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Abstract: With the aim of developing polyproline type II
helix (PPII) secondary-structure mimetics for the modulation
of prolin-rich-mediated protein–protein interactions, the
novel diproline mimetic ProM-2 was designed by bridging
the two pyrrolidine rings of a diproline (Pro–Pro) unit
through a Z-vinylidene moiety. This scaffold, which closely
resembles a section of a PPII helix, was then stereoselectively
synthesized by exploiting a ruthenium-catalyzed ring-closing
metathesis (RCM) as a late key step. The required vinylpro-
line building blocks, that is, (R)-N-Boc-2-vinylproline (Boc =

tert-butyloxycarbonyl) and (S,S)-5-vinylproline-tert-butyl ester,
were prepared on a gram scale as pure stereoisomers. The

difficult peptide coupling of the sterically demanding build-
ing blocks was achieved in good yield and without epimeri-
zation by using 2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetrame-
thyluronium hexafluorophosphate (HATU)/N,N-diisopropyl-
ethylamine (DIPEA). The RCM proceeded smoothly in the
presence of the Grubbs II catalyst. Stereostructural assign-
ments for several intermediates were secured by X-ray crys-
tallography. As a proof of concept, it was shown that certain
peptides containing ProM-2 exhibited improved (canonical)
binding towards the Ena/VASP homology 1 (EVH1) domain
as a relevant protein interaction target.

Introduction

The search for small molecules that allow the selective modu-
lation of pharmacologically relevant protein–protein interac-
tions has become an important challenge in chemical biology
and medicinal chemistry.[1] Once the active conformation of
short peptide sequences, which usually take over this function
in nature, has been determined, it is, in principle, possible to
design and synthesize geometrically defined peptide mimet-
ics[2] to target such interactions.[3] As an important example,
proline-rich recognizing domains (PRDs) are able to selectively
bind to proline-rich motifs (PRMs) in a structurally well-under-
stood fashion.[4] These protein–protein interactions play an im-
portant role in a variety of relevant cellular processes, such as
tyrosine kinase receptor signaling,[5] endocytosis,[6] cytoskeletal
rearrangements,[7] transcription,[8] and splicing,[9] and represent

challenging targets for the development of small molecules
that act as specific inhibitors/modulators of such interactions
by mimicking the PRM in the active conformation.

A constitutive property of all PRMs is that their core motif
needs to adopt a left-handed polyproline type II (PPII) helix
conformation to be recognized by the respective PRD. PPII
helices are characterized by a complete lack of main-chain hy-
drogen bonding and exhibit a helical pitch of 9.3 æ (three resi-
dues per turn) with F and Y angles of about ¢75 and 1458,
respectively.[10] Based on this information, we recently intro-
duced the “rationally designed” scaffold ProM-1 as a rigid di-
proline analogue that displayed a virtually perfect PPII confor-
mation (Figure 1).[11, 12] Herein, we now report the design and
synthesis of a second PPII-structured dipeptide mimetic, that
is, the spirocyclic scaffold ProM-2, as an alternative module
(Pro–Pro substitute) for the development of geometrically de-
fined PRD-binding small molecules.

Results and Discussion

Design

Taking a model of a Pro–Pro unit in a PPII helix conformation
as a starting point, we recognized that the geometry could be
locked by stereoselectively introducing a stiff vinylidene bridge
between the two pyrrolidine rings. Initially, this led to the
design of the scaffold ProM-1 (Figure 1),[12] which was subse-
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quently incorporated as a Pro–Pro substitute into the core
motif of a PRM ligand binding to the SH3 domain.[12a] Indeed,
the resulting ProM-1-containing peptides exhibited pro-
nounced binding affinity to the PRD target (SH3 domain).
Thus, we could demonstrate (for the first time) that it was pos-
sible to modify the core motif of a proline-rich ligand without
complete loss of affinity.[12a]

