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A Pure Polyproline Type I-like Peptoid Helix via Metal
Coordination
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tions.® In contrast to
ither cis or trans
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hich is a key tool for
peptoids. Typical CD

Abstract: Peptoids, N-substituted glycine oligomers, are an local steric and stereo-electronic
important class of foldamers that can adopt polyproline type helices  polyproline peptides
(PP-1 and PP-II), given that the majority of their sequence consists of  amide bonds, peptqgf
chiral bulky side chains. Herein we introduce a new approach for the  orientation of the a
stabilization of a pure PP-I-like peptoid helix via metal coordination.  circular dichroism
We performed a systematic spectroscopic study on a series of describing the se
peptoid heptamers baring two 8-hydroxyquinoline ligands at fixed ' ethyl-benzyl side chains
positions, and a mixture of chiral benzyl and alkyl substituents in example, measured in
varied positions along the peptoid backbone. We found that when h as methanol and acetonitrile, exhibit
the benzyl groups are located at the 3" and 4" positions, the peptoid 0 and 220 nm due to the presence of
(7P6) gives upon Cu’* binding a CD signal similar to that of a PP-| mide bonds, respectively.” This is
helix. Exciton couplet CD and EPR spectroscopies, as well as  because a peptoids, although generally
modifications to the length of 7P6 and acetylation provided insights  adopting PP-I type helices” with a pitch of three residues per
into the unique folding of 7P6 via Cu binding, showing that it is led by turn,®' con?a minor population of conformers consisting of

two competing driving forces — coordination geometry and sequence. e or moref¥ns-amide bonds.® As a consequence, controlling
toids cofrmation is not trivial, and thus, a major objective is
duce all-cis PP-I-like peptoid helices as a basis for further
tions in biology,> asymmetric catalysis,"" selective
ion®"™ and more."? Efforts towards this goal focus on the

f chiral bulky side chains that could grant a
energetic preference for the cis amide bond
'® These efforts resulted in the four best cis-
directing side chains reported to date, namely triazole-based
side chains,™ (S)-N-(1-naphthylethyl)glycine (Ns1npe),'® tert-
-Bu) and (S)-N-(1-tert-butylethyl)glycine (Ns1tbe).'® Each
chain was used for the construction of peptoid homo-
mers with various lengths exhibiting all-cis PP-I-type helices,
demonstrated by high-resolution structural studies including
-ray crystallography and NMR spectroscopy, as well as from
CD spectroscopy. Notably, the CD spectra of oligomers with six
to nine Ns1tbe monomers represent an exceptional example in
which their CD spectra resembles this of a PP-I-type peptide
helix. Although these structures are quite remarkable, they are
also unique, limiting drastically the sequence and functional
diversity of all-cis PP-I-type peptoid helices, which presently, can
only be generated from four specific side chains out of the
numerous ones that exist. Therefore, an entirely different
approach towards the formation of pure PP-l peptoid helices
should be considered in order to increase peptoid helices
diversity, and may be developed by the use of metal
coordination, which proved efficient in the case of peptide
helices stabilization.” Moreover, understanding the relationship
between peptoids folding and metal binding should shed some
light on the relationship between peptoid structure and function
in general, enhancing the knowledge in this field, which is still
lacking thus limiting the applications of metallopeptoids.

Earlier work by Maayan et al. demonstrated that the
incorporation of two 8-hydroxyquinoline (HQ) groups within the
backbone of a helical peptoid, with chiral-bulky (S)-(-)-1-alpha-
Email: gm92@technion.atl methyl-phenylethylamine (Nspe) substituents (H.6, Fig. 1a, top)
can be utilized for intramolecular binding of copper and cobalt
metal ions.® Interestingly, metal binding to the HQ groups, which

