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ABSTRACT We have synthesized and characterized a
family of structured oligo-N-substituted-glycines (peptoids)
up to 36 residues in length by using an efficient solid-phase
protocol to incorporate chemically diverse side chains in a
sequence-specific fashion. We investigated polypeptoids con-
taining side chains with a chiral center adjacent to the main
chain nitrogen. Some of these sequences have stable second-
ary structure, despite the achirality of the polymer backbone
and its lack of hydrogen bond donors. In both aqueous and
organic solvents, peptoid oligomers as short as five residues
give rise to CD spectra that strongly resemble those of peptide
ae-helices. Differential scanning calorimetry and CD) measure-
ments show that polypeptoid secondary structure is highly
stable and that unfolding is reversible and cooperative. Ther-
modynamic parameters obtained for unfolding are similar to
those obtained for the a-helix to coil transitions of peptides.
This class of biomimetic polymers may enable the design of
self-assembling macromolecules with novel structures and
functions.

Advances in bio-organic chemistry now offer accessibility to
valuahble new materials that integrate the structural and func-
tional characteristics of biopolymers with the stability and
diversity of synthetic polymers. Biopolymets are unique in that
they are composed of specific monomer sequences and are
capable of self-assembly into stable native structures, permit-
ting a remarkable variety of functions. In contrast, mast
synthetic polymers do not have a specific monomer sequence
but can be cheaply produced from a wide array of monomers
and linking chemistries to generate many useful materials. It
has been suggested that the sequence-specific polymerization
of nonbiolagical monomers could allow the creation of syn-
thetic polymers with stable folded structures (1, 2).

The design of novel polymers with sophisticated properties
such as molecular recognition, energy transduction, and ca-
talysis will require the precise spatial positioning of multiple
chemical functionalities. The synthesis of such a polymer
necessitates control of monomer sequence, control of pelymer
length, high coupling efficiencies, the ability to incorporate a
variety of side chain types, and self-assembly into a unique
conformation. Additional desired characteristics include rel-
atively low cost, a flexible polymer backbone allowing a variety
of structural motifs, coaperative canformational transitions
allowing effective regulation and signaling, thermostability,
structural stability in both aqueous and organic solvents, and
compatibility with biological systems. In this paper we present
a study of peptoids, a family of chemically diverse sequence-
specific heteropolymers that may ultimately satisfy these goals.
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Several methods have been developed for the synthesis of
hiomimetic oligomers with unnatural backbones. Many of
these are structural variants of polypeptides, such as palycar-
bamates (3), peptide nucleic acids (4), and vinylogous polypep-
tides (5). Recent efforts have yielded oligomers with defined
folding propensities such as oligoanthranilamides (6), vinylo-
gous sulfonamidopeptides (7), “aedemers” (8), and oligophe-
nylacetylenes {31). Helical secondary structures have been
demonstrated in oligomers of B-amino acids (9, 13). These
systems have been limited to short-chain molecules lacking
chemical diversity. Typically, solution structures have been
detected only in nonaqueous solvents and are stabilized by
hydrogen bonding.

In contrast, polymer chemists have historically obtained
helical homopolymers by incorporation of bulky side chains
whose steric repulsion directs the conformation of the back-
bone (11). The use of chiral monomers or initiators can afford
helices with a preferred screw sense. Examples of these
asymmetric polymers include bulky methacrylates, isocya-
nides, trichloroacetaldehydes, and isocyanates (ref. 11 and
references therein).

Peptoids are a family of oligomers that were developed for
use in combinataorjal drug discovery programs (12, 13). These
non-natural oligomers are based on a polyglycine backbone, on
which the side chains are appended to the amide nitrogen
(Table 1). Because the side chain moiety is introduced by the
reaction of primary amines, this method can yield an extremely
diverse series of functionalized oligomers from readily obtain-
able starting materials {14, 15). Furthermore, coupling effi-
clencies of >98% now enable the automated synthesis of
long-chain {>25 monomers) sequence-specific polymers in
good yield.