More recently, we turned our attention to the Ena/VASP (vas-
odilator-stimulated phosphoprotein) proteins as a relevant
target for the design of PRD-binding ligands. Ena/VASP protein
family members are multifunctional regulators involved in the
remodeling of the actin cytoskeleton,[13] that is, fundamental
cellular processes, including axon guidance and cell migration.
All Ena/VASP proteins contain an Ena/VASP homology 1 (EVH1)
domain specialized in recognizing PRMs as natural interaction
partners.[4a, 5c] A pathological ligand is the protein ActA of the
intracellular pathogen Listeria monocytogenes, which is known
for causing listeriosis in mammals.[14] In this particular case, the
Ena/VASP-EVH1 domain recognizes four sequence sections of
ActA that all contain a FPxxP motif and satisfy the consensus
motif (F/W)PxfP of the Ena/VASP-EVH1 domains, in which
x represents any amino acid and f is any aliphatic amino
acid.[5a,c] Notably, the first and last proline residues are essential
for binding, and therefore, are highly conserved in the partner
proteins of Ena/VASP-EVH1 domains. Starting with the ActA-
derived peptide Ac-332SFEFPPPPTEDEL-NH2, we tried to replace
pairs of prolines in the ActA-derived model ligand by ProM-1.
We found that Ac-SFE-FPP[ProM-1]-TEDEL-NH2 showed im-
proved binding to the EVH1 domain of VASP and all four pro-
lines could even be substituted for ProM-1 (i.e. , Ac-SFE-
F[ProM-1][ProM-1]-TEDEL-NH2) without loss of affinity relative
to the wild-type peptide. However, substitution of the first two
prolines by ProM-1 (i.e. , Ac-SFE-F[ProM-1]PP-TEDEL-NH2) re-
sulted in a decrease of the binding affinity to the VASP-EVH1
domain.[15]

To understand these observations, we investigated the inter-
action of the ProM-1-containing peptides with the EVH1

domain by means of molecular modeling.[16] As depicted in
Figure 2, the model suggested that the decreased binding af-
finity of the peptide with the F[ProM-1]PP core resulted from
an unfavorable steric interaction between the vinylidene
bridge of ProM-1 and the protein surface, leading to a partial
displacement of the ligand (see Figure 2 a and b). To avoid this
unfavorable interaction, a different Pro–Pro mimetic (still rigidi-
fied in a PPII conformation, but with a different backbone ge-
ometry) was required. After re-analyzing the model of the
parent PPII diproline structure, we found that rigidification
could also be achieved by introducing a vinylidene bridge be-
tween the two pyrrolidine rings in a different manner. Thus,
the spirocyclic scaffold ProM-2 was conceived (Figure 1). The
computational model suggested that the introduction of
ProM-2 as a substitute for the first two proline units of the
core motif of the ActA-derived ligand (i.e. , F-[ProM-2]-PP)
should lead to a better fit (i.e. , a closer contact) to the binding
site, and therefore, to a higher binding affinity (Figure 2 c and
d).

Synthesis

To synthesize the ProM-2 scaffold (as its fluorenylmethyloxycar-
bonyl (Fmoc)-protected derivative 1), we decided to follow
a metathesis-based strategy related to that previously used for
the synthesis of other ProMs.[12] As shown in Scheme 1, retro-
synthetic analysis leads to a dipeptidic precursor of type 2,
which, in turn, is derived from two vinylproline building blocks
of types 3 and 4 (Scheme 1).

The synthesis of a trans-5-propenylproline building block of
type 3 (Scheme 2) started from l-proline (5, >99 % ee), which
was first double-protected by treatment with an excess of
methyl chloroformate in the presence of NEt3 to give the car-
bamate/ester 6 in 88 % yield.[12b] Functionalization at C-5 was

Figure 1. Design of the PPII Pro–Pro mimetics ProM-1 (previous work)[11, 12]

and ProM-2 (this work). In both structures, the diproline unit is locked in
a virtually perfect PPII helix conformation.

Figure 2. Calculated superimposed molecular models (in two perspectives)
of the core regions of PRM ligands binding to the Ena/VASP-EVH1 domain.
Wild-type ligand FPPPP (a; gray) and the synthetic ligand F[ProM-1]PP (b;
yellow with ProM-1 shown in green); wild-type ligand FPPPP (c ; gray) and
the synthetic ligand F[ProM-2]PP (d; yellow with ProM-2 shown in magen-
ta). The models are based on the crystal structure 1evh[17] of the EnaH-EVH1
domain and on crystal structures of ProM-1 and ProM-2.
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then initiated by electrochemical oxidation of 6 using graphite
plate electrodes (48 Õ 28 mm, 600 mA, 5 mm, 0 8C) in a 0.05 m
solution of Bu4NBF4 in methanol.[12b, 18] Without any purification,
the resulting N,O-acetal 7, which was obtained in nearly quan-
titative yield as a 1:1 mixture (GC-MS) of diastereomers, was
further converted into the 5-propenylproline derivative 8 in
66 % yield through a BF3-mediated reaction with a cuprate pre-
pared in situ from the corresponding Grignard reagent.[19] One
can assume that the reaction proceeds through diastereoselec-
tive attack of the cuprate at an intermediate N-acyliminium
ion. Notably, product 8 was obtained with virtually perfect
trans selectivity (as a 9:1 mixture of the Z/E isomers) by using
the Grignard reagent freshly prepared from (Z)-1-bromopro-
pene.[20]