Introduction

Folding of natural biopolymers is an important event, in
specific arrangements of various functional groups lead to the
creation of reactive centers. The established re

between the structure and function of natural biopo
inspired the design of “foldamers”' — biomimetic olj
fold into three-dimensional structures in soluti
oligomers of N-substituted glycine, are an im
peptide mimics capable of forming well-defin
structures,? and performing various biological functions.
oligomers can be synthesized efficiently by solid-ph

chains, thus allowing the introductio
groups.? One example is the incor

Supporting information for this article is given via a link at the end of the
document.
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were located at 2™ and 5" positions (i and i+3), affected the
peptoid secondary structure and increased the peptoid helicity
as was evidenced by the enhanced intensity of the CD double
minima signal at about 200 and 220 nm (Fig. 1a, bottom).®
Inspired by this report, we recently attempted to induce
secondary structure by metal binding to a completely unfolded
peptoid.” We expected that metal binding would tighten the
peptoid backbone resulting in a more helical structure. Thus, a
water-soluble heptameric peptoid (7mer-HQ2, Fig. 1b, top),
having two HQ groups located at the 2™ and 5™ positions, and
five chiral non-bulky N-S-methoxy-propyl (Nsmp) groups was
synthesized.” Nsmp groups are not bulky enough to induce
secondary structure. However, the chirality of the Nsmp groups
allows the analysis of the secondary structure by CD.
Disappointingly, no helix formation was observed upon binding
of copper or cobalt ions, as was learned by analyzing the CD
spectra of the free Tmer-HQ2 (Fig. 1b, bottom, blue line) and its
copper and cobalt complexes (Fig. 1b, bottom, red and green
lines, respectively) in the range of 190-230 nm, all of which
suggest completely disordered structures.” These results imply
that a helical structure cannot be induced solely by metal
coordination. Overall these studies demonstrate that metal
binding can increase the helicity of Nspe peptoids while
maintaining the mixed population of PP-I- and PP-Il-like helices,
on one hand, and cannot affect the helicity of disordered
peptoids on the other hand. Accordingly, we wished to attempt
the formation a pure PP-I-like peptoid helix upon metal binding,
which will give rise to a CD spectrum that resembles this ofa
PP-I peptide helix. To this aim, we decided to investi
coordination of metal ions to peptoids that exhibit low int
double minima in the CD spectra, and try to increase the cis-
amide bonds population while decreasing the trans-a
population.

In this article we report the design, sy
characterization of a series of peptoid oligomer:
combination of chiral-bulky and chiral-non-bul

having two Nspe groups at the 3" an
to a low intensity double minima
coordination, the CD spectrum dras

the CD spectra of the all-cis
peptoid helices.

id oligomers: Eight peptoid
re synthesized, using 8-
(S)-(-)-1-alpha-methyl-
+)-T-methoxy-2-propylamine
loying “submonomer” protocols." HQ
lent metal ions such as Co*", Cu?*
ist of seven monomers and bare
two HQ groups incorp he 2™ and 5" positions. These
positions were chosen in accordance with the 3 residues per
turn structure of the peptoid helix.® Placing the HQ groups in

(Nsmp)
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these positions was expected to provide a more efficient metal
binding and a tighter structure.® It is known from previous
literature that the driving force for folding of peptoids is the
incorporation of at least 66% chirglbulky side chains out of all
the substituents within the sequ Our strategy was to
reduce the peptoid helicity by using less % of chiral-bulky
substituents and to attempt the increasi
coordination. Thus, peptoid
group at the 1% position (1

onomers) and 7P2 was
e 1% and 7" positions
at determines the
ition of the Nspe
us, oligomers 7P3-7P7
sequence of 7P2 such
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fully helical peptoid that
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Figure 1. (a) Chemical sequence of H,6 and CD spectra of H,6 and its cu®
complex.® (b) Chemical sequence of 7mer-HQ2 and CD spectra 7mer-HQ2
and its metal complexes7.(c) Chemical sequences of oligomers 7P1-7P8.
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UV-Vis analysis: The metal-free peptoids exhibited absorption
bands near A=245 nm and 306 nm in 80% aqueous methanol
solution. Upon addition of metal acetate (M(Ac), M= Co, Cu, Zn),
binding of M** produced new absorption bands at A = 265, 383
nm for Zn?** and Co®* and A = 265, 390 nm for Cu?.
Representative plots are depicted in Fig. 2, showing the
absorbance band of the free peptoids in red and the absorbance
band of their Cu®* complexes in blue (for other plots see SlI).
Titration experiments with M(Ac), using UV-Vis spectroscopy
confirmed that the complexes are formed in 1:1 metal to peptoid
ratio (Fig. 2, insets). This ratio suggests that the metal is bound
in an intramolecular mode to two HQ ligands, and this was
further supported by ESI-MS (see SI).
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Figure 2. UV titrations of (a) 16.6 uM 7P6 and (b) 16.6 uM 7P8 with Cu(Ac); in
80% aqueous MeOH.

