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We describe experiments that probe whether antiparallel b-sheet secondary structure becomes more stable as the number of strands increases.
Several groups, including ours, have explored this issue with pepides
designed to adopt three-stranded b-sheet conformations, but the conclusions have not been consistent. In this study, we examine the effect
on conformational stability of b-sheet lengthening perpendicular to the
strand direction via analysis of designed peptides that adopt threestranded or four-stranded antiparallel b-sheet conformations in aqueous
solution. The findings reported here, along with the context provided by
earlier studies, suggest that antiparallel b-sheet does, in general, become
more stable when the number of strands is increased from two to three.
We show that this conclusion is not influenced by the rigidity of the loop
segment used to link adjacent b-strands (D -Pro-Gly versus Asn-Gly). We
show that further extension, from three strands to four, leads to a further
increase in antiparallel b-sheet stability.
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Introduction
a-Helical conformations of polypeptides grow
more stable as the length of the a-helix increases.
This trend was demonstrated originally by comparisons among polydisperse homopolypeptides
with different average molecular mass,1 and more
recently by comparisons among short, discrete
peptides of varying length.2,3 The influence of
length on a-helical stability reflects a balance
between the small favorable energetic effect of
incorporating a residue into a pre-existing helix
from a random coil state and the larger energetic
penalty of starting the a-helix from a purely random coil state.4,5 Understanding length-dependent
effects and other factors that control a-helix
stability is fundamental to understanding protein
Abbreviations used: NOE, nuclear Overhauser
enhancement; NOESY, NOE spectroscopy; ROESY,
rotating frame Overhauser enhancement spectroscopy;
COSY, correlation spectroscopy; TOCSY, total COSY.
E-mail address of the corresponding author:
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conformational stability at higher structural levels
(tertiary, quaternary), because the a-helix is a
very common substructure in folded proteins.
The same is true of the b-sheet.
Does length influence the stability of b-sheet
secondary structure? This question could not be
addressed until it became possible to design small
peptides that fold autonomously to b-sheets in
aqueous solution, a relatively recent advance.6 – 11
The question of length-dependence is more complex for b-sheet secondary structure than for
a-helix. Two orthogonal dimensions must be
considered for b-sheet, along the strands and perpendicular to the strands,12 while only a single
dimension, along the axis, is important for helices.
We have recently analyzed length-dependent
effects on antiparallel b-sheet stability along the
strand direction.13 Stability was compared among
a series of two-stranded b-sheets (“b-hairpins”)
that had an invariant core region but variable
extension sequences at the termini. Lengthening
the strands from five to seven residues led to
increased b-hairpin stability for all extensions
examined, but further lengthening to nine residues
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did not lead to additional b-hairpin stability in
most cases. This behavior differs from the consistent increase in a-helix stability observed upon
lengthening.
Several groups have examined the effect on conformational stability of lengthening an antiparallel
b-sheet perpendicular to the strand direction, by
increasing the number of strands from two to
three. Sharman & Searle14 compared the extent of
b-hairpin formation in the presence and in the
absence of an N-terminal segment that could form
a third b-strand. The three-stranded b-sheet conformation of the longer peptide (24 residues) was
populated significantly in 50% (v/v) aqueous
methanol but not in water. Those workers concluded that the b-hairpin was more highly populated in the context of the three-stranded b-sheet
than in isolation. Independently, we designed a 20
residue, three-stranded antiparallel b-sheet that
folds in water (VFITSD PGKTYTEVD PGOKILQ-NH2,
abbreviated D PD P, (Chart 1)) to examine the same
question.12 A key element of our design was the
use of D -Pro-Gly segments to form loops of
two-residues between adjacent b-strands; earlier,
D -Pro-Gly loops had been shown to promote
b-hairpin formation in shorter peptides.13,15 – 18 The
D -Pro-Gly loops in D PD P facilitated evaluation of
the relationship between b-sheet stability and
strand number because converting D -Pro to L -Pro
abolishes b-hairpin formation between the adjacent
strands. Therefore, comparing D PD P with L PD P, in
which the N-terminal b-hairpin of D PD P has been
disrupted by L -Pro replacement, allowed us to
assess the influence of the N-terminal b-hairpin on
the stability of the C-terminal b-hairpin. Similarly,
comparing D PD P with D PL P, in which the C-terminal
b-hairpin of D PD P has been disrupted by L -Pro
replacement, allowed us to assess the influence of
the C-terminal b-hairpin on the stability of the
N-terminal b-hairpin. These comparisons indicated
qualitatively that both the N-terminal and the
C-terminal b-hairpins are populated more highly
when embedded in the triple-stranded b-sheet
than in isolation, i.e. that the b-sheet becomes
more stable upon addition of strands.12
More recently, de Alba et al.19 have designed a 20
residue, triple-stranded antiparallel sheet that folds
in water and compared it with shorter peptides
that correspond to the N-terminal b-hairpin and
the C-terminal b-hairpin of this b-sheet. Those
workers concluded that in neither case does the
presence of the third strand lead to a significant
increase in b-hairpin population, i.e. that their
b-sheet does not become more stable upon
addition of strands. However, the folded state
populations were low for all three peptides, ca
20%, and the failure to detect length-dependent
variations in b-sheet stability may have arisen
from the fact that only ca 20% of the maximum
effect could have been observed. Griffith-Jones &
Searle20 have designed a 24 residue peptide that
folds to a three-stranded b-sheet in water and compared the stability of the C-terminal b-hairpin in
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the context of this b-sheet with the stability of this
b-hairpin in isolation. Those workers concluded
that the presence of the N-terminal strand stabilized the antiparallel b-sheet state of the two
C-terminal strands by ca 0.1 kcal/mol (DG) at
298 K (1 cal ¼ 4.184 J). Since this three-stranded
b-sheet, like all of the peptides discussed below, is
not 100% folded, the free energy increment identified by Griffiths-Jones & Searle for lengthening a
b-sheet by one strand provides a lower limit for
the maximum effect. Koide et al.21 have shown
that a single-layer antiparallel b-sheet in a natural
protein can be expanded via strand addition
without compromising the stability of the protein
folding pattern. Sun & Doig22 have developed a
statistical mechanical treatment of b-sheet formation that can be used to assess length-dependent
effects on conformational stability.
Here, we analyze quantitatively the influence of
strand number on antiparallel b-sheet stability in
aqueous solution; our approach complements and
extends previous work from our group and others.
We continue to employ D -Pro-Gly loops in our
designs, since this segment tends to provide higher
b-hairpin population than does the Asn-Gly loop
used in the triple-strand designs by Searle et al.14,20
or the Ser-Gly loop used in the triple-strand design
by de Alba et al.19 An enhanced b-hairpin population offers the prospect of observing larger
thermodynamic effects exerted by distal strands.
In addition, we have generated four-stranded antiparallel b-sheets that fold in water, which allow
us to determine whether length-dependent effects
change as a function of the number of added
strands.

