Angew. Chem. 2004, 116, 511516

Angewandte

Peptide Design |

Two Helical Conformations from a Single
Foldamer Backbone: “Split Personality” in Short
o/p-Peptides™*

Ahlke Hayen, Margaret A. Schmitt, Felix N. Ngassa,
Kathryn A. Thomasson,* and Samuel H. Gellman*

Oligomers that adopt predictable conformations (“foldam-
ers”) are subjects of increasing interest from the perspectives
of both fundamental research and applications.!! The study of
unnatural oligomers that display secondary structures analo-
gous to those of proteins or nucleic acids provides new insight
on the parameters that influence the “foldability” of a
backbone, e.g., the relationships between conformational
stability and number of residues or residue flexibility. As the
rules that govern shape are elucidated for new backbones, this
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information can be applied to create foldamers with interest-
ing functions.”) Most unnatural foldamers reported so far
have homogeneous backbones, i.e., they are constructed from
building blocks of a single class (e.g., a- or f-amino acids), as
is also the case for biological foldamers."l Heterogeneous
backbones, composed of two or more residue types, can also
display well-defined folding behavior, although this strategy
for foldamer design has received relatively little attention to
date.®! The exploration of heterogeneous backbones is
important because mixing monomer classes leads to an
exponential increase in the range of potential foldamers.
Increasing the number of distinct shapes that can be
predictably achieved should enhance opportunities to
endow foldamers with desirable activities.

Here we show that combining a-amino acid and cyclic 3-
amino acid residues in a sequentially alternating pattern can
lead to helix formation within relatively short heterooligom-
ers.!l Structural data suggest that these foldamers have a
“split personality,” simultaneously populating two different
helical conformations. Both helices contain backbone C=
O--H—N hydrogen bonds with N—C directionality, but they
differ in the sequential spacing between C=0 and H—N (i,i +
3 in one case, i,i+4 in the other). This behavior parallels
closely the split personality observed among peptides com-
posed exclusively of a-amino acid residues, which frequently
populate both a- and 3,,-helical conformations in solution.”
Our a/p-peptides differ from a-peptides, however, in that
folding is observed with fewer residues in the former than in
the latter. The different monomer types in the heterogeneous
o/B-peptide backbone offer complementary benefits to the
new foldamers we have identified: the constrained p-residues
provide conformational preorganization, while the a-residues
allow facile introduction of specific side chains at specific
positions.

Initial two-dimensional NMR studies!®! were conducted
with diastereomeric hexamers 1ab in CD;OH (Figure 1).
Both contain (S,S)-trans-2-aminocyclopentanecarboxylic acid
(ACPC)™ residues in the B-amino acid positions. The two
lysine residues were selected to promote solubility in polar
media, and the central tyrosine residue was placed to promote
"H NMR resonance dispersion (by means of the magnetic
anisotropic effects of the aromatic side chain). Proteinogenic
L-o-residues (S configuration) were used for 1a, while D-a-
residues were used for 1b. The signals in the 'H NMR
spectrum of oligomer 1a were moderately dispersed, and a
number of NOEs were detected between residues that are not

Figure 1. Graphical summary of unambiguously assigned NOEs involv-
ing sequentially nonadjacent residues for a/f3-peptide 1a in CD;OH.
o/P-Peptide 1b is the diastereomer in which all a-residues have the
opposite configuration (not shown); no nonsequential NOEs were
detected for 1b.
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adjacent in sequence. Nonsequential NOEs of this type are
strong evidence that the oligomer adopts a compact con-
formation, or perhaps multiple compact conformations, for at
least part of the time. (Interconversion between folded and
unfolded states, and between alternative folded states, is
presumably rapid on the NMR timescale.) No nonsequential
NOEs could be detected for 1b, which suggests that this
diastereomer has little propensity to fold under these
conditions.