CD analysis: The CD spectra of all peptoids were measu

rF
80% aqueous methanol. Peptoid 7mer-HQ2, with no bulky£Chi

groups, shows no double minima in the CD spectrum i
its disordered secondary structure (Fig. 1a).” Aiming
whether we can initiate helicity within this peptoid,
the Nsmp group in the first position by an Nspe gr
this position of the peptoid sequence was show
the peptoid helicity according to the “sergeant-
Indeed, the CD spectra of 7P1 with only one Nspe
1% position demonstrates low intensity double minima co
with the initiation of a helical structure formation (Fig. 3
Binding of either Co?* or Zn?* did not have a significant effegt on
the CD spectrum of the unbound pep
Cu® results in a decrease in the int
latter can be attributed to structural

sition of the second Nspe
d 7P3 (Fig. 3c), with the
the 7" and positions respectively,
stly disordered CD spectra, while
group at the 4™ position, Fig. 3d)
t the 3 position, Fig. 3e) show a
higher intensity signal co with that of 7P2 and 7P3, with
a more pronounced double minima around 200 nm and 220 nm
indicating a more helical structure. Shifting the Nspe group of
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7P2 from the 1 to the 4™ position, to give 7P7, results in an
expected decrease of the CD intensity and a nearly complete
loss of the double minima (Fig. 3g). Oligomer 7P6 with the two
Nspe groups located at the 3™ anggl 4™ positions, between the
two HQ groups, showed pronounc
and 220 nm (Fig. 3f). The intensity
especially the peak at 220 nm, whic
amide bond, indicates
compared with 7P1-7P5.

to the cis
red he structure
surprising because 7P6
the crucial 1% position.
the formation of a
toid sequence that
condary structure. 7P8

groups, which was
mparison with the other
the most ordered

promotes the for
(Fig. 3h) substit
synthesized as a

peak at about 250 nm. This peak
of the HQ ligand as was shown by
UV measurements - As the HQ ligand is achiral, its
appearance in the CD spectra indicates chiral induction from the
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Figure 3. CD spectra of oligomers 7P1-7P8 and their Co®*, Cu®, zn*

complexes (100 uM in 80% aqueous methanol).

In all cases except for 7P6, addition of Zn?* or Co®* has only
a smalll effect on the CD spectrum of the peptoids in the near-UV
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region. Binding of Cu®* results in the decrease of CD intensity for
7P5, 7P7 and 7P8 and does not change the CD spectrum of
7P2, 7P3 and 7P4. As discussed above, the CD spectra of the
free peptoids 7P5, 7P7 and 7P8 exhibit some degree of helicity
as indicated by the typical double minima signal, while 7P2, 7P3
and 7P4 do not. Notably, the coordination geometry of the
formed copper complexes enforces structural changes (as was
observed in the case of 7P1) only within the peptoids that have
some secondary structure prior to Cu®* binding. Specifically, in
7P4, which exhibits low-intensity double minima, an increase in
the intensity of the band at 200 nm is observed compared to the
band at 220 nm that does not change at all. This observation
suggests an increase in the population of the trans-amide bond
conformers of this peptoid in solution upon Cu®** binding, and an
overall decrease in the stability of its PP-I helical structure. On
the other hand, in 7P8, with the most intense double minima, a
more pronounced decrease in the intensity of the band at 200
nm is observed compared to the band at 220 nm, suggesting a
decrease in the population of the trans-amide bond conformers
of this peptoid in solution and an overall increase in the stability
of its PP-l helical structure. The latter observation is further
demonstrated by oligomer 7P6, which shows the largest effect of
metal binding. Coordination of Co®* results in a significant
decrease in the CD intensity of both minima, suggesting the
destruction of the secondary structure, probably due to geometry
coordination considerations (Fig. 3f, red line). The binding of
Zn* resulted in a significant decrease only in the band at about
200 nm, which corresponds to the frans amide bond, suggestigg
a change in the structure of the peptoid, not its destruction
4F, blue line). Surprisingly, coordination of Cu®*, results in
signal completely different from that of the free
exhibiting minima at 200 and 226 nm and a maximum
(Fig. 3f green line, Fig. 4a). These spectra closely re
of a PP-I peptide helix?' (Fig. 4b), as can be obser;