Results
Peptide design
In order to determine whether antiparallel
b-sheet secondary structure grows more stable as
strands are added, we previously relied on qualitative comparisons among NMR data for D PD P and
diastereomers L PD P and D PL P.12 This strategy is
based on the fact that D -Pro promotes b-hairpin
formation strongly in surrounding residues, while
L -Pro prevents b-hairpin formation. Here, we
expand on the previous findings in three ways: (1)
we use NMR-based population analysis to quantify
the effect on b-sheet stability of additional strands;
(2) we evaluate the effect of loop rigidity (D -ProGly versus Asn-Gly) on the stabilization arising
from addition of a third strand to a b-hairpin; and
(3) we examine the impact of adding a fourth
strand to the b-sheet. Extension to four strands
is significant because we have found that lengthdependent stabilization of antiparallel b-sheet
along the strand direction is not monotonic.13 It
was therefore important to determine whether
length-dependent stabilization of antiparallel
b-sheet perpendicular to the strand direction
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dissipates with increasing length, as was observed
previously along the strand direction.
The design of D PD P was based on several considerations. D PD P contains many residues with a
high propensity for b-sheet formation, e.g. those
with b-branched side-chains.23 Clustering among
hydrophobic side-chains on adjacent strands is
thought to stabilize b-sheets.24 – 35 We tried to promote favorable interstrand contacts by pairing
appropriate side-chains at non-hydrogen bonded
positions that are directly across from one another
in terms of the hydrogen bonded registry of the
antiparallel b-sheet (“lateral pairing”). Thus, F2/
T11 is a lateral non-hydrogen bonded pair in the
N-terminal b-hairpin of D PD P, and Y10/L19 is a
lateral non-hydrogen bonded pair in the C-terminal b-hairpin. Side-chains paired in non-hydrogen
bonded positions are oriented toward one another
in the antiparallel b-sheet conformation, which
provides the best opportunity for favorable hydrophobic contacts. Each hydrophobic cluster includes
an aromatic side-chain in order to maximize the
dispersion of 1H NMR resonances. Other lateral,
non-hydrogen bonded pairings were chosen
because of likely favorability. Lateral non-hydrogen bonded Thr/Thr pairings appear to be favored
in the antiparallel b-sheets of natural proteins,36,37
and D PD P has such a pairing (T4/T9). The E12/
K17 pairing might lead to salt-bridge formation,
depending on pH.
Peptides with a high propensity for b-sheet formation have been notorious for their tendency to
aggregate.38 We tried to discourage aggregation of
D
PD P by endowing the peptide with a net positive
charge. We used ornithine (O) as one of the basic
residues in order to maximize 1H NMR dispersion
relative to the two lysine residues. Although
ornithine is not a proteinogenic residue, physicochemical principles lead one to expect that the
secondary structural propensity of ornithine will
be very similar to those of the proteinogenic residues lysine and arginine. Indeed, we have shown
that replacing ornithine with lysine in a designed
b-hairpin does not cause any change in folding.39
D
PD P contains a second non-proteinogenic residue, D -proline. D -Pro-Gly segments are highly
prone to participate in type I0 and II0 b-turn formation as residues i þ 1 and i þ 2.40 The unusual
type I0 and II0 b-turns are found commonly in the
loops that connect adjacent strands of antiparallel
b-sheet in proteins.41 – 44 Structural analysis of
several designed b-hairpins containing D -Pro-Gly
loops shows that this non-proteinogenic loop
generates native-like b-sheet interactions between
attached strands.17,28,45 From a design perspective,
D -Pro-Gly has two advantages relative to proteinogenic sequences that have been used to induce
antiparallel b-sheet secondary structure. First,
D -Pro-Gly is a stronger promoter of local b-sheet
structure than is Asn-Gly,46 which is the most
common proteinogenic segment in two residue
b-hairpin loops.47 Second, use of D -Pro in the loop
segment facilitates design of control peptides that
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are critical for determining b-sheet population.
Short b-sheet-forming peptides of the type discussed here are usually folded only partially.
Quantifying b-sheet population can be achieved
on the basis of chemical shift data, which requires
control peptides that model the fully unfolded
state and the fully folded state.39 Altering the proline configuration (D ! L ) abolishes b-hairpin
formation and generates the unfolded reference.
Cyclizing a b-hairpin-forming sequence with a
second D -Pro-Gly segment generates a folded
reference.
D
PN was examined as a control to determine
whether the non-proteinogenic D -Pro-Gly loop
leads to unnatural conformational behavior in our
b-sheet model systems. D PN differs from D PD P only
at residue 14, where D -Pro in the latter is replaced
by Asn in the former. Thus, the loop segment
for the C-terminal b-hairpin of D PN is Asn-Gly,
the most common two residue b-hairpin loop
observed in proteins.43 Our quantitative analysis
strategy focuses on the C-terminal b-hairpins of
our b-sheet model systems; therefore, comparing
results for D PD P with results for D PN will reveal
whether the unnatural D -Pro-Gly loop exerts a
non-native influence on the cooperative effects we
are examining.
We required a four-stranded antiparallel b-sheet
in order to determine whether length-dependent
stabilization perpendicular to the strand direction
persists upon extension from three to four strands.
There is no precedent for a four-stranded b-sheet
that folds autonomously in aqueous solution.
(Das et al.48 have reported a 26 residue peptide
that adopts a four-stranded b-sheet conformation
in methanol.) Our design involved appropriate
positioning of D -Pro-Gly segments and proper
placement of residues that could engage in favorable interstrand side-chain/side-chain contacts.
The C-terminal b-hairpin of the four-stranded
b-sheet was made identical with the C-terminal
b-hairpin of D PD P to facilitate quantitative analysis
(vide infra). As discussed below, NMR-based structural analysis of D PD P reveals clustering among the
side-chains of five residues on one side of the
three-stranded b-sheet, I3, S5, Y10, K17 and L19.
We envisioned that a comparable cluster formed
by side-chains from the first, second, and third
strands (the first strand being the new strand)
would promote the formation of a four-stranded
b-sheet. This new cluster would occur on the opposite face of the b-sheet relative to the original I/S/
Y/K/L cluster, which would then involve the
second, third and fourth strands of the fourstranded sheet.
Our first step toward the design of a four-strand
b-sheet was to create a three-strand b-sheet in
which the first strand is new, but the second and
third strands correspond to the first and second
strands of D PD P. This preliminary effort allowed us
to optimize an interstrand side-chain cluster that
would ultimately be complementary to the I/S/
Y/K/L cluster in D PD P. In the new design, D PD P-II,
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Figure 1. A summary of selected NOEs observed at 4 8C for (a) D PD P and (b) D PN in aqueous solution, pH 3.8 (uncorrected), 100 mM sodium deuterioacetate buffer. NOEs between backbone protons (NH – NH, NH –CaH and CaH – CaH)
of sequentially non-adjacent residues and NOEs between protons on sequentially adjacent residues defining the turns
in the b-sheet conformation are shown. Lists of proton chemical shifts and NOEs and graphical NOE summaries are in
Supplementary Material.