Finally, selective monodeprotection of 8 (cleavage of the
methyl carbamate functionality) was achieved with iodotrime-
thylsilane (TMSI) in dichloromethane[21] to afford the trans-5-
propenylproline ester 9 (Z/E = 9:1) in 38 % yield over four steps
on a gram scale. The relative (and absolute) configuration of
(Z)-9 was unequivocally proven by means of X-ray crystal-struc-
ture analysis of its hydro iodide salt (see the Supporting Infor-
mation).

Preparation of the second building block, that is, the 2-vinyl-
proline derivative 12, was achieved as shown in Scheme 3 by
slightly modifying the synthesis of Bittermann and Gmeiner.[22]

First, l-proline (5) was protected by treatment with chloral[23]

and the resulting cyclic N,O-acetal was formylated (lithium dii-
sopropylamide (LDA), HCO2Me) to diastereoselectively[24] give
the aldehyde 10 in 54 % yield over two steps.[22] The configura-
tion of 10 was again secured by X-ray crystallography
(Figure 3, left). The structure nicely shows the bicyclic ring

system in a cisoid configuration with the CCl3 substituent in
the exo (pseudoequatorial) position.

The conversion of aldehyde 10 into vinyl derivative 11
through a Wittig reaction was achieved in 91 % yield by using
thoroughly dried MePPh3Br (140 8C, high vacuum, 48 h) (lit. :[22]

74 %). The final conversion of 11 into the N-Boc-protected 2-vi-
nylproline 12 was initiated by treatment with an excess of
AcCl in MeOH. The resulting crude 2-vinylproline methyl ester
was redissolved in dichloromethane and treated with Boc2O in
the presence of Hìnig’s base. After purification, the N-Boc-pro-
tected methyl ester intermediate was hydrolyzed with LiOH in
a solvent mixture of MeOH/THF/H2O to afford 12 in good over-
all yield (33 % over 6 steps). The structure of 12 was secured
by X-ray analysis (Figure 3, right) and showed that the pyrroli-
dine ring adopted an envelope conformation with the central
methylene unit in an out-of-plane position (to minimize Pitzer
strain).

We next attempted to conclude the planned synthesis of
the spirocyclic scaffold 1 (Scheme 1) by peptide coupling of
the two building blocks 9 and 12 and subsequent RCM
(Scheme 4).

However, we recognized that the coupling of sterically hin-
dered acid 12 with the (bulky) secondary amine 9 represented

Scheme 1. Strategy (retrosynthetic analysis) for the synthesis of 1 based on
ring-closing metathesis (RCM); PG = protecting group.

Scheme 2. Synthesis of 9. a) ClCO2Me (3.5 equiv), NEt3 (3.0 equiv), MeOH, RT,
15 h; b) ¢2e¢ (600 mA, 5 mm), Bu4NBF4, MeOH, 0 8C; c) BrMgCH=CHCH3,
CuBr·SMe2, Et2O, ¢40 8C, then addition of BF3·Et2O and 7 at ¢78 8C to 10 8C;
d) TMSI (2 equiv), CH2Cl2, reflux, 3 h.

Scheme 3. Synthesis of 12. a) Cl3CCHO (2 equiv), MeCN, RT, 15 h; b) LiCl,
LDA, HCO2Me, THF, ¢78 8C, 30 min; c) MePPh3Br, KOtBu, toluene, 80 8C, 2 h,
then 10, RT, 1 h; d) AcCl (10 equiv), MeOH, RT, 7 days; e) Boc2O, DIPEA,
CH2Cl2, RT, 2.5 days; f) LiOH, THF/MeOH/H2O, 50 8C, 5 h.

Figure 3. Structure of the 2-formylproline derivative 10 (left) and of N-Boc-2-
vinylproline (12 ; right) in the crystalline state.