Many of the mechanisms that direct the self-assembly of
biopolymer structures are lacking in peptoids. Specifically,
peptoids lack amide pratons, and thus no hydrogen bond
network along the polymer backbone is possible. Likewise,
because the main chain contains no chiral centers, peptoids
have no intrinsic handedness. Previous studies of short peptoid
aligomers by modeling (12, 16) and by NMR (17) have
demonstrated that the tertiary amides in the peptoid backbane
can result in the population of both cis and trans amide bond
conformers. These findings were also observed far collagen
analogs containing peptoid residues (18},
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Table 1. N-substituted glycine side chains

A

N-substituted glyeine oligomer,

or polypeproid
= Side chain® Designator
';L CHa Nspe = (S)-N(1-phenylethyl)glycine
"'1,'_‘ Nrpe = enantiomer of structure shown,

(R)-N-(1-phenylethyD)glycine

MNsnp = (§-N-(1-(p-nitrophenylethyl)glycine

Nrnp = enantiomer of structure shown,
(R)-N-(1-(p-nitrophenyl)ethyl)glycine

NG,

i:|_ CHay
"1.,; NH, Nsam = (§)-N-(2-amino-1-methylethyl jglycine

H CH,
“"LzA'rOH Nsce = (8)-N-(1-carboxyethyl)glycine

Q

H CH,
m Nsch = (5)-N-(1-cyelohexylethyl)glycine

H ChHs K\O Nsme = ($)-N-(I-{{(marphalina)carbonyl)-
hLLl.\ N\./I ethyl)glycine

H

N c . .
it \f Nam = N-(2-acetamidoethyl)glycine

ﬁn'i\-/NHz

*These structures refer ta the N-substituent of a glycine monomer.

Nae = N-(2-amingethyl)glycine

Our aim is to create biomimetic stereospecific polymers,
combining strategies previously applied in the biopolymer and
asymmetric polymer fields. We have investigated a family of
sequence-specific peptoid polymers incorparating bulky chiral
side chains. Recent modeling studies indicated that these
peptoids could form a helical secondary structure (19) (Fig. 1).
We report here the synthesis and characterization of this class
of peptoid polymers.

MATERIALS AND METHODS

Peptoid Synthesis and Purification. Solvents and reagents
were purchased from commercial sources and used without

FiG. 1. Malecular mechanics model of helical peptoid octamer
(Nspe)g (21).
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further purification. Peptoid oligomers were synthesized on 50
pmal of 2 Rink amide resin (NavaBiochem, San Diega) at a
substitution level of 0.47 mmol/g. The peptoid oligomers were
synthesized by an improvement of previous methods (14, 15),
which included reduced cycle times and decreased amine
concentrations. Briefly, after removal of the first Fmoc group
the following 90-min monomer addition cycle was performed
by a raobotic synthesizer and repeated until the desired length
was obtained. The amino resin was bromoacetylated by adding
830 pl of 1.2 M bromoacetic acid in N, N-dimethylformamide
{DMF) and 200 pl of N, N'-diisopropylcarbodiimide (DIC).
The mixture was agitated for 40 min at 35°C, drained, and
washed with DMF (three times with 2 ml). Next, 0.85 ml of a
1 M solution of a primary amine in DMSO was added to
introduce the side chain. The mixture was agitated for 40 min
at 35°C, drained, and washed with DMF (four times with 2 ml).
After the last coupling the peptoid-resin was cleaved and
lyophilized as described (15).

Individual peptoid oligomers were analyzed by reversed-
phase HPLC on C4 columns (Vydac, 5 pwm, 300 A, 1 X 150
mm) on a Magic 2002 system {Michrom Bioresources, Auburn,
CA). A linear gradient of 5-%3% solvent B in solvent A over
40 min was used at a flow rate of 100 wl/min [solvent A = 0.1%
trifluoroacetic acid (TFAY) in water, salvent B = 0.1% TFA in
acetonitrile] at a column temperature of 60°C. Preparative
HPLC was performed on a Delta-Pak C4 (15 um, 300 A) on
a Waters Prep LC3000 system (Millipore) by using the same
solvent system. Peaks were eluted with a linear gradient of
20-70% solvent B in solvent A over 40 min at a flow rate of
50 ml/min. Electrospray mass spectrometry was performed on
a Platform II {Micromass, Beverly, MA}.