residues I11 through V21 (C terminus) mirror residues I3 through V13 of D PD P. Residue F2 of D PD P
has been replaced conservatively with Y10 in
D
PD P-II. Residue V1 of D PD P has been replaced
with K9 of D PD P-II to promote aqueous solubility
and minimize aggregation. V5 was selected
because we have observed that valine preceding
D -Pro seems to promote b-turn formation, and
because b-branched residues have a high propensity for b-sheet formation.23 E4 was selected
because of the possible salt-bridge with K9
(although the use of pH 3.8 for the NMR studies
might preclude salt-bridge formation). I3 was
selected because of a high propensity for b-sheet
formation. F2 was selected in the hope that a
favorable cross-strand hydrophobic interaction
would occur between this side-chain and the sidechain of I11. R1 was selected to promote solubility
and discourage aggregation. The side-chains of I3,
V5, Y10, T17 and T19 of D PD P-II are intended to
form a stabilizing side-chain cluster in the folded
state.
D
PD PD P represents a merger of D PD P and D PD P-II to
generate a four-stranded design. Residues F2-Q20
of D PD P are identical with residues F10 –Q28 of
D
PD PD P. With one exception, residues R1 – K9 match
one another in D PD P-II and D PD PD P (I3 in D PD P-II
is replaced with S3 in D PD PD P because nuclear
Overhauser enhancement (NOE) data for D PD P-II
(vide infra) suggested that the side-chain of I3 does
not participate in the intended hydrophobic
cluster). A modified four-stranded b-sheet design,
D
PD PD P-cc, was developed. D PD PD P-cc differs from
D
PD PD P at two positions: S13 of D PD PD P has been
replaced by cysteine, and a second cysteine residue
has been added at the N terminus. In the expected
b-sheet conformation, the two cysteine residues
would be juxtaposed laterally in non-hydrogen
bonded positions. Disulfide formation should
lock in the N-terminal b-hairpin of D PD PD P-cc,39
decreasing the number of partially folded states of
D
PD PD P-cc relative to D PD PD P, therefore enhancing
any stabilizing effect exerted by the N-terminal

strand, via the second strand, on the C-terminal
b-hairpin.

Structural analysis of designed antiparallel
b-sheet peptides
We previously reported 500 MHz NMR data
for the designed 20-mer D PD P showing that this
peptide folds partially to a three-stranded antiparallel b-sheet conformation in aqueous solution
at 24 8C.12 This initial characterization has now
been complemented by acquiring additional NMR
data at 4 8C with 600 MHz and with 750 MHz
spectrometers. The one-dimensional 1H NMR
spectrum of D PD P displayed significantly greater
resonance dispersion at 4 8C than at 24 8C. A larger
number of backbone– backbone NOEs was
observed at the lower temperature, including all
of the CaH –CaH and NH – NH NOEs expected for
the target conformation (Figure 1(a)). These data
show that the b-sheet hydrogen bond registry at
4 8C is identical with that at 24 8C. Numerous
NOEs were observed at 4 8C between side-chains
in non-hydrogen bonded positions of each b-hairpin within D PD P. Multiple contacts were detected
for lateral pairs (F2/T11 and Y10/L19) and for
pairs that are offset toward the N termini of their
respective strands relative to one another (F2/T9
and Y10/K17). We refer to these latter juxtapositions as diagonal pairings. We have recently
shown that diagonal side-chain contacts contribute
to the stability of a designed b-hairpin closely
related to the C-terminal segment of D PD P.45
Diagonal pairings arise from the right-handed twist
that is observed commonly in b-sheets.49 The potential significance of diagonal side-chain-side/chain
contacts in b-sheet stability has received little attention to date.45,50 A network of NOEs was observed
between residues in hydrogen-bonded positions in
the N-terminal b-hairpin. None of these NOEs was
observed in the original analysis. Both lateral (I3/
Y10) and diagonal (S5/Y10) side-chain contacts

Figure 2. (a) Four-state folding model proposed for D PD P; this model follows the analogous model proposed by Griffiths-Jones & Searle20 for a different peptide designed to
form a three-stranded b-sheet. (b) Collapse of the four-state model for D PD P to a two-state equilibrium, C-terminal b-hairpin unfolded versus C-terminal b-hairpin folded,
which can be monitored by chemical shift data for residues Orn16 and Ile18 in the C-terminal strand (see the text for details).
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Figure 3. a-Proton chemical
shift index (DdHa ¼ dHa(obs) 2
dHa(random coil)) for the strand
residues of three-stranded designs
in aqueous solution, pH 3.8 (uncorrected), 100 mM sodium deuterioacetate buffer, at 4 8C. dHa(random
coil) values from model tetrapeptides.54 (a) D PD P (filled bars) and
L D
P P (open bars). (b) a-Proton
chemical shift index of D PD P (filled
bars) and D PN (open bars), and
L
PN (hatched bars).