with the coordination geometry of i
like peptoid helices were previously obse!
peptoids'® ?? or for chiral bulky substituted pept
demonstrate the possibility o
structure for mixed aliphatic-
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Binding of Zn**, Co®" or Cu®* ions to oligomers 7P1-7P8,
results in the appearance of exciton couplet peaks in the far UV
region, located between 240 and 280 nm, and represented by
two coupled absorption bands wit posite signs, known to be
caused by the interaction between omophores present in
the same backbone.?® It was previous
computational and empirical methods
wavelength of the exciton c
between the two chromop
chromophores increases, the
slightly shifts toward
chromophores corre:
angle between th
geometry of the
CD spectra, there
couplet for co
ions (Fig. 3).
coordination ge
Moreover, when

edral angle
the angle between the
nitude decreases and
is work, the two
chains; hence, the
ted to the coordination
As can be seen in the
intensity of the exciton

nces to the dissimilarity in
Q ligands with each metal ion.
aring the exciton couplet peaks of
the same metal ion, e.g. Cu®,
differenc observed (Fig. 5a). Thus, peptoids
with more ordered sec y structures e.g. 7P5, 7P6 and 7P8,
exhibit the lowest intensities of the exciton couplet peak,
igdicating largl® dihedral angles between the HQ chromophores.
is incread@in the dihedral angles, which ultimately leads to a
rtion from the preferred coordination geometry of the metal
, can be attributed to the larger steric hindrance that is
d for the more ordered peptoid structures.” (HQ),Cu, for
e known to adopt the square planar geometry,?* but
plex is incorporated within a helical peptoid, the
peptoid scaffold enforces an unusual coordination environment,
leading to the formation of a pseudo-tetrahedral metal complex.®
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Figure 5. (a) Far UV CD spectra of peptoid copper complexes 7P1Cu-7P8Cu
(100 uM in 80% aqueous methanol). (b) Room temperature X-band EPR
spectra of peptoid oligomer copper complex 7P6Cu in solid state (blue line)
and the corresponding simulated spectra (red line). Reference - TEMPO
(marked by *), g = 2.0058.