Five nonsequential NOEs could be assigned with certainty
for 1a (Figure 1); several other nonsequential NOEs were
present but of ambiguous identity because of resonance
overlap. The unambiguous nonsequential NOEs were con-
sistent with formation of helices involving backbone hydro-
gen bonds from carbonyl groups to amide protons in the C-
terminal direction. Each of the ambiguous nonsequential
NOE:s had a possible assignment that was consistent with this
type of helix.’! The same hydrogen-bond directionality is
observed in the two most common helices formed by
homogeneous L-a-residue backbones, the o-helix (13-mem-
bered-ring hydrogen bonds, C=O(i)--H—N(i+4)) and the 3,,-
helix (10-membered-ring hydrogen bonds, C=0(i)---H-N(i +
3)), and in the 12-helix”! formed by homooligomers of (S,5)-
ACPC  (12-membered-ring  hydrogen bonds, C=
O(i)--H—N(i +3)).

Structural conclusions based on the data for 1a are
tentative because relatively few nonsequential NOEs could
be confidently assigned. Prior to the design of a second
generation of o/B-peptides related to 1a, intended to display
greater NMR resonance dispersion, we used an ACPC/
alanine dodecamer for computational modeling” of three
helical conformations that contain backbone C=O--H—N
hydrogen bonds with N—C directionality (Figure 2). These
helices are named based on the characteristic hydrogen-bond
ring size: 11-helix, 14/15-helix, and 18-helix (Figure 3). The
model structures suggest that some nonsequential NOEs (or
lack thereof) might allow distinctions to be drawn among the
alternative helices (Table 1). For example, a-residue H*(i)/a-
residue NH(i 4+2) NOE:s are expected for the 11-helix (3.8 A
average interproton distance predicted), but not for the 14/15-
or 18-helix (>5 A). In 1a, one of the two possible NOEs of
this class was observed. On the other hand, a-residue H*(i)/B-
residue H*(i+3) NOEs are expected for the 14/15-helix
(3.0 A) and the 18-helix (4.3 A), but not for the 11-helix
(>5A). In 1a, the only possible NOE of this type was
observed. (The other unambiguous NOEs observed for 1a
were two B-residue HP(i)/B-residue NH(i +2) NOEs and one
B-residue HP(i)/a-residue NH(i +3) NOE, which the models
indicate to be possible in all three helices). Model structures
were constructed also for helices defined by hydrogen bonds
with the opposite directionality, from carbonyl groups to
amide protons in the N-terminal direction (the 9-, 12/13-, and
16-helices; not shown). This set of helical conformations
could be ruled out because the NOEs predicted for these
structures, mostly NH of residue i to H* or HP of residue i + 2,
i+3, or i+4, were not detected for 1a or the oligomers
discussed below.

a/B-Peptides 2 and 3 (Figure 4) were prepared in an effort
to search for the i,i+3, i,i+4, and i,i+5 NOE patterns that
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Figure 2. Hydrogen-bond patterns that define the helical secondary
structures of the o/p-peptides considered here, with hydrogen bonds
from carbonyl groups to amide protons in the C-terminal direction;
a) 11-helix, b) 14/15-helix, c) 18-helix.

would aid in identifying the helical conformation(s) adopted
by this type of heterogeneous backbone. These new com-
pounds contain eight residues, rather than the six in 1a. They
are stereochemical analogues of 1a, but two of the p-residues
are (3R,4S)-trans-3-aminopyrroli-
dine-4-carboxylic acid ((3R4S5)-
APC) rather than (S,S)-ACPC.
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14/15-helix 18-helix

Figure 3. Model helices generated in SYBYL to examine possible con-
formations of a/B-peptides. Dotted gray lines indicate hydrogen
bonds. The upper views are along the helical axis; the lower views are
perpendicular to the helical axis.

ing suggests that three i,i +3 NOE patterns would be most
likely among backbone protons in the three helical secondary
structures considered: 1) f-residue HP(i)/a-residue NH(i 4 3),
2) a-residue H(i)/p-residue NH(i+3), and 3) a-residue
H*(i)/f-residue H*(i+3). Among these three patterns, the
third is not expected for the 11-helix, but is consistent with the
other two helices, as discussed above; two of the three
possible NOEs of this type were observed for 2. Our second
predicted NOE pattern is consistent with the 11-helix (3.6 A
average interproton distance predicted) and the 14/15-helix

Table 1: Average interproton distances [A] measured from model helices.?

