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Peptoids (N-substituted glycine oligomers) are widely used peptidomimetics, and an enhanced understanding of their structures is needed to
expand their utility, particularly in aqueous applications. We report the synthesis and structural study of four water-soluble peptoids that include
strongly helix-promoting (S)-N-1-(naphthylethyl)glycine residues. Peptoid structure changes with both peptoid length and solvent composition.
Multiple data support the self-association of the longest peptoid studied here, 1, via hydrophobic interactions in aqueous solutions.

Peptidomimetic foldamers have served as useful chemi-
cal tools to recapitulate protein structures." Among the
many available scaffolds, sequence-specific peptoids'®?
(N-substituted glycine oligomers) are particularly attrac-
tive owing to their ease of synthesis,’ favorable biostability
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properties,* and capacity to adopt stable secondary struc-
tural motifs including helices,’ turns,® sheets,” and ribbons.®
These features have inspired the study and application
of peptoids as therapeutics,” sensors,'® and structured
nanomaterials,'! for example. However, the study of
water-soluble peptoid structures'? remains underdeve-
loped, and examples of peptoid structures that rival the

(8) Crapster, J. A.; Guzei, 1. A.; Blackwell, H. E. Angew. Chem., Int.
Ed. 2013, 52, 5079.

(9) (a) Zuckermann, R. N.; Kodadek, T. Curr. Opin. Mol. Ther. 2009,
11, 299. (b) Simon, R. J.; Kania, R. S.; Zuckermann, R. N.; Huebner,
V. D.; Jewell, D. A.; Banville, S.; Ng, S.; Wang, L.; Rosenberg, S.;
Marlowe, C. K. Proc. Natl. Acad. Sci. U.S.A. 1992, 89, 9367.

(10) Fuller, A. A.; Holmes, C. A.; Seidl, F. J. Pept. Sci. 2013, 100, 380.

(11) Nam, K. T.; Shelby, S. A.; Choi, P. H.; Marciel, A. B.; Chen, R.;
Tan, L.; Chu, T. K.; Mesch, R. A.; Lee, B. C.; Connolly, M. D.;
Kisielowski, C.; Zuckermann, R. N. Nat. Mater. 2010, 9, 454.

(12) (a) Fuller, A. A.; Seidl, F. J.; Bruno, P. A_; Plescia, M. A.; Palla,
K. S. Pept. Sci. 2011, 96, 627. (b) Shin, S. B. Y.; Kirshenbaum, K. Org.
Lett. 2007, 9, 5003. (c) Sanborn, T. J.; Wu, C. W.; Zuckermann, R. N_;
Barron, A. E. Biopolymers 2002, 63, 12.

(13) (a) Murnen, H. K.; Rosales, A. M.; Jaworski, J. N.; Segalman,
R. A.; Zuckermann, R. N. J. Am. Chem. Soc. 2010, 132, 16112. (b) Lee,
B. C.; Chu, T. K.; Dill, K. A.; Zuckermann, R. N. J. Am. Chem. Soc.
2008, /30, 8847. (c) Lee, B. C.; Zuckermann, R. N.; Dill, K. A. J. 4m.
Chem. Soc. 2005, 127,10999. (d) Burkoth, T. S.; Beausoleil, E.; Kaur, S.;
Tang, D.; Cohen, F. E.; Zuckermann, R. N. Chem. Biol. 2002, 9, 647.



Nae Nsce =
Ns1npe
Peptoid Sequence
1 H-Nae-Ns1npe-(Nsce),-Ns1npe-(Nae),-Ns1npe-(Nsce),-Ns1npe-(Nae),-Ns1npe-Nsce-NH,
2 H-Nsce-Ns1npe-(Nae),-Ns1npe-(Nsce),-Ns1npe-(Nae),-Ns1npe-Nsce-NH,
3 H-Nae-Ns1npe-(Nsce),-Ns1npe-(Nae),-Nsi1npe-Nsce-NH,
4 H-Nsce-Ns1npe-(Nae),-Ns1npe-Nsce-NH,

Figure 1. Sequences of peptoids 1—4. The full structure of 1, shown, is labeled with the peptoid residue abbreviations.

complexity of biomolecular structure (e.g., by intra- or
intermolecular self-association in aqueous environments)
are few."?

Given the absence of H-bond donors in the peptoid
backbone, peptoid secondary structure is chiefly con-
trolled by adding side chains that influence the amide bond
rotation as well as ¢ and v dihedral angles.'* The effects of
steric and electronic factors on this equilibrium have been
used to guide peptoid structural predictions. As an excel-
lent example of this design in practice, the sterically bulky
(S)-N-(1-naphthylethyl)glycine (Nslnpe) residue was pre-
dicted to be strongly helix-promoting because it confers a
substantial energetic preference for the cis amide bond
conformation.'*® Peptoid helices studied at high resolution
comprise cis amide bonds.” The Blackwell laboratory
confirmed this prediction; they detail highly structurally
homogeneous poly(Nslnpe) oligomer helices,* including
the crystal structure of a four-residue oligomer. Similar to
peptoid helices that comprise other sterically bulky hydro-
phobic side chains, the poly(Nslnpe) helix has three
residues per turn, cis amide bonds, and a pitch of approxi-
mately 6 A.

