMF (3:7, 3 mL), drained, and
washed twice with DMF. An inhomogenous mixture of TFA/TIPS/
H2O (18:1:1, 3 mL) was added, and shaking was maintained for 2 h. The
peptide containing solution was filtered into a flask and combined with two
successive washes with DCM. After gentle evaporation in a stream of
nitrogen, the crude peptide was washed with cold ether (2 � 5 mL).
Separation of the product by HPLC, evaporation and lyophilization gave 11
mg (18%) of 45 as a white solid. 1HNMR (CD3OD): δ 1.00 (d, J = 6.5Hz,
6H), 1.23 (d, J = 6.2 Hz, 3H), 1.47 (d, J = 6.7 Hz, 3H), 2.13-2.25 (m, 3H),
2.52 (t, J=7.4Hz, 2H), 2.70 (s, 3H), 3.99 (t, J=5.8Hz, 1H), 4.11-4.18 (m,
2H), 4.69 (d, J = 5.7 Hz, 1H), 5.08 (d, J = 7.2 Hz, 1H). HRMS (ESþ) calcd
for C18H33N4O7S [M þ H]þ, 449.2070; found, m/z 449.2082.
General Procedure for Synthesis of Thioamide Containing

N-Alkylated Tetrapeptides (54-56). Fmoc-ASV-O-tert-Bu (33)
was treated with DCM/TFA (0.4:1) at room temperature for 1 h and
concentrated to a colorless foam. The foam was redissolved in dry THF
and concentrated three times to remove residual TFA. After it was dried
in vacuo for 3 h, the product was dissolved in dry DCM, and DIPEA (10
equiv) was added, treating a preswelled 2-chlorotrityl chloride resin with
this mixture. After it was agitated for 12 h, followed by capping of
unreacted sites with DCM/MeOH/DIPEA (17:2:1) (3 � 1 min) and
flow washes with DCM, the loaded resin was dried in vacuo. Fmoc
deprotection and HBTU coupling of Fmoc-Thr(O-tert-Bu)-OH was
achieved as described under general peptide synthesis to get resin 53.
Resin loading of the tripeptide (53) was determined to be 0.44 mmol/g
resin corresponding to a 0.11 mmol scale. Fmoc-Glu(O-tert-Bu)-OH
(0.25 mmol scale) was loaded, Fmoc deprotected, Ns protected, and
N-terminally alkylated with the desired alcohol as described under
general N-alkylation procedure and cleaved from the resin using 20%
HFIP in DCM for 5 min. After the resin was washed with DCM, the
filtrate was concentrated and dried in high vacuo affording the
N-alkylated glutamates (50-52) as oils. The N-alkylated amino acids
(1.1-2.0 equiv), 50, 51, or 52, were dissolved in dry DMF (2.5 mL), and
HATU (1.5-2.0 equiv) and HOAt (1.5-2.0 equiv) were added. This
mixture was added to the preswelled resin (53) (0.11 mmol scale) before
adding collidine (3.0-4.0 equiv) during agitation. After coupling for 1 h, the
resin was drained and washed with DCM and DMF. Ns deprotection
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(DBU/mercaptoethanol), cleavage, and purification of the final peptides
were conducted as described under general peptides synthesis.
N-Cyclohexylethyl-ETASV (54). White solid; yield, 12 mg (20%). 1H

NMR (CD3OD) δ (ppm): 0.89-1.08 (m, 2H), 1.03 (dd, J = 7.2, 10.4
Hz, 6H), 1.15-1.41 (m, 4H) 1.23 (d, J = 6.9Hz, 3H), 1.43 (d, J = 6.9Hz,
3H), 1.59 (q, J = 8.0 Hz, 2H), 1.64-1.80 (m, 5H), 2.12-2.22 (m, 2H)
2.22-2.35 (m, 1H) 2.55 (t, J = 7.2 Hz, 2H), 2.91-3.04 (m, 2H), 3.95-
4.02 (m, 1H), 4.17-4.27 (m, 1H), 4.40-4.44 (m, 1H), 4.93-4.97 (m,
1H). MS (ESþ):m/z 545.29. HRMS (ESþ) calcd for C25H45N4O7S [M
þ H]þ, 545.3009; found, m/z 545.3027.
N-(Naphthalene-2-yl)ethyl-ETASV (55). White solid; yield, 7 mg