were observed, but for these hydrogen bonded
positions the diagonal pairing involves an offset
toward the C terminus in each strand. All of these
side-chain NOEs are consistent with the intended
triple-stranded b-sheet conformation. No NOE
inconsistent with this conformation was observed.
The large number of NOEs between residues
that are not adjacent in sequence (see Supplementary Material) does not necessarily imply that
D
PD P adopts a single folded conformation in aqueous solution. We have previously shown that
individual b-hairpins display two-state folding
behavior (“all-or-none”), but the three-stranded
b-sheet probably does not. As Griffiths-Jones &
Searle20 have pointed out for a different designed
three-stranded b-sheet, the conformational behavior of D PD P is probably best described in terms of
a four-state model: a fully unfolded state, a fully
folded state (triple-stranded b-sheet), and partially
folded states corresponding to the C-terminal
b-hairpin alone and the N-terminal b-hairpin
alone (Figure 2(a)). These conformational states
interconvert rapidly on the NMR timescale. The
NOE data indicate that no alternative folding
patterns are significantly populated.
Additional evidence of b-sheet formation by
D
PD P was obtained from the chemical shifts of
a-protons (dHa) and a-carbon atoms (dCa), which
are sensitive to secondary structure.51 – 53 Residues
in a b-sheet conformation generally show downfield-shifted dHa relative to the unstructured or

random coil state. Figure 3(a) shows DdHa
( ¼ dHa(obs) 2 dHa(random coil)) values for D PD P at
4 8C. We follow the standard procedure of using
the dHa values from small unfolded peptides in the
series Gly-Gly-Xxx-Ala to represent dHa(random
coil);54 we use the Lys value for Orn. The DdHa
data obtained at 24 8C (not shown) display a
comparable pattern but generally smaller DdHa
values, suggesting a decrease in folded population
at the higher temperature. A peptide segment is
considered to be in a b-sheet conformation when
three or more consecutive residues show DdHa
values . 0.1 ppm.53 All of the expected strand
regions of D PD P conform to this trend; deviations
are seen at the two termini (presumably frayed)
and L19. The negative DdHa value for L19
may reflect ring current effects from the nearby
aromatic side-chain of Y10 in the folded state (this
proximity is indicated by NOEs).
Figure 4 shows DdCa ( ¼ dCa(obs) 2 dCa(random
coil)) for D PD P at 24 8C, where the dCa(random coil)
values are obtained from small peptides Gly-GlyXxx-Ala-Gly-Gly.55 dCa data show opposite trends
relative to dHa data: residues in a b-sheet conformation generally show upfield 13C chemical shifts
relative to the unstructured state.51 The DdCa values
for D PD P are predominantly negative, as expected,
but Y10 and L19 show positive values. The distribution of DdCa values for b-sheets in proteins overlaps with the distribution of DdCa values for
a-helices, which lie downfield of the random coil
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Figure 4. a-13C chemical shift
index (DdCa ¼ dCa(obs) 2 dCa(random
coil)) for the strand of D PD P (filled
bars), LPLP (open bars) and c(D P)2-II
(hatched bars) in aqueous solution,
pH 3.8 (uncorrected), 100 mM
sodium
deuterioacetate
buffer,
at 24 8C. dCa(random coil) values
obtained from model peptides.55

state;51 therefore, observation of a few deviations
from the general DdCa trend for D PD P is not surprising. Our analysis of D PD P and other systems13
suggests that dCa data do not provide a substantial
improvement over dHa data in terms of insight on
secondary structure in designed b-sheets. Since
acquisition of dCa data is time-consuming at natural
isotopic abundance, we rely on dHa data for analysis of the remaining peptides discussed below.
NMR analysis of D PN indicates that this peptide
forms a three-stranded antiparallel b-sheet conformation analogous to that of D PD P. Numerous
NOEs were observed between sequentially
non-adjacent residues of D PN (Figure 1(b) and
Supplementary Material), all of which are consistent with the expected conformation. (Chen et al.
recently reported that the b-sheet folding pattern
of D PD P is preserved when D -Pro-14 is replaced
by Asp, but not when D -Pro-6 is replaced with
Asp.56) The number of NOEs between sequentially
non-adjacent residues is smaller for D PN than for
D
PD P. The DdHa data for D PN are consistent with
the three-stranded b-sheet conformation throughout the sequence (Figure 3(b)), although the extent
of folding appears qualitatively to be diminished
relative to D PD P.
D
PD P-II was designed as a first step toward
development of a four-stranded antiparallel
b-sheet model system, as described above. NMR
data (not shown) indicated qualitatively that the
expected three-stranded b-sheet conformation is
at least partially populated in aqueous solution.
The DdHa data for D PD P-II revealed DdHa . þ 0.1
ppm for F2-V5, K8-S13 and K16-Y18, corresponding to the N-terminal, middle and C-terminal
strands, respectively, of the antiparallel b-sheet
design. Numerous NOEs were observed for
D
PD P-II, all of which are consistent with the threestranded b-sheet (see Supplementary Material).
NH – NH NOEs were observed for residue pairs
expected to engage in interstrand hydrogen bonds
with one another (I3/Y10, V5/K8, I11/Y18 and
S13/K16) but not for any other sequentially nonadjacent residue pairs. In addition, side-chain/
side-chain NOEs are consistent with the expected
contacts. NOEs were observed between the side-