In this study, our aim was to advance understanding of
the influence of Nslnpe on peptoid structure in neutral
aqueous conditions; findings here will facilitate biological
application of Nslnpe-containing peptoids. We have
previously studied 15-residue water-soluble peptoids that
adopt a putative amphiphilic helical secondary struc-
ture,'* originally derived from a structure reported by
the Zuckermann laboratory.'*® We adapted this simple
design to peptoids 1—4 studied here (Figure 1). The
peptoid scaffold includes just three residues: (S)-N-(1-
carboxyethyl)glycine (/Nsce, anionic at neutral pH), N-(2-
aminoethyl)glycine (Nae, cationic at neutral pH), and the
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Nslnpe aromatic residues. The sequence ordering follows
general criteria for the design of helical peptoids: two-
thirds of the residues are bulky and chiral (Nsce and
Nslnpe), and every third residue is aromatic.'> Assuming
that 1-4 would maintain the putative amphiphilic helix
structure, 1—4 were designed to enable us to compare
peptoids with 5, 4, 3, or 2 helix turns, respectively.

The inclusion of Nslnpe residues offers several advan-
tages. Because they are strongly helix-promoting, we an-
ticipated that we would observe robust peptoid structures,
and we could compare our spectroscopic data to those of
the poly(Ns1npe) oligomers.’® Moreover, the fluorescence
of the naphthalene chromophore provides a chemical tool
that has not yet been used to derive additional structural
information about the peptoids.

Peptoids are efficiently prepared on solid support by
the “submonomer” synthesis method wherein bromo-
acetylation and amine displacement reactions are iterated
to generate a sequence-specific oligomer (Supporting In-
formation (SI) Scheme S1).? For the synthesis of 1—4, an
amine-functionalized Rink amide resin was bromoacety-
lated. The terminal bromide was then displaced by the
appropriate primary amine to install the Nslnpe, Nsce, or
the Nae residues (see SI for details). Peptoids 1—4 were
then simultaneously deprotected and cleaved from the
resin. Finally, peptoids were purified by reverse-phase
HPLC (Figure S1), and their identities were confirmed
by mass spectrometry (Table S1).

To assess the effects of peptoid length on structure,
we acquired circular dichroism (CD) spectra for 1—4
(Figure 2a). Correlations between CD spectral features
and the existing high-resolution structures are commonly
used to infer structural information.’ In buffered aqueous
solution, peak wavelengths and intensities both vary
with peptoid length, indicating very different conforma-
tions for these peptoids. The CD spectrum of the shortest
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peptoid, 4, closely resembles spectra reported for poly-
(Nslnpe) oligomers of at least four residues,*® suggesting 4
adopts a similar helical conformation; it has an intense
minimum at 231 nm and a broad maximum near 215 nm.
The minimum at 231 nm was correlated with the overlap of
naphthalene units in the side chains of the i and i + 3
residues in the peptoid helix.’* While the CD spectrum of
3 maintains the same general shape as the spectrum of 4,
CD spectra for 1 and 2 are substantially different. Most
notably, 1 and 2 exhibit spectral maxima at 227 and
231 nm, respectively. The dramatic length-dependent spec-
tral differences for 1—4 diverge substantially from the CD
studies of poly(Nslnpe) oligomers, wherein spectral fea-
tures change minimally with increased peptoid length.>
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Figure 2. Spectroscopic features of peptoids 1—4 change with
peptoid length. (a) CD spectra and (b) fluorescence emission
spectra of 40 uM 1—4 in aqueous buffer (5 mM Tris, pH 7.5).

Fluorescence emission spectra of 1—4 also exhibit pep-
toid length-dependent trends that provide some insight
into the origin of the observed CD spectral differences
(Figure 2b). In the emission spectra of both 1 and 2, the
longest peptoids studied, there are two emission peaks at
Amax = 340 and 392 nm. In the spectrum of 1, the peak at
392 nm s 52% more intense than the 340 nm peak. The two
peaks are approximately equal in intensity in the spectrum
of 2. The spectra of 3 and 4, however, exhibit just one
maximum at 337 nm.

The broad, red-shifted emission peak at 392 nm is attrib-
uted to a naphthalene excited state dimer (excimer).'®
Excimers are observed when chromophores are positioned
~3 A from one another due to molecular conformation or
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intermolecular association, making them useful photophy-
sical probes.'” The appearance of this peak in the fluores-
cence spectra of 1 and 2 prompted us to hypothesize that 1
and 2 undergo hydrophobically driven self-association in
water. Given that peptoid helices have a helix pitch of ~6 A
in all high-resolution structures,’ an intermolecular assem-
bly is the most likely arrangement that would position the
chromophores at a close distance.
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Figure 3. Spectral features of 1 are solvent-dependent. (a) CD
spectra and (b) fluorescence spectra of 40 uM 1 in varied
solvents. All aqueous buffers are pH 7.5.