(11%). 1H NMR (CD3OD) δ (ppm): 1.03 (dd, J = 6.7, 10.7 Hz,
6H), 1.20 (d, J = 6.3 Hz, 3H), 1.43 (d, J = 6.9 Hz, 3H), 2.17-2.37 (m,
3H), 2.57 (t, J = 6.9 Hz, 2H), 3.13-3.23 (m, 2H), 4.00-4.08 (m, 1H),
4.15-4.25 (m, 1H), 4.41-4.44 (m, 1H), 7.38 (dd, J = 1.8, 8.2 Hz, 1H)
7.42-7.51 (m, 2H), 7.73-7.75 (m, 1H), 7.78-7.87 (m, 3H). MS
(ESþ): m/z 589.30. HRMS (ESþ) calcd for C29H41N4O7S [Mþ H]þ,
589.2696; found, m/z 589.2708.
N-(3,4-Dichlorophenyl)ethyl-ETASV (56). White solid; yield, 12 mg

(18%). 1H NMR (CD3OD) δ (ppm): 1.03 (dd, J = 7.0, 10.2 Hz, 6H),
1.21 (d, J = 6.3 Hz, 3H), 1.43 (d, J = 6.5 Hz, 3H), 2.16-2.34 (m, 3H),
2.56 (t, J = 7.4 Hz, 2H), 2.99 (t, J = 8.4, 2H), 3.13-3.27 (m, 2H), 3.98-
4.07 (m, 1H), 4.14-4.24 (m, 1H), 4.41 (d, J = 4.9 Hz, 1H), 4.96 (d, J =
6.2 Hz, 1H), 7.20 (dd, J = 2.5, 8.1 Hz, 1H) 7.44-7.51 (m, 2H). MS
(ESþ): m/z 607.20. HRMS (ESþ) calcd for C25H37Cl2N4O7S [M þ
H]þ, 607.1760; found, m/z 607.1757.
Molecular Modeling28. PDZ1 and PDZ2 were aligned with

PDZ3 using Prime (Version 1.6, Schr€odinger, LLC, New York, NY).
From these sequences, homology models were created using the PDZ3
X-ray crystal structure (PDB structure 1BE9)37 as a template in Prime
with standard parameters. The peptide ligand from 1BE9, KQTSV, was
rebuilt to IESDV in the homology models. The side chains of the PDZ
domain and the peptide were thenminimized inMacromodel (Version 9.5,
Schr€odinger, LLC, New York, NY) using the force field OPLS2005 and by
constraining the backbone. A grid around the peptide was generated in
Glide (Version 4.5, Schr€odinger, LLC, New York, NY) and used for dock-
ing. Relevant peptides were docked flexibly in Glide using default para-
meters including postdockingminimization. The conserved watermolecule
seen in the binding pocket was kept constant during docking and minimi-
zation. Pymol, version 0.97, was used for creating figures.52

FP Assay. FP measurements were performed as previously
described.28 In short, PDZ saturation binding assays were conducted
to determine Kd values for fluorescent-labeled peptides Cy5-GluN2B
and Cy5-CRIPT toward PDZ2 and PDZ3 domains of PSD-95, respec-
tively, in vitro. Tomeasure the affinities (IC50 values) for nonfluorescent
compounds and PDZ domains, heterologous competition binding
assays were performed by adding increasing concentrations of com-
pounds to a fixed concentration of labeled peptide (50 nM) and PDZ
domain (3 μM for PDZ2 and 5 μM for PDZ3). FP values were fitted to
the general equation (eq 1):

Y ¼ bottomþ ðtop- bottomÞ=½1þ ð10ðX - log IC50Þ�Hill slopeÞ� ð1Þ
where X is the logarithmic value of peptide concentration and Y is the
experimental FP values. IC50 values were used to calculate the compe-
titive inhibition constant, Ki.