chain of Y10 and the side-chains of V5, T17 and
T19 (because of imperfect resolution it was impossible to distinguish between side-chain resonances
of T17 and T19). Although we expected side-chain
NOEs between the lateral non-hydrogen bonded
pair I3/Y10, none was observed. In addition, sidechain NOEs were observed between F2 and both
K9 and I11. This set of observations suggests that
the N-terminal strand of D PD P-II would be suitable
for extension of D PD P to a four-stranded b-sheet.
Qualitative NMR data indicate that the fourstranded b-sheet conformation of D PD PD P is significantly populated in aqueous solution. Figure 5
shows that nearly all of the residues expected to
reside in a b-strand display DdHa . þ 0.1 (the
three exceptions are S3, which should be directly
across from F10, K8 and L27; the leucine residue
analogous to L27 in D PD P and related designs
shows upfield shifts). Many NOEs were observed
between residues that are not sequentially adjacent
in D PD PD P (see Supplementary Material), and all
are consistent with the intended four-stranded
b-sheet conformation. Backbone NOEs (Figure
6(a)) include most of the NH – NH NOEs expected
for hydrogen bonded pairings in neighboring
strands (V5/K8, K9/E20, I11/Y18, S13/K16, V21/
O24 and T19/I26) and most of the CaH –CaH
NOEs expected for non-hydrogen bonded pairings
in neighboring strands (E4/K9, K8/V21, F10/T19,
E20/K25 and Y18/L27). In addition, each of the
three glycine residues shows an NH –NH NOE
with the next residue in the sequence, as expected
for loop formation at each D -Pro-Gly segment.
The pattern of side-chain/side-chain NOEs (see
Supplementary Material) suggests clustering
among three sets of side-chains: V5/F10/T17/T19,
S13/Y18/K25/L27 and F2/K9/I11. In each set, the
aromatic side-chain displayed multiple NOEs to
each of the other residues involved, sometimes
including NOEs to backbone protons. The NOE
data indicate that D PD PD P does not populate
folded conformations other than the four-stranded
b-sheet or partially folded versions thereof.
NMR data indicated that D PD PD P-cc adopts a partially populated four-stranded antiparallel b-sheet
conformation in aqueous solution, similar to the
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Figure 5. a-Proton chemical shift
index (DdHa ¼ dHa(obs) 2 dHa(random
coil)) for the strand residues of
four-stranded designs in aqueous
solution, pH 3.8 (uncorrected),
100 mM sodium deuterioacetate
buffer, at 4 8C. dHa(random coil)
values from model tetrapeptides.54
(a) D PD PD P (open bars), L PD PD P (filled
bars) and LPLPD P (hatched bars).
The value for Arg1 is not shown
because the peptides are uncapped
at the N termini. (b) D PD PD P-cc
(filled bars), D PD PD P (open bars)
and L PD PD P (hatched bars). The
value for Cys preceding Arg1 is
not shown for D PD PD P-cc because
the peptide is uncapped at the N
terminus.

conformation displayed by D PD PD P. The success of
the disulfide in stabilizing the N-terminal b-hairpin is indicated by DdHa data, which show that all
residues in the N-terminal strand of D PD PD P-cc

have significantly larger positive values than do
the analogous residues of D PD PD P (Figure 5(b)). In
addition, nearly all of the residues in the other
three strands show larger positive values for

Figure 6. A summary of selected NOEs observed at 4 8C for (a) D PD PD P and (b) D PD PD P-cc in aqueous solution, pH 3.8
(uncorrected), 100 mM sodium deuterioacetate buffer. All NOEs between backbone protons (NH –NH and CaH–CaH)
of sequentially non-adjacent residues and NH– NH NOEs between sequentially adjacent residues defining the turns in
the b-sheet conformation are shown. Lists of proton chemical shifts and NOEs and graphical NOE summaries are in
Supplementary Material.
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PD PD P-cc than for D PD PD P, although the differences
between D PD PD P-cc and D PD PD P are smaller in
the second, third and fourth strands than in
the N-terminal strand. NOE data for D PD PD P-cc
(see Supplementary Material) are consistent with
the expected folding behavior; the pattern of sidechain/side-chain NOEs is very similar to that
observed for D PD PD P.

D

b-Sheet population analysis of
designed peptides
The b-sheet populations were derived from CaH
chemical shift data. dHa data for short peptides
like those described here represent populationweighted averages of the contributions of the
unfolded and b-sheet states, which interconvert
rapidly on the NMR timescale. We use L -Pro-containing peptides to model limiting dHa values for
the fully unfolded state, and cyclic peptides containing a second D -Pro-Gly segment to model
limiting dHa values for the fully folded state.39 We
have shown that this approach is successful with
two designed b-hairpins,28,45 one of which is quite
similar to the C-terminal b-hairpin of D PD P. Folding
of both b-hairpins was shown to be cooperative;
that is, the conformational equilibrium appeared
to involve just two states, unfolded and completely
folded.
In order to detect the effect of strand number on
b-sheet stability, we compare C-terminal b-hairpin
populations among the three-stranded and fourstranded designs described above. These population estimates are derived from NMR parameters
for two residues in each C-terminal strand, Orn
and Ile. This approach allows us, for example, to
quantify the effect of a third strand on b-hairpin
stability by focusing on dHa values for residues
O16 and I18 of D PD P and L PD P. Selection of these
two residues as the “indicators” was dictated by
several considerations. First, a cyclic reference
peptide based on the middle and C-terminal
strands of D PD P (designated c(D P)2-II; Chart I)
models chemical shift effects exerted by the middle
strand on the C-terminal strand in the folded state
and vice versa, but this cyclic peptide does not
model the chemical shift effects exerted by the
N-terminal strand on the middle strand. Therefore,
DdHa data for residues in the middle strand of D PD P
cannot be used for quantitative studies. Second, we
have previously shown that dHa-based population
analysis of b-hairpins is successful only for
hydrogen bonded residues (i.e. residues that form
hydrogen bonds to the adjacent strand).28,39,45 dHa
data for non-hydrogen bonded residues appear to
be distorted by magnetic anisotropy effects from
aromatic side-chains. Therefore, dHa values for K17
and L19 cannot be used to determine the population of the C-terminal b-hairpin of D PD P or L PD P.
Third, terminal residues like Q20 tend to be frayed.
Focusing on the population of the C-terminal
b-hairpin of D PD P allows us to collapse the four-
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state conformational behavior illustrated in Figure
2(a) to a two-state system, C-terminal b-hairpin
unfolded versus C-terminal b-hairpin folded, as
shown in Figure 2(b). The effect of the third strand
on the population of the C-terminal b-hairpin provides quantitative insight on the enhancement of
stability that arises from lengthening the sheet perpendicular to the strand direction. This strategy is
extended readily to four-stranded sheets: focusing
on C-terminal b-hairpin populations of D PD PD P
and D PD PD P-cc allows us to collapse the multiple
conformational states available to these peptides
to two, C-terminal b-hairpin unfolded versus
C-terminal b-hairpin folded, in a manner analogous to that illustrated for a three-stranded
b-sheet in Figure 2(b).
The dHa values for the unfolded state (dU) of D PD P
and related peptides were obtained from L PL P. The
dHa values for the folded state of the C-terminal
b-hairpin (dF) were obtained from cyclic peptide
c(D P)2-II (a related cyclic peptide, designated
c(D P)2, has been used for analysis of a b-hairpin
closely related to the C-terminal b-hairpin of
D
PD P.45 NMR data confirmed that both of these
reference peptides display the expected conformational behavior (see Supplementary Material).
With these two sets of reference dHa values in
hand, one can estimate the folded population (Pb)
for the C-terminal b-hairpin of D PD P via equation
(1) by using dHa values obtained from D PD P
(dobs) and the appropriate dU and dF values. This
approach can be used for population calculations
based on dCa values.
Pb ¼ ðdobs 2 dU Þ=ðdF 2 dU Þ