Amine Submonomers Used in Peptoid Synthesis. N-(2-
acetamidoethyl)glycine (Nam), ($}-N-(1-cyclohexylethyl)gly-
cine (Nsch), and (R or §)-N-(1-phenylethyl}glycine (Nrpe or
Nspe) were made from the amines aminoethylacetamide,
{5)-1-cyclohexylethylamine, and (R or §)-1-phenylethylamine
[>99% enantiomeric excess (e.e.)], respectively, which were
abtained from Fluka. {R or §)-N-(1-(p-nitrophenyl)ethyl)gly-
cine (Nrnp, Msnp) were made from (R or §}-1-(p-nitrophenyl)
ethylamine (>99% e.e.) which was obtained from Celgene
(Warren, NI). ($)-N-(1-carboxyethyl)glycine (Nsce) was made
from L-O-t-butyl-alanine-hydrochloride (Bachem). N-(2-
aminoethyl)glycine (Nae) was made from mono-Boc-
ethylenediamine that was made by the method of Krapcho and
Kuell (20). (5)-N-(2-amino-1-methylethyl)glycine (Nsam) was
made from ($)-1-(Boc-amina)-2-aminopropane that was made
via three steps from ($)-Z-alaninamide [briefly, the amide of
(5)-Z-alaninamide was reduced to the amine with BHj;, fol-
lowed by protection of this amino group with di-z-
butyldicarbonate and removal of the Z group by catalytic
hydrogenation]. (8)-N-(1-((morpholino)carbonyl)ethylglycine
(Nsmc) was made from (§)-alanylmorpholide which was made
from L-Z-alanine and morpholine,

Circular Dichroism. CD measurements were performed
with a Jasco (Easton, MD) madel 720 spectropolarimeter
equipped with a Peltier temperature control unit. Spectra were
abtained in fused quartz cells from 0.1 to 10 mm path length.
Data are expressed in terms of mean residue ellipticity, [8]
(deg-cm?®/dmol), calculated per mel of amide groups present.

Differential Scanning Calorimetry (DSC). An MC-2 differ-
ential scanning microcalorimeter (MicroCal, Northampton,
MA) was used at a scanning rate of 1°C/min under 20 psi Na.
DSC was canducted in degassed 5 mM sodium citrate, 5 mM
Na;HPOy, and 0.1 M NaCl (pH 4.1) at a peptoid concentration
of 2.0 ar 0.5 mg/ml. A minimum of six scans were conducted
to ensure reproducibility. A thermal scan of buffer versus
buffer was subtracted from a scan of sample versus buffer.
Data analysis was conducted by using the Origins software
supplied by MicraCal.
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NMR Spectroscopy. Samples for NMR experiments were
prepared as =5 mM solutions in CD;OD. Spectra were
acquired at 10°C on a Varian Unity 300 instrument. Standard
one-dimensional proton spectra were collected as §,192 data
points and zera-filled to 16,384,

RESULTS

Synthesis of Sequence-Specific Peptoid Oligomers. N-
substituted glycine oligomers af 3-36 residues were synthesized
in goad yield and high purity by using bromoacetic acid and a
variety of primary amines as submonomers {14, 15). We
created a broad family of oligomeric peptoid products con-
taining a specific sequence of diverse side chain maieties.
These included aliphatic, aromatic, heteracyclic, cationic, and
anjonic groups (Table 1). Reactive side chain functionalities
were protected by TEA-labile groups (Boc for amines and
t-butyl esters for carboxylic acids) that were removed during
cleavage of the peptoid from the resin. Crude oligomer purities
ranging from 50 to 90% were determined by HPLC and largely
depended an the oligomer length (Fig. 2, Table 2). Compounds
were purified to >95% homaogeneity by preparative reversed-
phase HPL.C prior to characterization. Molecular weights were
confirmed by electrospray mass spectrometry and were uni-
formly in agreement with expected values (Table 1).