Chemie

Four different L-c-residues were NOE type 11-helix 14/15-helix 18-helix
employed. Oligomers 2 and 3 differ ~ f-residue HP(j)/B-residue NH(i+2) 33 3.9 46
only in the placement of the Lys  PB-residue H'()/p-residue H(i+2) 2.4 3.7 4.5
and Glu residues.'! |3-resi.due H‘(‘l(l)/ﬁ-resi.due NH(i'+ 2) 4.3 4.1 3.8
Oligomer 2 in CD,OH dis- a-residue H*()) fo-residue NH (i +2) 3.8 - -
played the best 'HNMR resonance g rogidue He () faresidue NH(i+3) 31 23 43
dispersion among the a/B-peptides  p.residue HP(j)/c-residue H*(i+3) - 4.6 -
we examined, although there was  a-residue H(j/B-residue NH(i+3) 3.6 43 -
still some overlap. Eight of the 14  a-residue H*()/B-residue H*(i+3) - 3.0 43
possible ii+2 NOEs between ) ; ) )
backbone protons could be unam- E::jﬂ: E“E% E::j:z ,:F"_'(:(’-;—':;) - 3.0 ig
F)lgum.lsly identified (Table. 2), B-residue HP()/B-residue H(i+4) - - 2.4
including two of the four possible  _esidue He () /a-residue NH i+ 4) _ 4.0 31
a-residue H®(i)/o-residue NH(i +
2) NOEs. As pointed out above,  B-residue H()/a-residue NH(i+5) - - 3.7
this type of NOE is suggested by  a-residue H"()/B-residue NH(i+5) - - 3.7

our simple modeling to be consis-
tent with only the 11-helix. Model-
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were greater than 5 A and no NOEs would be expected.
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Table 2: Summary of NOEs involving nonsequentially adjacent residues for a./B-peptides 2 and 3 in CD;OH.”!

NOE type and residues Oligomer 2 Oligomer 3 Structure

ip HP—i+24 HN

1-3 Yes* ?
35 Yes ?
57 Yes* Yes 2 0 H Q
~ N N)‘a

7-9 Yes Yes ﬂN”

o)
i HP —i 42, H
1-3 Yes* Yes*
35 Yes Yes
s O H Q
57 Yes* No f\N N }5
N N
H 2 : S H 3 H
iy H*—=i+24 HN
1—-3 Yes Yes* _'\
35 Yes No 8 fo) ' H (o] .
57 Yes No R VI JJ\N/ N—p— \N)%
79 No No N N \[of H
i H*—i+2, HN
0—2 Yes No o
24 Yes No & 0 H
[N
46 No No ”NLN N ”)‘
6—38 No No H oo
iy HP—i+3, HN
14 ? ?
3—6 Yes Yes H o H o] H 0
o ” e ™ NN J\WK%
(o]
i H*—i+3g HN

0—3 Yes ?

2—5 Yes ? o o

47 Yes Yes N Bl H H

6—9 Yes Yes kg N N N
A Ho H

i H*—i435 H®
0—3 No No
2—-5 Yes No
457 Yes No H o H Q H
; N p 3
o] o
iy HP—i+45 HN

1-5 No ? T
357 No Yes / \
?
5—9 No : " J(J)\ H o b 0
%;/N'* — N NZ\SJ\N NZKJ\N/%I
H 5 H o H

iy H*—i+4, HN

0—4 No ?
2—6 No ?
4—8 No Yes

[a] “Yes” indicates that an NOE was observed that had only one possible assignment. “Yes*” indicates that an NOE was observed that had two or more
possible assignments, one of which was consistent with the indicated nonsequential NOE. Other assignments for this NOE were not consistent with
other probable nonsequential NOEs. “No” indicates that no NOE was observed, but that the indicated NOE would have been observed if it had been
present. “?” indicates that an NOE was observed, but that it could not be assigned because of overlap with either a sequential or intraresidue NOE, or
that more than one probable nonsequential assignment for the NOE was possible.
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Figure 4. o/B-Peptides 2 and 3 shown with residue numbering used in Table 2.