ð1Þ

The C-terminal b-hairpin populations deduced for
O16 and I18 of D PD P at 4 8C from dHa data are
reasonably consistent (83(^ 3)% and 75(^ 2)%,
respectively; Table 1). Slightly lower population
values were indicated by data obtained at 24 8C,
76(^ 3)% for O16 and 66(^ 3)% for I18. C-terminal

Table 1. The population of the b-sheet state at 4 8C was
calculated at each indicator residue from daH data
according to equation (1). DDG was calculated for D PD P
versus L PD P or D PN versus L PN in the usual way (Keq
for b-hairpin formation ¼ (dobs 2 dU)/(dF 2 dobs); DG ¼
2RT ln Keq; DDG ¼ DG(D PX) 2 DG(L PX)). The experimental uncertainties shown arise from the ^0.01 ppm
uncertainty in daH
Peptide

Residue

Population

DDG (kcal/mol)

D

PP
PD P

Orn 16
Orn 16

83 ^ 3%
70 ^ 3%

20.42 ^ 0.22

PD P
PD P

lle 18
lle 18

75 ^ 2%
60 ^ 2%

20.38 ^ 0.13

PN
PN

Orn 16
Orn 16

63 ^ 3%
40 ^ 3%

20.52 ^ 0.17

PN
PN

lle 18
lle 18

60 ^ 2%
37 ^ 2%

20.50 ^ 0.12

D
L

D
L

D
L

D
L
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b-hairpin population at 24 8C was estimated from
the dCa data, 72(^ 1)% for O16 and 65(^ 1)% for
I18; these results match those obtained at 24 8C
from the dHa data. The similarity of the populations
deduced from the dHa and dCa data suggests that
proton chemical shifts are reliable sources of population information. The good agreement between
data for O16 and data for I18 is consistent with
the view that C-terminal b-hairpin formation is a
two-state process.
We compared D PD P with L PD P in order to determine the extent to which the N-terminal strand
stabilizes the C-terminal b-hairpin. dHa-based
population analysis (equation (1)) supports previous qualitative conclusions, suggesting that the
C-terminal b-hairpin of L PD P is 60– 70% populated
at 4 8C (Table 1). We used these population values
and those calculated for D PD P to calculate differences in stability (DDG) for the C-terminal
b-hairpin embedded in a triple-stranded b-sheet
(as in D PD P) versus isolated C-terminal b-hairpin
(as in L PD P). This thermodynamic difference is ca
0.4 kcal/mol at both of the indicator residues
(Table 1). Chemical shift data obtained at 24 8C
also corresponded to a DDG of ca 0.4 kcal/mol
(data not shown). These DDG values are lower
limits on the extent of stabilization of the C-terminal b-hairpin resulting from the N-terminal strand,
since the N-terminal strand is not in place 100% of
the time in D PD P.
A related comparison was carried out using the
20 residue peptides D PN and L PN in order to determine whether the proteinogenic Asn-Gly loop
would differ from the unnatural D -Pro-Gly loop
with regard to the stabilizing effect exerted
by a third strand on the C-terminal b-hairpin.
dHa-based population analysis of D PN and L PN
was carried out for residues O16 and I18 using
equation (1), with dU values from L PL P and dF
values from c(D P)2-II. The populations estimated
for the two residues (Table 1) agree well with one
another for both peptides at 4 8C: ca 62% population of the C-terminal b-hairpin for D PN and ca
38% population of the C-terminal b-hairpin for
L
PN. The difference between these two peptides
suggests that the presence of the N-terminal strand
stabilizes the C-terminal b-hairpin of D PN by ca
0.5 kcal/mol. Thus, the DDG increment observed
for the Asn-Gly system is very similar to the
increment for the D -Pro-Gly system, even though
the Asn-Gly loop leads to a lower b-sheet population than the D -Pro-Gly loop. This similarity constitutes strong evidence that the non-proteinogenic
D -Pro-Gly loop induces a “natural” b-sheet interaction between attached strands.
D
PD PD P and related peptides were used to
examine the effect of a second N-terminal strand
on the stability of the C-terminal b-hairpin. D PD PD P
was compared with diastereomers in which either
D -Pro-6 was changed to L -Pro (L PD PD P) or both
D -Pro-6 and D -Pro-14 were changed to L -Pro
(L PL PD P). These alterations were expected to eliminate the N-terminal b-hairpin or eliminate both

Table 2. The population of the C-terminal b-hairpin was
calculated at each indicator residue from daH data
according to equation (1). The experimental uncertainties
shown arise from the ^ 0.01 ppm uncertainty in daH
Peptide

Residue

Population

D

PPP
PD PD P
L L
P PD P
D D D
P P P-cc

Orn 24
Orn 24
Orn 24
Orn 24

83 ^ 3%
83 ^ 3%
70 ^ 3%
90 ^ 3%

PD PD P
PD PD P
L L
P PD P
D D D
P P P-cc

lle 26
lle 26
lle 26
lle 26

75 ^ 2%
75 ^ 2%
63 ^ 2%
85 ^ 2%

D

D

L

D
L

the N-terminal and middle b-hairpins, respectively. DdHa and NOE data confirmed qualitatively
that L PD PD P and L PL PD P displayed the expected
b-sheet secondary structure in only the segments
neighboring the D -Pro-Gly loops (see Supplementary Material). Reference peptides c(D P)2-II
and L PL P were used to estimate dHa values for the
fully folded state and the fully unfolded state,
respectively, of the C-terminal b-hairpin of each
28-residue peptides.
Table 2 shows C-terminal b-hairpin populations
and Table 3 shows DDG values calculated from dHa
data for O24 and I26 for D PD PD P versus L PL PD P and
for D PD PD P versus L PD PD P. The two DDG values for
D
PD PD P versus L PD PD P are zero, within experimental
uncertainty. Thus, the partial presence of the
N-terminal strand in the four-stranded antiparallel
b-sheet conformation available to D PD PD P does not
seem to exert a significant effect on the stability of
the C-terminal b-hairpin. A similar conclusion can
be derived from the observation that the DDG
values for D PD PD P versus L PL PD P are indistinguishable from the DDG values previously determined
for D PD P versus L PD P. These results can be explained
in two alternative ways. (1) Adding a fourth
b-strand may not enhance the stability of the
C-terminal b-hairpin, in contrast to the stabilizing
effect of adding a third b-strand. (2) The fully
folded state of D PD PD P (all four strands in place)