Characterization of Peptoid Oligomers by CD. The CD
spectra of peptoid oligomers of varying length, monomer
composition, and sequence were obtained in aqueous solution
over the 250- to 180-nm region (Fig. 3). The spectra for
polypeptoids 4 and 6, which include (8)-N-(1-phenylethyl)gly-
cine monomers, show two minima of negative ellipticity =218
and 202 nm, and a band of positive ellipticity =190 nm. The
band at 218 nm corresponds to the nar* transition of the amide
chromophare (observed between 230 to 210 nm in peptides),
whereas the remaining bands correspond to the high and low
wavelength components of the exciton split arar* transition
{observed around 200 nm in tertiary amides) (21). Additional
contributions may derive from coupled interactions between
the peptide bands and the L, transition of the aromatic side
chains (=210 nm for phenylalanine) (21). However, variation
of aromatic content from 33% to 66% of the side chaing daes
not substantially alter the magnitude of the ellipticity in this
region (Fig. 3). Compound 5, which contains side chains of
apposite chirality to 4 and 6, shows a mirror-image a-helix type
CD spectrum. Peptoid homaopolymers 13 and 14 comprised of
chiral side chains containing cyclohexyl and morpholidyl
groups vielded CD spectra lacking the double minimum
profile.

To determine the minimum chain length required to estab-
lish the characteristic helix-like CI signal, the CD spectra of
compounds 7-10, corresponding ta (Nsnp), (# = 1, 3, 5) and
(Ntnp)s oligopeptoids, were obtained in acetonitrile in the
region of 250 to 185 nm (Fig. 4). Compounds 7-10 all have a

£ 0.8]
< 06
& 041
-550,2: ““Abﬂ
< 00 S ——
LI i L R | TT T rrrrri lllllllllllllll
10 20 30
Time {min}

Fic. 2. Analytical HPLC traces of crude peptoid synthesis prod-
ucts: trace a, pentamer 1{Mspe)s; trace b, 18-mer 2 (NaeNspeNspels;
and trace ¢, 36-mer 3 (NWaeNspeNspe)ra Traces a and b are vertically
offset for clarity. All products were purified by preparative HPLC prior
to further study.
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Table 2. Peptoid oligomer structures

Molecular

Monaomer Oligamer ___ﬁght_ Purity,
Peptoid sequence length Cale. : Found T
1 (Nspe)s 5 8§226: 8225 95
2 (NaeNspeNspe), 18 2,550.8 : 2,550.6 80
3 (NaeNspeNspe)iz 34 5,084.6 : 5,084.2 50
4 {MspeNspeNsce)s 9 1,370.8: 1,370.4 60
5 {NrpeNtpeNam)« 12 1,874.3:1,8739 70
[ (MsceNsceNspe)ro 30 4,209.4 : 42099 A0
7 Ac-Nsnp 1 2652: 2649 ND
8  (Nsnp)s 3 635.4: 6351 ND
9 (Nsnp)s 5 1,0476:1,0471 99
10 (Nrop)g 8 1,666.01,665.8 80
11 {NspeNsce)sNspe 9 1,338.8:1,338.4 90
12 {NsamNspeNspe)s 18 2,634.9:2,634.2 60
13 (Nsme)p 12 2,3944:23945 95
14 (Nsch)s _ 5 8526: 8524 95

*As determined by analytical HPLC of crude product. All compounds
were purified to >95% homogeneity. ND, not determined.

CD band at 204-210 nm. The pentamer and octamer display
an additional band at around 195 nm, giving rise to a helix-like
CD signal. Similar spectra were obtained for these compounds
in methano} (22). The spectra of (Nrp)s (compound 10),
comprised of side chains of the opposite chirality, is the mirror
image of the ellipticity of (Nsup)s (compound 9), consistent
with the data presented in Fig. 3. Comparison of spectra for 9
and 10 shows that the intensity of the signal on a per-residue
basis does nat increase for cligomers longer than five residues.
These helix-like spectra are similar to those of peptoids 4-6 in
agueous solution, with a blue shift of the CD bands.