EPR analysis: In order to get some more information about the
structure of the copper complexes and establish our hypothesis
regarding the relationship between the peptoids helicity and
coordination geometry of their metal centers, we conducted EPR
measurements to all the Cu-peptoids. Cu?* complexes have a
3d° electronic configuration making them paramagnetic with an
electronic spin of 1/2, allowing the measurement of their electron
paramagnetic resonance (EPR) spectra. EPR measurements
can not only confirm the presence of Cu®" in the compound but
also give insight into the geometry of the formed complex. It was
previously suggested that the quotient (g||)/(Al|) [cm] is a reliable
parameter for determining coordination geometry of tetra-
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coordinated Cu(ll) complexes; it ranges between 105 to 135 for
square-planar structures and indicates tetrahedral distortion
when higher than 135.% For (HQ).Cu the experimental value of
the quotient is 134, consistent with its square-planar geometry.?
For 7mer-HQ2 the experimental quotient value was 137,
indicating a slight distortion of planarity assigned to the effect of
the peptoid backbone on the geometry of the complex.® In
analogy with (HQ).Cu and 7mer-HQ2, oligomers 7P1-7P8 are
anticipated to form tetragonal complexes when bound to Cu®".
The quotient value for these complexes is expected to be higher
than 135, as a result of a distortion from square-planar geometry
caused by the peptoid backbone. Thus, the X-band EPR spectra
of solid, powdered samples of (L)Cu(PFs) (L = 7P1-7P8) were
recorded at room temperature (a representative spectrum of
7P6Cu appears in Figure 5b). The EPR signals clearly indicated
the presence of a Cu?* and the Hamiltonian parameters obtained
from their spectra are summarized in Table 1. The experimental
values of the quotient (g||)/(Al|) [cm] derived from our EPR
measurements are about 135-136 for the complexes 7P1Cu-
7P5Cu and 7P7Cu, indicating a very slight distortion from
square-planar geometry. The quotient of 7P6Cu is 138, implying
that it is more distorted towards a tetrahedral geometry. For the
helical peptoid complex 7P8Cu the quotient value is 155. This
value corresponds to a tetrahedral geometry of the complex.
These results are in line with the assumption that the structure of
the peptoid backbone affects the geometry of the formed
complex. Thus, a more helical peptoid results in an increased
steric bulk around the metal center causing the distortion of the
square planar structure. These results are in a good correl
with the CD measurements (Fig. 3) that show that the
complexes 7P6 and 7P8 possess a more ordered helical
structure that complexes 7P1-7P5 and 7P7.

-
Table 1. Hamiltonian parameters of copper complexes LCu ( 1-7P8).a'
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formation of the copper complex 7P6Cu has an overall
stabilizing effect on the peptoid secondary structure, which leads
to a higher thermal stability of 7P6Cu in comparison with the
free 7P6. The positive peak of the ggciton couplet, near 275 nm
also increases with raising the te e. As the increase in
exciton couplet correlates with the de in dihedral angle
between the two HQ chromophores,?
increasing of temperature r
geometry about the metal ¢

role of the “bulky-
ndary structure in
gment (peptoid tetramer
d 4™ positions and Nspe
he CD spectra of 4P6
rded. While the free 4P6

core” motif in the f
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4P6, Fig. 6) with H
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roups at the 1%
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ition were

is spectrum, however, do not resemble
“bulky-core” by itself is not the only
requirement for the fo n of a pure PP-I-like peptoid helix
upon copper binding, probably because the overall peptoid
short."® Consequently, we synthesized three
re peptoi, namely 6P6, 7P6l and 8P6 (Fig. 6), all containing
\'bulky-core” motif, and measured their CD spectra before
er Cu®" addition. Oligomer 6P6 is a symmetrical hexamer
Nsmp group at the first and last positions. 7P6l is a
6 with two Nsmp groups near the N-terminus and
p near the C-terminus. Aiming to probe the effect
of the long® Nsmp tail near the C-terminus, we extended 7P6l
by one Nsmp monomer to give 8P6, a symmetrical octamer with
two Nsmp groups before and after the “bulky-core” fragment.

|
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verall population of the ordered
peptoid in solutio ed. However, for the copper
complex 7P6Cu only a very slight decrease of the CD intensity
at temperatures above 30°C is observed. This implies that
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Figure 6. Chemical sequences of oligomers 4P6, 6P6, 7P6l and 8P6.

The CD spectra of these three peptoids exhibited the typical
double minima of Nspe peptoids, only with an intensity of about
a third compared to this of 7P8 (Fig. S80b-d, black lines).
Addition of Cu®" to each of these three peptoids results in a
decrease in the intensity of the band at about 200 nm and an
increase in the intensity of the band at about 220 nm, which is
also red-shifted. In the case of 6P6 and 7P6l this effect is similar
to the one observed for the “bulky-core” segment 4P6, but
although it is more pronounced, these spectra still do not
resemble that of a PP-I helix (Fig. 7a). Oligomers 7P6 and 7P6l
have the same monomer composition but differ in the number of
the Nsmp side-chains near the N-terminus. 7P6 has the two
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Nsmp monomers near the N-terminus and 7P6l has only one
Nsmp monomer near the N-terminus. However, this small
difference is crucial for the PP-I helix formation. In the case of
8P6, Cu®* binding leads to a CD spectrum with two minima at
196 nm and 222 nm and a maximum at 206 nm (Fig. 7a, pink
line). This signal closely resembles that of a PP-I helix and is
very similar to the spectrum recorded for 7P6 (Fig. 7a, blue line).
From these results it can be concluded that the combination of a
“bulky-core” motif and at least two Nsmp monomers near the N-
terminus, is required for the formation of the PP-I helix upon
Cu* coordination. This effect can be assigned to the previously
described concept of cooperative folding. Thus, longer peptoid
oligomers show more folded secondary structures.?