Scheme 4. Unexpected epimerization during the coupling of 9 and 12. a) 2-
(1H-7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HATU), N,N-diisopropylethylamine (DIPEA), NMP, 85 8C, 24 h; b) Grubbs II cat-
alyst (30 mol %), CH2Cl2, microwave (300 W), 55 8C, 7 h.
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a rather difficult task. By using HATU[25] as a coupling agent in
the presence of Hìnig’s base (DIPEA) in N-methyl-2-pyrrolidone
(NMP),[26] and heating the mixture for 24 h to 85 8C, we suc-
ceeded in obtaining a dipetidic product (13) in at least 31 %
yield. To our surprise, epimerization at the ester-substituted
stereocenter occurred during peptide coupling, as unequivo-
cally proven by X-ray crystal-structure analysis at the stage of
the metathesis product 14 (Figure 4, left).

The metathesis of 13 was also difficult. Nevertheless, by
using 30 mol % of Grubbs II catalyst under microwave condi-
tions[27] (300 W, closed vessel), we could obtain product 14 in
69 % yield (in addition to 30 % of unreacted 13).

To optimize the peptide-coupling step, we decided to
switch to tert-butyl ester 17 (instead of 9), with the hope that
additional steric hindrance would reduce the kinetic acidity of
the a-ester position to suppress epimerization. This building
block (17) was available in gram amounts, starting from the
easily accessible methoxylated proline derivative 15,[12b, 18, 19a]

which was reacted with a vinyl cuprate reagent, according to
a procedure reported by Nagaike et al. ,[19c] to give 16 as a pure
trans diastereomer. Cleavage of the N-Boc group with trime-
thylsilyl trifluoromethanesulfonate (TMSOTf) in CH2Cl2 then
smoothly afforded the trans-2,5-disubstituted pyrrolidine 17 in
67 % overall yield (Scheme 5).

Coupling of the building blocks 12 and 17 under the estab-
lished conditions (HATU, DIPEA) gave rise to a product (18)
that contained only minor amounts of the undesired isomer
epi-18 (18/epi-18 = 6:1). Epimerization could even be com-
pletely suppressed by reducing the amount of DIPEA to
1.98 equivalents. The optimized protocol delivered stereo-
chemically pure dipeptide 18 in a notable yield of 72 %, even
on a gram scale (Scheme 6). The configuration of 18 was se-
cured by X-ray crystallography (Figure 4).

The importance of minimizing the amount of base in the
(difficult) peptide-coupling step is reflected by the fact that
coupling product 18 epimerizes under the reaction conditions
in the presence of base. Thus, when a solution of pure 18 in
NMP was heated in the presence of two equivalents of DIPEA
(in the absence of the coupling reagent) to 85 8C for 20 h, vir-
tually complete epimerization to epi-18 was observed
(Figure 5). Clearly, the cis-2,5-disubstituted pyrrolidine deriva-
tive epi-18 is the thermodynamically more stable diastereomer.

Although epimerization can occur (as shown) at the stage of
the coupling products (to give 13 or epi-18, respectively), we
cannot exclude that the amine building block 9 epimerizes
under the coupling conditions, followed by a (kinetically
preferred)[26] reaction of the less hindered cis-2,5-disubstituted
pyrrolidine, to directly yield the epimerized product 13
(Scheme 4).

The remaining major task in the synthesis of 1 was metathe-
sis cyclization of 18 to 19 (Scheme 7). This was initially ach-
ieved in 68 % yield by employing either 30 mol % of Grubbs II
catalyst (15 h) or 5 mol % of the nitro-Grela catalyst (72 h). No-
tably, the yield of 19 could be further improved by performing
the reaction in Et2O with 5 mol % of Grubbs II catalyst in the
presence of 7.5 mol % of CuI.[30] Global deprotection and subse-
quent Fmoc protection under the established conditions[12] fi-
nally delivered 1, that is, the ProM-2-related target structure, in
97 % yield.

The configuration of 19 was secured by X-ray crystal-struc-
ture analysis (Figure 6). A crystal structure was also obtained
from the epimeric compound epi-19 (prepared by metathesis
of a 6:1 mixture of 19 and epi-19 and subsequent chromato-
graphic separation of the product diastereomers). The struc-

Figure 4. Structures of 14 (left) and 18 (right) in the crystalline state.