The CD spectra of compound 9 were independent of
concentration in the range 50 pM to 1 mM in acetonitrile,
indicating the absence of intermalecular association. Consis-
tent with this finding, the 'Hone-dimensional NMR spectra of
this pentamer reveal sharp line widths (Fig. 3).

Melting Stndies and Determination of Thermodynamic
Parameters. We used CD to determine whether the helical
structure can be deformed as a function of pH and tempera-
ture. Some polypeptoids undergo a sharp structural transition
as a function of pH. Decreasing the pH from 7 to 3 leads to only
small changes in the CD spectra of the 30-mer 6 (Fig. 6). Upon
further titration to pH 2, the signal around 200 nm is almost
entirely abolished, and the long wavelength band is red-shifted
and diminished. The spectrum at pH 2 resembles that of the

30

20

{61 x 10° {deg cm?/dmol)

180 180 200 210 220 230 240 250
Wavelength (nm)

F1G. 3. CD spectra of polypeptoids with varying monomer com-
pasition and length: M, compound 4 (NspeNspeNsce)s; O, 5 (Nrpe-
NrpeNam)s; O, 6 (NsceNsceNspe)1g; @, 13 (Msme) 2. Peptoid concen-
tration was (1.2 mg/ml (=1 mM residue molarity for all species) in 10
mM sodium phosphate (pH 7.0) at 25°C,



4306 Biophysics, Chemistry: Kirshenbaum ef af.

™1 T T T T
—O— Ac-monomer
—i— Trimer

- Pentamer
—a— Qctamer

20 -

[6) x 10 (deg cm?/dmol)

180 200 210 220 230
Wavelength (nm)

Fis. 4. CD spectra in acetonitrile. Ellipticities for the N-{p-
nitrophenylethyl)glycine trimer § (Nsnp)a (a), pentamer 9 (Msnp)s
(0), octamer 10 (Nrnp)s (@), and the acetylated monamer 7 Ac-Nsnp
(O) were calculated per mal of amide groups present. Helix-hke CDD
signals are evident for the pentamer and octamer. The octamer was
prepared from monomers of the appasite chirality (R vs. §). Peptoid
concentration was 2 mg/ml at 25°C,

Nspe monomet, indicating the absence of repeating secandary
structure.

CD specira were obtained as a function of temperature for
peptoid oligomers in varying selution conditions. The 9-mer 11
and 30-mer 6 show little change in ellipticity as temperature
was increased from. 5 to 65°C at pH 7 (Fig. 7). We utilized the
pH dependent conformational transitions described above to
destabilize the secondary structure sufficiently to detect melt-
ing in an experimentally accessible regime. At pH 4.1, 6
undergoes a sigmoidal thermal transition, which is largely
complete within a 40°C temperature range. The original CD
spectrum is regained upon return to 5°C conditions (data not
shaown).

To more fully investigate the nature of the melting, complete
CD spectra were obtained of 6 at pH 4.1 at temperatures from
5 ta 75°C (Fig. 8). The loss of signal intensity at 220 nm, and

U

PRI SRR
+r—t——t

8.00 7.00 6.00 5.00 4.00 3.00 200 1.00 0.00

Fig. 5. 'H-NMR spectrum for a 5 mM solution of pentanier 9in
CDaOD.