[} 1 —_, 2 — 2+
(a) 3 - 74P6+Cu2’77P6|+Ci b) ) - —6P6 with Cu®*
> © 6P6 + Cu 8P6 + Cu = —6P6A s
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Figure 7. CD spectra of (100 uM in 80% aqueous methano,
complexes of 4P6, 6P6, 7P6, 7P6l, 8P6. (b) cu® complexe
6P6AC (c) Cu>* complexes of 7P6 and 7P6Ac (d) Cu®* comple,
8P6Ac.

It was previously demonstrated that acetylation
terminus of PP-l peptoids can further stabilize their h
structures.”®'® To test this observation in our case, we
synthesized oligomers 6P6Ac, 7P6Ac and 8P6Ac that hav
same monomer sequence as 6P6, 7P
are acetylated. Their CD spectra be
were recorded and compared with

what lower intensity
indicate that the
effect on the
peptoids. The CD spectrum of
d 6P6Ac is also very similar to
omplex of its non-acetylated
e CD spectra of the Cu**
P6Ac and 8P6Ac were
nt from that of their non-acetylated
both cases, the characteristic peaks
he CD spectra show typical double
minima near m, with the larger peak at about
220 nm. In addition, there is a five-fold increase in the intensity
of the exciton couplet at the far UV area between 260 nm and
280 nm. This increase indicates that the acetylation of the N-
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terminus influenced dramatically the geometry of the Cu®
complex. As the higher intensity of the exciton couplet correlates
with the smaller dihedral angle of the complex,?* we can assume
that the terminal N-H has a siggificant contribution to the
geometry of the copper complex. ribution was lost upon
acetylation leading also to the change PP-I helix. The
effect of the acetylation can be assi loss of the
hydrogen bonding from the the pept®id backbone
% This results in a less
less steric hindrance
ation would be the
to the metal center
and a more hindered
coordination would be
8P6, having two Nsmp
s of N-H accessibility to

resulting in a tig
geometry about t
geometrically poss!
side-chains n

6 having only one Nsmp side chain.
itrations and EPR data, which collectively

do not support this

explanation.

nclusls

ork describes the use of metal coordination as a new
for peptoid folding. Although both the structure and
ptoids have been extensively explored, and
ell-established relationships between sequence
function in biopolymers, knowledge about these
relationships in peptoids is still lacking, limiting their current
applications in all fields. In this paper we present a systematic
on the secondary structure of peptoid oligomers with
chiral aromatic and aliphatic side chains, before and after
| ions addition. We demonstrate that Cu?* coordination to a
Iky-core” peptoid oligomer, bearing two chiral alpha-methyl-
enzyl groups at the 3™ and 4™ positions and two HQ ligands at
the 2" and 5" positions, results in the formation of a stable
polyproline type I-like helical secondary structure as evidenced
by CD measurements and further supported by EPR
spectroscopy. This is in fact the first example of generating a
stable helical secondary structure of a peptoid by means of
metal coordination. We show that peptoids, in which chiral bulky
side chains do not constitute the majority of their sequences,
can fold into pure PP-I-like helices upon metal binding, thus,
expending the diversity of structured peptoid that can be
constructed. Based on systematic studies by CD and EPR
spectroscopies, we describe, for the first time, the relationship
between the peptoids structure and the coordination geometry of
their metal center. We observe the following clear trend within
Cu-peptoid complexes: the larger the angle between the two HQ
groups is (detected by the lower exciton coupled CD intensity),
the larger is the distortion of the metal center from square planar
geometry towards tetrahedral geometry (found from the EPR
data) and the more ordered is the peptoid secondary structure
(as seen by near-UV signals in the CD spectra). We discovered
that in contrast to other peptoid helices, which can be further
stabilized by N-terminus acetylation, metallopeptoid helices are
destabilized by this acetylation, hence, the terminal N-H group
has a significant role in peptoid folding upon metal coordination.
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Our findings reveal that the effect of metal binding on the
peptoid’s structure depends both on the peptoid’s sequence
(leading to its initial secondary structure), and on the preferred
coordination geometry of the metal ion. These two competing
driving forces for peptoid folding can be controlled by sequence
design and choice of (i) the number and position of bulky chiral
groups, (ii) the type of binding ligands and (iii) the type of metal
ions. We believe that our findings introduce a new platform in
peptoid folding, as well as in peptidomimetics structural
stabilization, which can impact the design of novel functional
biomimetic compounds with diverse sequences.