Table 3. The C-terminal b-hairpin populations are shown
in Table 2. DDG was calculated for D PD PD P versus LPLPD P,
etc. in the usual way (Keq ¼ (dobs 2 dU)/(dF 2 dobs); DG ¼
2RT ln Kkq; DDG ¼ DG(D PD PD P) 2 DG8 (L PL PD P), etc.).
The experimental uncertainties shown arise from the
^0.01 ppm uncertainty in dobs
Peptide comparison

Residue

DDG (kcal/mol)

D

P P P versus P P P

Orn 24
lle 26

20.42 ^ 0.22
20.32 ^ 0.13

D

PD PD P versus L PD PD P

Orn 24
lle 26

0.00 ^ 0.27
0.00 ^ 0.15

D

PD PD P-cc versus L PL PD P

Orn 24
lle 26

20.74 ^ 0.35
20.67 ^ 0.18

D

D

L

L

D
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Figure 7. The C-terminal b-strand population estimated from the a-proton chemical shift data for the two
indicator residues, Orn24 and Ile26, at 4 8C for peptides
in the four-stranded b-sheet series: D PD PD P-cc (gray
bars), D PD PD P (open bars), LPD PD P (filled bars) and L PL PD P
(diagonal hatched bars). The error indicated arises from
the 0.01 ppm uncertainty in the measurement of dHa
values.

is populated to only a small extent, and the net
stabilizing effect exerted by the N-terminal strand
on the C-terminal b-hairpin may therefore be too
small to detect.
The modified four-stranded design, D PD PD P-cc,
was used to distinguish between the two alternative explanations given above for the similarity
in C-terminal b-hairpin stability observed for
D
PD PD P and L PD PD P. Disulfide formation in D PD PD Pcc stabilizes the N-terminal b-hairpin strongly,
decreasing the number of partially folded states
and therefore enhancing any stabilizing effect
exerted by the N-terminal strand, via the second
strand, on C-terminal b-hairpin formation. Figure
7 compares population values for C-terminal
b-hairpins of D PD PD P-cc, D PD PD P, L PD PD P and L PL PD P,
as measured at the Orn and Ile residues in the
C-terminal strand. The population deduced for
D
PD PD P-cc appears to be higher than for the other
three peptides. Table 3 shows this result in another
way: DDG for D PD PD P-cc versus L PL PD P is significantly larger (in an absolute sense) than DDG for
D
PD PD P versus L PL PD P, although the difference is
significant only for I26. Thus, this comparison
suggests that cooperative stabilization of antiparallel b-sheet secondary structure can be propagated perpendicular to the strand direction
through at least two strands.

Discussion
We have employed designed antiparallel
b-sheets with variable numbers of strands to show
that b-sheet secondary structure grows more stable
as the number of strands increases. The use of
D -Pro-Gly segments to link adjacent strands has
facilitated this study because these dipeptide units
serve as “strand-stop” signals. Thus, the positioning of D -Pro-Gly units within a designed sequence
determines the length and number of the potential
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strand-forming segments. (Whether the strands
will engage in b-sheet interactions with one
another depends upon the availability of favorable
interstrand side-chain/side-chain contacts.) The
question of length-dependent effects on b-sheet
stability would be difficult to address with b-sheets
embedded in a specific tertiary structure because
there is no simple way to disentangle effects
arising within an embedded b-sheet from effects
involving tertiary contacts between the b-sheet
and the rest of the protein. Indeed, length-dependent effects on a-helix stability have been explored
with autonomously folding helical peptides rather
than with a-helices in proteins.1 – 3
Most short peptides that adopt specific secondary structures in water are not fully folded under
accessible conditions.5,7,9,10,57 – 59 Determining the
folded-state population in such cases can be
challenging, particularly for b-sheet models.6 For
the three-stranded and four-stranded b-sheets
discussed here, the challenge is exacerbated by the
population of partially folded states in which only
a subset of the strands is in place.20 We have dealt
with this situation by quantifying the population
of an invariant C-terminal b-hairpin as a function
of the number of strands added at the N terminus
(zero, one or two). Since added strands will not
participate in the b-sheet conformation all the
time, this strategy identifies only a lower limit for
the stabilization provided by these strands to the
b-hairpin under scrutiny.
In our system, adding a third strand stabilizes a
two-stranded antiparallel b-sheet by a minimum
of 0.4 kcal/mol. A fourth strand seems to confer a
similar additional increment of stability. This increment may be compared with related values from
other studies. Griffiths-Jones & Searle20 used a
different b-sheet design to assess the effect of
an added strand on b-hairpin stability; a ca
0.1 kcal/mol enhancement in b-hairpin stability
was observed when the third strand was at least
partially in place. Given the inherent uncertainties
in the population determinations of the two
studies, it is not clear whether the difference
between our values and that of Griffiths-Jones &
Searle20 is significant. In a complementary effort,
we have examined the effect of increased length
along the strand direction on b-hairpin stability.13
Lengthening from a 12-mer to a 16-mer (i.e.
lengthening each strand from five to seven residues) led to 0.2 – 0.3 kcal/mol stabilization, but an
additional four-residue lengthening (16-mer to
20-mer) did not result in further stabilization. This
non-monotonic effect of b-sheet lengthening along
the strand direction contrasts with the steady
increase in stability upon lengthening perpendicular to the strand direction (two versus three
versus four strands). The incremental effects of
length on b-sheet stability summarized here are
comparable to analogous effects on a-helix
stability: lengthening an alanine-rich sequence
from 12 to 16 residues is expected to stabilize the
a-helix by 0.65 kcal/mol.60
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Why do added strands stabilize an existing
b-sheet (in our case, a b-hairpin)? This effect
probably arises, at least in part, because a
b-sheet interaction between two adjacent
strands conformationally preorganizes each
strand for additional b-sheet interactions on the
opposite side. For example, in a three-stranded
b-sheet like that formed by D PD P, interaction
between the N-terminal strand and the central
strand promotes the extended conformation of
the central strand, which is necessary for interaction with the C-terminal strand. In this way,
formation of one b-hairpin within the peptide
lowers the entropic cost of forming the second
b-hairpin.