Proc. Natl Acad. Sci. USA 95 (1998}

[61 x -10° {deg cm®/dmol)

200 210 220 230 240
Wavelength (nm)

FIG. 6. The pH dependent conformational transition of 30-mer 6
as demonstrated by CD. Data were obtained at a concentration of 23
M in 5 mM sodium citrate, 5 mM sodium phosphate buffer contain-
ing 0.1 M NaCl at 25°C. The pH value is shown near each spectrum.

the disappearance of the 203 nm minimurl over a narrow
temperature range, indicate the loss of secondary structure
content in a cooperative fashion. The spectra show isodichroic
points at 230 and 200 nm, suggesting a twa-state transition. We
calculated the van’t Hoff enthalpy for the structural trapsition
by a method similar to that described for study of a 50-residue
a-helical peptide (23). The analysis assumes the peptoid is fully
helical at 5°C and fully coiled at 75°C, and that ellipticity is a
linear function of the amount of helical structure present. The
ellipticity values at 203 and 220 nm were separately used to
evaluate the fractional helical content at each temperature
[fH(T?}] and the van’t Hoff enthalpy of the transition, AH,y.
The enthalpies determined by fitting to the van't Hoff equation
at each wavelength were in excellent agreement, and both
equaled 0.22 kcal/mol per residue.,

The thermal transition of & is sharp according to DSC
conducted at 460 M and pH 4.1 (Fig. 8 Inser). The excess heat
capacity has a peak that is complete within a 40°C range. The
peptoid transition is fully reversible and reproducible over
several scans between 15 and 90°C. After subtraction of the
buffer reference trace, the data were fit to a theoretical curve
and the area integrated to obtain AH.,, 1.1 keal/mol per
residue. CD and DSC studies of 6 were both repeated at 120
uM with no variation of molar signal intensity (data not
shown}. Coaperative thermal unfolding is also observed in the

- polycationic 18-mer 12 with limited passibility of forming

intramolecular hydrogen bonds through its side chains. At a
concentration of 36 uM in 10 mM sodium phosphate, 10 mM

... 35 e — T T
ﬁ L
E
=
= | ]
15} 30+ g
oh L J
&
) A
(? !
o F
- 25 | g
3
- A
&
<=5
20- " | L 1 L H I I i1 L 1
0 10 20 o 40 50 g0

Temperature {°C)

Fic.7. Temperature dependence of ;g between 3 and 65°C. Data
were gbtained at 2 concentration of 0.2 mg/ml. @, Peptoid 9-mer
(NspeNsce)sNspe 11 at pH 7, O, 30-mer (NsceNsceNspe)ip 6at pH 7.0;
O, 6 at pH 4.1,



Biophysics, Chemistry: Kirshenbaum et al.

o [ '

=

[«]

E

K2

o

£

o

£

1]

e

==

@

(o]

—

::_, a0 40 680 8O

o, Temp. {°C}

. I L |

200 2140 220 230 240 250

Wavelength, nm

Fig. 8. Thermal unfolding of pH-destabilized 30-mer 6 in 5 mM
sodium citrate, 5 mM sodium phosphate buffer, pH 4.1, containing 0.1
M NaCl. CD spectra were taken at a concentration of 23 uM.
Temperature from bottom to top at 203 nm: 5, 15, 25, 35, 55, and 75°C.
{Inser) DSC scan at a peptoid concentration of 460 pM. Cp in
keal/malK, scan rate was 1°C/min. AH; = 1.1 keal/mal per residue.

sodium borate buffer (pH 8.3), this molecule undergoes com-
plete unfolding between 25 and 65°C as monitored by CD (data
not shown).

DISCUSSION

Although 25-mers have been previously synthesized in good
vields in our laboratory {14), the study of longer structured
molecules presented some synthetic challenges. Because we
aimed to induce structure by the incotporation of hindered
residues, it was necessary to strike a balance between high
coupling efficiencies and strong steric influence of the side
chain aver the main chain. Initial efforts revealed that yields
were compromised when a-branched primary alkylamines
having two « substituents larger than methyl groups were
incorporated into 23-mers (data not shown). However,
a-methyl primary amines were efficiently incaorporated (Fig. 2
and Tables 1 and 2). Importantly, this family of amines are
chiral and many can be obtained in high enantiopurity from
commercial sources.