Scheme 5. Synthesis of the trans-5-vinylproline 17: a) CuBr·SMe2, MgBrCH=

CH2, ¢40 8C, ¢78 8C, BF3·Et2O, ¢78 8C, 2 h, RT, 2 h; b) TMSOTf, CH2Cl2, 0 8C,
5 min.

Scheme 6. Coupling of the building blocks 17 (2 equiv) and 12. a) HATU
(1.1 equiv), DIPEA (1.98 equiv), NMP, 85 8C, 24 h.

Figure 5. Epimerization of 18 to epi-18. The signals depicted in the NMR
spectrum correspond to the CH group of the vinyl moiety at the (“left”) 2,5-
disubstituted pyrrolidine ring.
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ture nicely shows that the diproline unit of 19 is locked in a vir-
tually perfect PPII-type conformation, as predicted. In contrast,
compound epi-19 can be regarded as a b-turn mimetic.[22]

Polymorphism of 14

An interesting observation made during this study concerned
the occurrence of polymorphs[31] of compound 14 (Scheme 4),
which we obtained in crystalline form. As mentioned previous-
ly, X-ray crystal-structure analysis of a crystal picked from the
sample revealed the formation of unexpected (epimerized)
product 14. To rule out the possibility that we might have acci-
dentally picked a crystal of the minor diastereomer present in
the mixture, we investigated a second crystal (with different
cell parameters) ; however, this also corresponded to product
14. We then even found a third polymorph of 14 in the same
sample. All three polymorphs of 14 crystallized in the same
space group (P212121). The cell constants are given in Table 1.

Because no solvent molecules were incorporated in any of
the three structures, it was of interest to investigate whether
the polymorphism originated from conformational or packing
effects. A comparison of the three different polymorphs of 14
(Figure 7)[32] clearly revealed that the molecules adopted virtu-

ally the same conformation in all three structures. Thus, the
polymorphism of compound 14 seems to result just from dif-
ferent packing of the molecules within the crystal.[33]

Binding studies

As mentioned previously, the main motivation of this work was
the search for PPII secondary-structure mimetics that bind to
EVH1 domains of the Ena/VASP proteins.[34, 35] Herein, we fo-
cused on the EVH1 domain of EnaH, which is the human ver-
sion of the protein Ena, because modeling was performed by
using the crystal structure of this domain.

By using standard methods of solid-phase peptide synthesis,
the ActA-derived model ligand (Ac-SFE-FPPPP-TEDEL-NH2) and
two derivatives, in which the first two proline residues were
substituted by either ProM-1 or ProM-2, were prepared and
their binding affinity towards EnaH-EVH1 was determined by
using tryptophan-based fluorescence titration (FT) and isother-
mal titration calorimetry (ITC), respectively. As the results
shown in Table 2 reveal, exchange of the Pro–Pro unit within
the model ligand for either ProM-1 or ProM-2 did not lead to
a loss of affinity.

The very similar affinities may reflect the contribution of the
flanking epitopes (SFE and TEDEL) to compensate for the less
favorable position of the ProM-1 vinylidene bridge in this case
(see the Design section). Notably, we could confirm through
1H–15N HSQC NMR spectroscopy[36] that the ProM-1 and ProM-2

Scheme 7. Synthesis of 1. a) Grubbs II catalyst (30 mol %), toluene, reflux,
15 h; b) TFA/CH2Cl2 1:1, RT, 1 h; c) Fmoc-Cl, NaHCO3, H2O/THF, RT, 15 h.

Figure 6. Structure of the tricyclic compounds 19 (left) and epi-19 (right) in
the crystalline state. The conformation of 19 almost perfectly matches that
of the PPII-helix structure.

Table 1. Cell constants of the three polymorphs of 14.

Parameter Polymorph 1 Polymorph 2 Polymorph 3

a [æ] 7.007 8.944 9.983
b [æ] 15.229 13.539 11.188
c [æ] 17.490 15.249 16.360

Figure 7. Superimposed structures of 14. Left : polymorph 1 (black) superim-
posed with polymorph 3 (red). Right: polymorph 2 (black) superimposed
with polymorph 3 (red). This figure was created by using the program
PLATON.[32]

Table 2. Binding data for peptides of type Ac-SFE-F[XX]PP-TEDEL-NH2
[a]

against EnaH-EVH1 determined either by using tryptophan-based FT or
ITC at 25 8C.