To evaluate our hypothesis of peptoid self-association,
we first compared solvent effects on the CD spectra of 1
(Figure 3a). We focused our studies on 1 because it showed
the most dramatic CD spectral differences from the poly-
(Nslnpe) oligomers and the most intense excimer fluores-
cence emission. CD spectra of 1 were evaluated in two
organic solvents, methanol (protic) and acetonitrile
(aprotic), and in aqueous buffers with increasing ionic
strength. In the organic solvents, CD spectral features of
1 match those of poly(NsInpe) oligomers: there is a broad
maximum near 210 nm and an intense minimum at 227 nm.
Notably, CD spectra of 1—4 are similar in organic solvents
(Figure S2), suggesting that all have a helical conformation
similar to the poly(Nslnpe) oligomers. With increasing
ionic strength, the spectrum of 1 changes; the intensity of
the signal at 231 nm is increased. CD spectra of peptoids
2—4 exhibit more modest changes in response to changes in
solvent (Figure S3).

In the fluorescence spectra of 1, there are also signif-
icant differences between organic and aqueous solvents
(Figure 3b). In the organic solvents, there is no emission
attributed to excimer fluorescence. The single fluorescence
maximum at 340 nm is common to 1—4 in organic solvents

Org. Lett,, Vol. 15, No. 19, 2013



(Figure S4). While added NaCl impacts the ratio of peak
intensities for 2—4 (Figure S5), increased solvent ionic
strength has minimal effect on the fluorescence spectra
of 1. At this peptoid concentration (40 uM), we propose
that fluorescence efficiency of the excimer is maximized.
Solvent-dependent changes in both the CD and fluores-
cence spectra of 1 can be attributed to a hydrophobically
driven process wherein aqueous solvents promote
peptoid self-association or a conformational rearrange-
ment induced by altering electrostatic interactions of the
side chains or some combination of these two effects.

The sensitivity of the ratio of the two fluorescence
emission peaks’ intensities to the concentration of 1 offers
more compelling support that intermolecular association
of 1 influences excimer peak intensity. At concentra-
tions above 10 uM, the ratio of peak intensity at 392 nm
(excimer) to 340 nm does not change substantially. Below
10 uM, however, the excimer fluorescence intensity de-
creases relative to the emission peak at 340 nm (Figure S6).

Monitoring the interaction of 1-analinonaphthalene-8-
sulfonate (1,8-ANS) with 1 (Figure S7) provided more
evidence of peptoid self-association. As has been pre-
viously studied, the fluorescence emission of 1,8-ANS is
minimal in aqueous solution but is enhanced when the dye
binds to a hydrophobic environment created by peptoid
self-association.'*® Increasing the concentration of 1 from
5 to 100 M results in a dramatic 39 nm blue shift of the
Amax and a 36-fold enhancement of 1,8-ANS fluorescence
intensity at 471 nm (A, for 1,8-ANS when [1] = 100 uM).

The temperature dependence of CD spectral features of
1 is also consistent with its self-association in aqueous
buffer (Figure 4). As temperature increases, the intensity of
the maximum at 231 nm decreases. At 98 °C, the spectrum
of 1 exhibits a minimum at 227 nm, similar to the spectrum
of 1 in organic solvent. There is an isodichroic point at
222 nm which is characteristic of a transition between two
conformational states. This temperature sensitivity is com-
mon for processes driven by hydrophobic interactions and
was not observed for poly(Nslnpe) oligomers. Tempera-
ture effects on the CD spectra of 2 are less prominent
(Figure S8), and the CD spectrum of 3 does not change in
response to temperature.

To estimate the size of the peptoid aggregates, we
subjected 1 to size exclusion chromatography. The reten-
tion time of 1 was compared to retention times of standards
eluted from the column with 50 mM Tris-HCI, 150 mM
NaCl, pH 7.3 (TBS buffer) to approximate the degree of
assembly of 1. Peptoid 1 elutes from the column as a broad
peak (Figure S9), and the calculated molecular weight of
the peptoid assembly is approximately twice the molecular
weight of 1. The fraction eluted at the apex of the broad
peak exhibits strong excimer fluorescence emission, as
expected given the likely fast equilibration of peptoid
monomer and multimer species (Figure S10).
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Figure 4. CD spectral features of 1 vary with temperature. All
spectra were acquired for 50 4uM 1 in 5 mM Tris, pH 7.5.

In conclusion, we have prepared new water-soluble
peptoids whose self-association has been characterized
by complementary spectroscopic techniques. This is the
first time the fluorescence of Nslnpe peptoid residues
has been measured directly, establishing the utility of this
analytical tool for peptoid structural studies. We detail
specific fluorescence (excimer emission) and CD spectro-
scopic characteristics (maximum at 231 nm) that correlate
with enhanced self-association promoted by increased
peptoid length, increased solvent ionic strength, or de-
creased temperature. Peptoid 1is among a small number of
peptoids reported to self-associate at very low concentra-
tions in aqueous solution, providing a template for the
design of molecules that can ultimately rival the structural
complexity of proteins. Ongoing studies in our laboratory
will seek to characterize the specific roles of peptoid length,
helicity, and hydrophobicity on the dynamics of their self-
association.
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