The presence of these a-chiral side chains is predicted to
dramatically reduce the conformational space energetically
accessible to the palymer backbone. Calculations of e-chiral
peptoid helices indicate the preference for a right-handed helix
pitch with repeating cis-amide bonds and a limited range of ¢,
it dibedral angles {19) (Fig. 1). Green ef gl (24) have inves-
tigated the effects of chiral N-pendant groups on random
isocyanate polymers, which likewise have an achiral backbone.
These studies demonstrated induction of helical secondary
structure of specific handedness, as evidenced by characteristic
CD spectra. :

The present study demonstrates that peptoid oligomers
containing a-chiral side chains “fold” to form stable secandary
structure. The intensity of the CD signals in the UV spectral
regions dominated by amide chromophaore transitions (230 o
185 nm) strangly suggests a well-defined repeating main chain
secondary structure (Fig. 3). The peptoid CD spectra markedly
resemble those of right-handed peptide 319- or a-helices, which
display a positive band around 192 nm and two minima of
ellipticity around 222 and 208 nm (21). The measured ellip-
ticity of the na* band of these peptoids is comparable to those
of fully helical model peptides (peptaid 83 = —2.5t0 —3.5 X
104, vs. peptide 8230 = —2.8 to —3.5 x 10* deg-em?/dmol) {refs.
23 and 25 and references therein). This finding strongly
suggests that these peptoids exhibit helical secondary struc-
ture. Theoretical calculations indicate- that helical secondary
structures can. display two minima between 230 and 200 nm

Proe. Natl. Acad. Sci. USA 95 (1998) 4307

caused by exciton splitting of the wn* amide transition (26}. It
should be noted that a-helix-like “class C” CD spectra have
also heen associated with certain S3-turn peptide structures
{27). However, the magnitude of 8-turn CID signals are typi-
cally of low intensity compared with the signals observed for
peptide a-helices and in the present study.

The absence of a dependence of the CD signal on peptoid
concentration and the sharp line-widths observed in the one-
dimensional 'H NMR spectra (Fig. 5} indicate that the struc-
ture is monomeric and is not stabilized by intermolecular
associations. Analysis of two-dimensional NMR spectra of
a-chiral peptoid pentamers is consistent with the CD data and
modeling studies (19). Based on the pattern of both intra- and
inter-residue ROE cross peaks, we identified a major con-
former with a helical structure and repeating cis-amide bonds
(22).

We abserve helix-like CD signals in a variety of peptoid
sequences varying in length and in the content of charged,
aromatic, and chiral residues. Helix-like CD signals were
preserved in sequences comprised of 33-100% aromatic res-
idues and (1-66% charged residues without substantial change
of signal intensity. However, when the aromatic groups were
removed completely, as in the homo-oligomers containing
marpholido 13 and cyclohexyl 14 side chains, CD signals were
observed that lacked the characteristic double minimum.
Chiral secondary structure can be propagated in the presence
of achiral residues; dodecamer 5, which contains 33%% achiral
Nam residues, retains the helix-like profile. This result should
permit the synthesis of peptoid helices incorporating diverse
side chains from the wide family of achiral primary amines.
Peptoids composed of side chains with inverted chirality show
a mirror image relationship between their CD spectra (Fig. 3).
As found for random isocyanate polymers (24), this sugpests
that enantiomeric side chains can induce the formation of
helices with an inverted screw sense.

Peptoid secondary structure is detected even in shott oli-
gomers. A study of a series of peptoid hamo-oligamers of one
to eight residues demanstrates a helix-like CID signal in {p-
nitrophenylethyl)glycine pentamers and octamers. A maximal
signal is found at the pentamer length (Fig. 4}. Although
peptide a-helices are seldom detected for molecules smaller
than 15 residues, the finding of stable helices in short polyim-
ides is not unprecedented. Helices have been observed in
palyproline molecules as small as three to five residues an the
basis of vibrational and ultraviolet CID measurements (28). A
strong single minimum CD signal observed for the peptoid
trimer may indicate substantial helical proclivity for these
chiral monamers in the absence of the inter-residue coupling
attained by a full turn of the helical structure.,

CD spectra were obtained in a variety of salvents, including
acetonitrile, methanal, and aqueous solution. The character-
istic double minimum spectra were retained with some solvent-
dependent variation of the positions of the CD bands, indi-
cating the resilience of the helical secondary structure to
environmental changes. Previous studies of synthetic “folded™
polymers generally have been limited to solution studies in
organic solvents (6, 9, 10). A critical difference between these
“foldamers” and peptaids is the absence of hydrogen-bond -

formation as a driving force for peptoid secandary structure.