Materials and Methods
Peptide synthesis
All linear peptides were prepared with SYNERGY
432A automated synthesizers (Applied Biosystems,
Foster City, CA). Standard solid-phase Fmoc chemistry
with HBTU activation and Rink Amide AM resin
(Applied Biosystems, Foster City, CA) were used at a
25 mmol scale. This resin produces peptides with a
primary amide group at the C termini; the N termini
were not capped. Peptides were cleaved from the resin
and side-chains deprotected simultaneously using trifluroacetic acid (TFA). Peptides were purified by HPLC
with a C4-silica column (5 mm, 10 mm £ 250 mm; Vydac,
Hesperia, CA) and CH3CN/water/TFA eluents. Homogeneity was established by analytical HPLC with
C4-silica analytical column (5 mm, 4 mm £ 250 mm;
Vydac, Hesperia, CA) and CH3CN/water/TFA eluents.
Peptide identity was confirmed initially by matrixassisted laser desorption time-of-flight (MALDI-TOF)
mass spectroscopy, and subsequently by high-resolution
1
H NMR analysis.
Cyclic peptide was synthesized using an orthogonally
protected glutamic acid derivative and standard
solid-phase synthesis.61 N-Fmoc-glutamic acid a-allyl
ester (Novabiochem, San Diego, CA) was coupled
to Rink Amide AM resin (Applied Biosystems, Foster
City, CA) through the unprotected side-chain. The rest
of the peptide was synthesized on resin using
solid-phase methods as described above, but the final
Fmoc group was not removed. The a-allyl group was
removed with Pd(PPh3)4 in CHCl3:AcOH:4-methylmorpholine (37:2:1, by vol.). After removal of the
N-terminal Fmoc group with piperidine, cyclization was
achieved using HATU. Cyclic peptides were cleaved
from the resin and the side-chains deprotected with
TFA; this process converted the glutamic acid to a
glutamine residue. The cyclic peptide was isolated as
described above.
The intramolecular disulfide bond in D PD PD P-cc was
formed using DMSO in aqueous solution, buffered
with acetic acid.62 The linear peptide was synthesized as
described. After side-chain deprotection and lyophilization, the solid form of the peptide was dissolved in an
aqueous solution of 5% (v/v) acetic acid, pH adjusted to
6 by addition of NaOH or KOH. The concentration of
the peptide was typically 1 mg/ml. DMSO was added
to the solution such that the DMSO concentration was
15 – 20% (v/v). The solution was stirred open to air or

with air bubbled through the solution for two days.
Small amounts of water were added to maintain solution
volume. The cyclic peptide was isolated as described
above.
Nuclear magnetic resonance
NMR samples were prepared by dissolving lyophilized peptides in H2O/2H2O (9:1, v/v) or pure 2H2O,
100 mM sodium deuterioacetate buffer, with pH
adjusted to 3.8 with NaOH or NaO2H (pH measurements
were not corrected for isotope effects). This pH was
chosen to minimize the amide proton exchange rate.
Peptide concentrations were generally 1 – 2 mM. 2,2-Dimethyl-2-silapentane-5-sulfonate (DSS; Merck) was used
as both an external and an internal reference.
NMR experiments were performed on Varian INOVA
500 MHz and 600 MHz spectrometers at 4 8C and 24 8C;
additional NOESY and ROESY data were obtained for
D D
P P and D PD PD P using a Bruker AVANCE 750 MHz
spectrometer at 4 8C. All two-dimensional spectra were
acquired in the phase-sensitive mode with hypercomplex phase cycling (States-Haberkorn method).
Solvent suppression was achieved by 0.6– 0.7 second
presaturation during relaxation or a WET gradient
water suppression sequence provided by Varian. Generally, a spectral window of 4500– 7000 Hz was used.
Standard Varian pulse sequences were used, and data
were processed using Varian VNMR version 5.3 software. Sine or cosine squared window functions were
generally applied after baseline correction. For chemical
shift and structure assignment, COSY,63 TOCSY,64
NOESY65 and ROESY65,66 experiments were performed
by collecting 2048 points in f2 and 400-600 points in f1.
TOCSY experiments employed a standard MLEV-17
spin lock sequence with a spin lock field of 7 –8 kHz
and mixing time of 80 ms; for ROESY experiments the
values were 3 –3.5 kHz and 200 ms, respectively. NOESY
spectra utilized mixing times of 100– 200 ms. ROESY
and NOESY spectra were compared to ensure absence
of spin diffusion. The 1H chemical shift assignment of
the peptide was achieved by the sequential assignment
procedure.67 Pulsed field gradient phase-sensitive HSQC
experiments were carried out using the gHSQC pulse
sequence provided by Varian. A spectral window of
27,000 Hz was used for the 13C dimension, which was
externally referenced to DSS.
Aggregation studies
Sedimentation equilibrium experiments were carried
out for D PD P, L PD P and L PL P at 4 8C on a Beckman Optima
XL-A instrument. The peptides were studied at their
respective NMR sample concentrations and at lower concentrations in H2O/2H2O (9:1, v/v), 100 mM sodium
deuteroacetate buffer, with pH adjusted to 3.8 with
NaOH (pH measurements were not corrected for isotope
effects). For each peptide, two or more revolution
speeds, between 42,000 and 56,000/minute, were used.
Data were analyzed using the Igor Pro program (Wavemetrics, Inc., Lake Oswego, OR). Peptides were found
to be monomeric in all cases from the ideal fit of the
data to a single-species model. None of the data could
be fit to two-species model. However, in each case the
apparent molecular mass was significantly below the
expected molecular mass (by up to 30%). This behavior is attributed to the high net charge on these
peptides, which leads to non-ideal behavior. Because
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multistranded designs other than D PD P, L PD P and L PL P
have an even higher net charge, variable concentration
NMR analysis was used to evaluate the possibility of
aggregation in these cases. Typically, the peptides were
diluted by ca 100-fold from the concentration used for
structural analysis and re-analyzed by one-dimensional
NMR. No significant change in chemical shifts
(.0.01 ppm) was observed upon dilution. At all concentrations examined for all peptides, sharp resonances,
resolved at the baseline, were always observed, as
would be expected from monomeric peptides.
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