53 All values reported are the average of at
least three individual experiments.
Human Blood Plasma Stability Assay35. Compounds were

dissolved in human blood plasma (270 μL, normal human plasma,
pooled, 3H Biomedical, Uppsala, Sweden) to a concentration of 0.25
mM (30 μL of 2.5 mM) and incubated at 37 �C. Aliquots (30 μL) were
removed at various time intervals and quenched with 5% aqueous
trichloroacetic acid (60 μL). The aliquots were vortexed and incubated
for 15 min at 4 �C prior to centrifugation at 18000g for 2 min. The

supernatants were analyzed by ESI-LC/MS using the ELS or UV214 signals
for quantification relative to time zero, and the total ion current (TIC) trace
was used to identify the compounds (m/z). Procaine (positive control) and
procainamide (negative control) were investigated at 50 μM. Ligand
recovery after the precipitation procedure was between 85 and 95%.
Cell Permeability. COS-7 cells growing on 13 nm plastic cover-

slips (Nalge Nunc International, Rochester, NY) in 12-well plates at
80-90% confluence were washed with PBS and incubated with DMEM
with 10% (v/v) FBS (200 μL) containing fluorophore-labeled peptides
(10 μM) at 37 �C for 1 h. Cells were then washed five times with ice-cold
PBS and fixed by incubation in 4% (v/v) paraformaldehyde in PBS for 10min
at room temperature followed by 10min on ice. Coverslips were subsequently
mounted onmicroscope slides (Sigma-Aldrich PolyprepTMslides, Steinheim,
Germany) using SlowFade Antifade kit (Invitrogen) and sealed with nail
polish. Confocal imaging was performed on a Zeiss LSM 510 confocal laser
scanning microscope (Carl Zeiss, Jena, GmBH, Germany), using a Zeiss plan
apochromat 63� oil immersion objective. Fluorophores were excited using an
argon laser line at 458 nm.The confocal imageswere overlaid transmitted light
images to verify the localization of cells.
BRET Assay. COS-7 cells were transfected with the mammalian

expression plasmids pGFP2-PDZ2 and pRluc-N2B vectors in a 1:1 ratio and
seeded intowhite 96-well plates as described previously.49 At 24-28 h post-
transfection, cells were washed twice with PBSCM(100 μL, 137mMNaCl,
2.7 mM KCl, 10 mM Na2HPO4, 1.76 mM KH2PO4, 0.5 mMMgCl2, and
0.1 mMCaCl2, pH 7.4) per well and incubated at room temperature for 40
min with test compounds dissolved in PBSCM (50 μL). DeepBlueC
coelenterazine from a freshly prepared solution in PBSCM was added to
each well to a final concentration of 5μM. Five seconds after the addition of
DeepBlueC coelenterazine, measurements of luminescence and fluores-
cence from each well were performed using a Mithras LB 940 plate reader
(Berthold Technologies GmbH & Co., Germany) by counting the long-
and shortwave emission using 410 (80 nm bandwidth) and 515 nm (40 nm
bandwidth) emission filters, respectively. Background emission of lumines-
cence and fluorescence was determined from wells containing mock-
transfected cells. For each well, the BRET signal was calculated as:

E515 - background515
E410 - background410

where E515 is the fluorescence emission, E410 is the luminescence emission,
background515 is the background fluorescence, and background410 is the
background luminescence. The obtained BRET signal was corrected for
BRET produced by cross-talk of the strong luminescence signal into the
fluorescence signal by subtracting the BRET signal obtained in parallel
from COS-7 cells expressing only the donor protein (i.e., cells cotrans-
fected with Rluc-fusion protein plasmid and empty pcDNA3.1). Graph-
Pad Prism version 4.03 was used for statistical analysis (Student's t test,
one- and two-way ANOVA).
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