Experimental Section

Materials. Rink Amide resin was purchased from Novabiochem;
Trifluoroacetic acid (TFA), Zinc acetate dehydrate and Nickel acetate
tetrahydrate, (S)-(+)-1-methoxy-2-propylamine (Nsmp) were purchased
from Alfa Aesar; 8-hydroxy-2-quinolinecarbonitrile, (S)-(-)-1-Alpha-
methyl-phenylethylamine (Nspe), 4'-Chloro-2,2":6',2"-Terpyridine and
Manganese acetate tetrahydrate were purchased from Acros;
Bromoacetic acid, cobalt acetate tetrahydrate and copper acetate
monohydrate were purchased from MERCK; N,N’diisopropylcarbodiimide
(DIC), piperidine, benzylamine, acetonitrile (ACN) and water HPLC grade
solvents were purchased from Sigma-Aldrich; dimethylforamide (DMF)
and dichloromethane (DCM) solvents were purchased from Bio-Lab Itd.
These reagents and solvents were used without additional purification.

Instrumentation. Peptoid oligomers were analyzed by reversed-phage
HPLC (analytical C18(2) column, Phenomenex, Luna 5um, 100 A 2.
mm) on a Jasco UV-2075 PLUS detector. A linear gradient of 5
ACN in water (0.1% TFA) over 10 min was used at a flow rate of 700
uL/min. The spectrum was recorded at 214 nm. Preparative HRLC was
performed using a AXIA Packed C18(2) column (Phenom
15um, 100 A, 21.20x100mm). Peaks were eluted with a line
5-95% ACN in water (0.1% TFA) over 50 min at a flow ra
Mass spectrometry of peptoid oligomers and their metal
performed on a Advion expression CMS mass sp,
electrospray ionization (ESI), direct probe ACN:H.O ;
ml/min and on a Waters LCT Premier mass spectrom
electrospray ionization (ESI), direct probe ACN:H,O (70:30), flow r.
ml/min. UV measurements were performed using an Agilent Cary 60 U
Vis spectrophotometer, a double beam, Czerny-Turner monochro|
CD measurements were performed ugjng a circular
spectrometer Applied Photophysics chi n. EPR spectra
recorded on a Bruker EMX-10/12 X-

Synthesis of the Peptoi
oligomers was performe
variation of a previously re
typical oligomer synthesis, 1
ichloromethane (DCM) for 40 min.
group was removed by treatment
Iformamide (DMF) for 20 min.
ent synthetic step, the resin
F, one minute per wash.
ied out with alternating bromoacylation and
or each bromoacylation step, 20 equiv.
, 8.5 mL g'1 resin) and 24 equiv. N,N"-
L g” resin ) were added to the resin,
and the mixture was agita in. After washing, 20 equiv. of the
required amine (1.0 M in DMF) were added to the resin and agitated for
20 min. This two-step addition cycle was modified as follows (For 100 mg
resin): after incorporation of 8-hydroxy-2-quinolinemethylamine, 0.17 ml