Pro–Pro ProM-1 ProM-2

FT
KD [mm] 13.1�0.6 8.0�1.0 12.0�1.0
DG8 [kJ mol¢1] ¢27.9�0.1 ¢29.1�0.3 ¢28.1�0.3

ITC
KD [mm] 21�1 24�3 21�5
DG8 [kJ mol¢1] ¢26.7�0.1 ¢26.4�0.4 ¢26.7�0.8
DH8 [kJ mol¢1] ¢21.2�0.3 ¢21.8�0.6 ¢17.0�2.0
¢TDS8 [kJ mol¢1] ¢5.5�0.4 ¢5.0�1.0 ¢10.0�2.0

[a] XX = Pro–Pro, ProM-1, or ProM-2.
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ligands addressed the same binding groove as that of the
ActA-derived model peptide (Figure 8).

Moreover, we could detect a difference in the binding
modes for the ProM-1- and ProM-2-derived ligands in the 1H–
15N HSQC spectra. All ligands connect to the indol moiety of
Trp23 of EnaH-EVH1 by forming a hydrogen bond between
the e-NH of the tryptophan side chain and the “central carbon-
yl oxygen” of the ligand, that is, the central amide group that
connects the two pairs of prolines within the PP-PP motif of
the wild-type ligand (or the central amide bond of the ProM-
PP moiety in the modified ligands; cf. Figure 2). Although the
ProM-2-derived ligand showed the same chemical shift and
slow-exchange regime as the model peptide, the ProM-
1 ligand shifted differently and in a moderate fast-exchange
regime (Figure 9). This indicates a change in the important
contact to Trp23 for the different ligands, as suggested by mo-
lecular modeling (Figure 2).

Conclusion

We developed a reliable synthesis of the new spirocyclic Pro–
Pro dipeptide mimetic ProM-2 in its Fmoc-protected form (1),
which was designed as a diproline unit locked in a PPII helix
conformation. By using vinylproline derivatives as key building
blocks, the target structure was assembled through HATU-
mediated peptide coupling and subsequent ruthenium-cata-
lyzed RCM. The developed synthesis allowed us to prepare
target compound 1 on a gram scale with about 14 % overall
yield over 10 steps (longest linear sequence), starting from pro-
line. After incorporation of ProM-2 into a model peptide
known to bind to the EVH1 domain of Ena/VASP proteins, FT
and ITC measurements revealed that the new scaffold was
able to replace the highly conserved first two prolines of the
model ligand without loss in affinity. Furthermore, 1H–15N
HSQC spectra indicated that ProM-2 better mimicked the Pro–
Pro unit in this case, relative to the isomeric scaffold ProM-1.

The scaffold ProM-2 described herein is an important addi-
tion to our set of proline-derived polycyclic dipeptide mimetics
(ProMs) recently developed in our laboratories.[12] We are opti-
mistic that the modular combination of different ProMs will
enable us to identify PPII secondary-structure mimetics that
are able to effectively and selectively bind to PRDs, that is, pro-
tein domains specialized in recognizing proline-rich motifs in
a PPII conformation. Moreover, the difunctional compounds
(including the epimeric scaffold epi-18, to which stereoselec-
tive access was discovered by accident) may also find future
applications as stereodefined scaffolds for the diversity-orient-
ed synthesis of meaningful compound libraries.
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Figure 8. Ligand-concentration-dependent 1H–15N HSQC chemical shifts for
W23 e-NH (of EnaH-EVH1) for the three ligands investigated. A strong slow-
exchange regime for the “wild-type” ActA-derived ligand and the ProM-2-
containing ligand was observed, whereas for the ProM-1-containing ligand
a moderate fast-exchange regime was observed. The blue spot corresponds
to the protein in the absence of any ligand, whereas the red spots corre-
spond to protein–ligand concentrations of 98 (model ligand) and 95 %
(ProM-1 and ProM-2 ligands). The spots in between correspond to protein–
ligand concentrations of 25, 50, and 75 %, as computed with the dissociation
constant determined by tryptophan-based FT (Table 2).

Figure 9. Chemical shifts of all trackable backbone NH protons plotted on:
A) the crystal structure of 1evh,[17] B) the model of EnaH-EVH1 with ProM-1,
or C) the ProM-2-containing ligand. Only the FPPPP core motif is displayed.
The shifts show that the ProM-1- and ProM-2-derived ligands occupy the
same binding groove as the model ligand. More shifts are visible for the
ProM-1 ligand, which indicates more complex binding behavior than those
of the model ligand and ProM-2 ligand.
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