Steric influence of the bulky chiral side chains is likely to
provide a constraint that defines the conformations accessible
to the peptoid backbone (19). Interactions between side chain
aromatic groups, and dipole-dipole repulsion between side
chains and the carbonyl of the main chain amides, may also
provide for specific secondary structure. These forces may
allow peptoids to retain their structure in an aqueous envi-
ronment, in which intramolecular hydrogen-bond networks
can be disrupted.

Peptoid secondary structure is extraordinarily resistant to
thermal unfolding. The 9-mer 11 and 30-mer 6 show only a
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slight variation in CD signal intensity aver the temperature
range from 5 to 65°C in neutral aqueous solution {Fig. 7). The
resistance of peptoids to proteolysis has previously been noted
(29}. The stability of peptoids is an abvious benefit in consid-
ering their potential applications as nanostructured materials
in biological systems.

Peptoids with ionizable side chains can be destabilized in
response to changes in pH conditions. Peptoid 6 shows little
variation in CD signal intensity aver the pH range of 7 to 3 (Fig.
6). However, further titration to pH 2 results in a greatly
diminished CD signal, indicating complete unfolding. This
pH-dependent conformational behavior was exploited to ob-
serve melting in an experimentally accessible regime. Specif-
ically, at pH 4.1 compound 6 demonstrates a complete, re-
versible lass of helix-like CD signal over a narrow temperature
range {Fig. 8}. The presence of an isodichroic point near 200
nm is characteristic of a two-state helix/coil transition, as has
been described by Holtzer and Holtzer (30) for polypeptides.
These authors also point out that it is highly unlikely that a
precise isodichroic point will be observed if side chain CD
bands are making a significant cantribution.

DDSC demonstrates that thermal unfolding is accompanied
hy absorption of heat as secondary structure is melted {Fig. 8
Inset). The narrow peak in excess heat capacity is further
evidence of the highly cooperative nature of peptaid unfolding.
In fact, bath CI and DSC studies demonstrate that 6 unfolds
over a 40°C temperature range, as compared with a greater
than 100°C temperature range for a 5{-residue designed
a-helical peptide (23).

Thermodynamic parameters obtained for the acid-
destabilized melting of 30-mer & are similar to those deter-
mined for helix/coil transitions in peptides. DSC shows that
the calorimetric enthalpy of structure deformation in peptoid
helices (Afi., = 1.1 kecal/mol per residue) is comparable to
that of e-helical peptides (AH. = 1.1-1.3 kcal/mol per
residue) {23}, as is the van’t Hoff enthalpy derived from CD
data {peptoid A,y = 0.22 kecal/mol per residue, vs, peptide
AH.g = 0.22-0.23 keal/mol per residue) (23). Notably, the
enthalpy of peptide unfolding has been ascribed to the break-
ing of main chain hydrogen bonds (23), which cannot be
formed in peptoids. The forces that favor formation of peptoid
helices are not fully understood and are currently under
investigation.

The work presented here demonstrates progress toward the
creatian of biomimetic polymers in which a specific sequence
of chemically diverse monomers are incorporated into a stable
falded structure. It is notable that polypeptoids display many
of the characteristics of peptide behavior such as cooperative
pH- and temperature-induced unfolding in aqueous solution,
despite the absence of main chain hydrogen bonds. More
detailed studies of peptoid structure and dynamics are cur-
rently underway. We believe polypeptoids will be useful for
investigating principles of self-assembly in macromolecules
and for ereating novel functional polymeric materials. We are
currently evaluating the use of these materials as reagents for
DNA and drug delivery. Peptoid nanostructures may prove to
bhe of wide utility in the design and control of molecular
architectures in biotic and abjotic systems.
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