Following swelling, the Fmoc prote
with 2 mL of 20 ighas |

was washed three ti
Peptoid synthesis was
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of a 1.2 M solution of bromoacetic acid, 0.04 ml of neat N, N’-
diisopropylcarbodiimide (DIC) and 0.29 ml of DMF were added to the
resin and mixed at room temperature for 20 minutes.'®

Acetylation of the peptoid oligome
synthesis, 0.17 ml of a 1.2 M solution of
N’-diisopropylcarbodiimide (DIC) and 0.29 ml
resin and mixed at room temperature for 60

completion of the peptoid
id, 0.04 ml of neat N,
re added to the

Cleavage and Purification o
desired sequence was achieved, the p

oid Oligomers. When the
oducts were cleaved from
TFA) in water (50 mL
eavage mixture was
reduced pressure for large
r volumes less than 1 mL.
50% acetonitrile in water
urified by preparative High
LC) using a C18 column.

g’ resin) for 30 min

concentrated by rota
volumes or under a
Cleaved samples wi
and lyophilized to po
Performance L{
Products were
gradient conducted
acetonitrile)
minutes

(0.1% TFA in HPLC grade water) in 50
1

L min™.
Synthesis of metal co s for MS analysis. Samples for MS

analysis were prepared shortly before measurements. Typically, a
sglution of pePf oligomers (100-200 pL 0.5mM) in MeOH or ACN was

ted with | solution (5mM in H,O or ACN) and the mixture was
d for 30 mMnutes and sent to MS analysis.

analysis. Metal binding of peptoid oligomers with metal ions Cu®",
Zn* was analyzed by titration experiments using UV-VIS
a typical experiment, 10 uL of a peptoid solution (5
mM in was diluted in 3 ml of 80% aqueous methanol (16.6 uM
final concentfition) and then sequentially titrated with 2 uL aliquots of a
metal ion (5 mM in H;0), in multiple steps, until the binding was
completed.

r Dichroism. Approximately 500 uL solutions (5 mM in methanol)
philized peptoids powders were prepared immediately before CD
surements. CD scans were performed at room temperature at
ncentration of 100uM in solution of 80% aqueous methanol. The
pectra were obtained by averaging 4 scans per sample in a fused quartz
cell (path length = 0.1 cm). Scans were performed over the 300 to 190
nm region at a step of 1nm (scan rate=1 sec/step).

Synthesis of Cu** complexes for EPR experiments. Copper
complexes for EPR were prepared in methanol (0.5mL) by addition of 1.1
equivalent of copper acetate 10 mM in methanol solution to peptoids 7P1
(4.86 mg, 4.20 pymol), 7P2 (4.87 mg, 4.22 umol), 7P3 (4.86 mg, 4.20
umol), 7P4 (4.88 mg, 4.22 pymol), 7P5 (5.18 mg, 4.48 umol), 7P6 (4.67
mg, 4.04 ymol), 7P7 (4.8 mg, 4.16 pmol) and 7P8 (4.01 mg, 3.2 ymol).
The mixtures were shacked for 1 hour. Precipitates were obtained after
adding an aqueous solution of NH4PFs (200 pl, 1M), shaking for 30 min
and centrifugation. Precipitates were washed twice with water and
lyophilized overnight. 7P1Cu was obtained in 85% yield (5.27 mg),
7P2Cu 91.0% yield (4.63 mg) and 7P3Cu 80.0% vyield (4.87 mg) 7P4Cu
was obtained in 81.7% yield (5.21 mg), 7P5Cu 93.2% yield (6.30 mg),
7P6Cu was obtained in 77% vyield (3.1 mg), 7P7Cu 80% yield (3.32 mg)
and 7P8Cu 82.5% yield (3.46 mg).
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Type I-like Peptoid
Aation

Cu* binding to N-hydroxyquinoline ligands incorporated within a peptoid oligomer
significantly altered its secondary structure as suggested by CD spectroscopy: the
spectra of the unbound peptoid, which reflects a mixture of PP-I and PP-II helices,
transformed upon Cu? binding to resemble the spectra of a pure PP-I helix. Studies

on a series of peptoids revealed a battle between two driving forces for folding
coordination geometry and sequence.
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