(43 A), but not with the 18-helix. All four of the possible
NOE:s of this type were observed for 2.

Oligomer 3 displayed poorer 'H NMR resonance dis-
persion than did isomer 2, particularly in the N-terminal
region, but it was nevertheless possible to identify ten
unambiguous nonsequential NOEs (Table 2). These included
two of the four possible a-residue H*(i)/p-residue NH(i +3)
NOEs (pattern #2 above), expected for the 11- and 14/15-
helices but not the 18-helix. Also observed was a -residue
HP(i)/-residue NH(i +4) NOE, which is consistent with the
14/15-helix (3.0 A average interproton distance predicted),
and the 18-helix (3.4 A), but not with the 11-helix, and an a-
residue H*(j)/a-residue NH(i +4) NOE, which is consistent
with the 14/15-helix (4.0 A) and the 18-helix (3.1 A), but not
with the 11-helix.

The observed NOE data can be explained by proposing
that a/p-peptides like 2 adopt both the 11-helix and the 14/15-
helix, which interconvert rapidly and give rise to averaged
NMR data.l'! Significant population of the 18-helix can be
ruled out based on missing nonsequential NOEs. Specifically,
modeling suggests that three types of nonsequential NOEs
should be unique to the 18-helix among the secondary
structures we considered: 1) B-residue HP(i)/B-residue
H%i+4) (24 A average interproton distance predicted),
2) B-residue HP(i)/a-residue NH(i+5) (3.7A), and 3)a-
residue H%(i)/p-residue NH(i+5) (3.7A). None of these
NOE:s was observed for 2 or 3, in which two of each type could
have occurred, even though most of the NOEs could have
been readily detected (no sequence overlap for 7 of the 12
diagnostic NOEs in 2 and 3).

As a further probe of the folding preferences of o/f-
peptides, we examined the analogue of 2 containing (S,S)-
trans-2-aminocyclohexanecarboxylic acid (ACHC)!™! in place
of ACPC, and the diastereomer containing (S,S)-ACHC and
D-o-residues. Neither octamer displayed any nonsequential
NOE:s in methanol; thus, ACHC does not support a/p-peptide
helix formation, in contrast to ACPC. This stark difference
between these two types of 3-amino acids, with five- and six-
membered rings, may arise because homogeneous ACHC
backbones favor a helix containing C=O--H—N hydrogen

Angew. Chem. 2004, 116, 511516 www.angewandte.de

bonds with C—N directionality,'¥ which is opposite to the
hydrogen-bond directionality in the a-helix, the f-peptide 12-
helix, and the a/B-peptide helices detected in this work.

The data reported here demonstrate a strong propensity
for helical secondary structure among short oligomers with
heterogeneous backbones of alternating proteinogenic a- and
cyclic -amino acid residues. This folding is noteworthy since
peptides of similar length composed exclusively of proteino-
genic a-amino acids do not adopt helical conformations in
methanol."” The apparent rapid interconversion between two
alternative helical conformations is particularly interesting
because of parallels with behavior that is well-documented
among peptides containing exclusively a-amino acid resi-
dues.”! We are currently trying to identify residue and
sequence design strategies that will favor the 11-helix relative
to the 14/15-helix and vice versa; some success has been
achieved with analogous efforts to disentangle the a- and 3,
helices among a-peptides.’! At a general level, our findings
suggest that heterogeneous oligomers containing two or more
types of amino acid residues will be fruitful sources of new
foldamers.
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