4236

Rules for Antiparallel f-Sheet Design: p-Pro-Gly Is
Superior to L-Asn-Gly for B-Hairpin Nucleation!

Heather E. Stanger and Samuel H. Gellman*

Department of Chemistry, Umrsity of Wisconsin
Madison, Wisconsin 53706

Receied October 27, 1997

Folded proteins display considerable conformational diversity
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sequences are expected to favor “mirror imageurns (type 1

or type I, which are strongly correlated with two-residue
B-hairpin loops in crystalline proteiri8. We pursued the-proline
strateg§*© because proline in the-1 position strongly stabilizes
B-turn formationt! Ranirez-Alvarado et al2and de Alba et al
examined.-Asn-Gly because this segment (at positiofig and
i+2) has the highest statistical correlation with typg-turns in
crystalline proteind? Here we report a direct comparison of
B-hairpin promotion by -Asn-Gly andp-Pro-Gly segments. Our
results indicate thab-proline-based strategies fg#-hairpin
nucleation are particularly well suited for design of small, stable

at the tertiary structural level, but only a few secondary structures -sheet increments.

with long-range order are observed: heliceg(id 3,) and sheets
(parallel and antiparallef? Understanding the origins of helix

Three 12-residue peptides RYVEVXGOKILQ-Nkere em-
ployed for evaluation gf-hairpin promotion; residues other than

and sheet conformational stability is therefore a prerequisite for X haveL-configuration, and %= L-Asn (“NG”), b-Pro (°PG"),

understanding the origins of protein folding preferences. The
o-helix has been extensively examined with model systems,

orL-Pro (*PG”). Under the conditions employed for our studies
(100 mM sodium acetate buffer, pH 3.8), all three 12mers should

because there are well-established rules for designing peptideshear a charge af +3, which discourages aggregation. Analytical

that adopt helical conformations in solutiéh. These model

ultracentrifugation (1.2 mM) suggested molecular weights of ca.

systems allow one to determine the effects of sequence, length,1260 for°PG, 1320 forPG, and 1330 for NG. In each case, the

side chain-side chain interactions, solvent, and other variables
on helix stability in the absence of a tertiary context. Relation-
ships betweerg-sheet stability and sequence, length, or other

deduced MW is somewhat below the expected value (1416 for
PG, 1431 for NG). This type of deviation has previously been
reported for designe@-hairping® and may reflect nonideality

factors are much less well-documented, because it has beerarising from the net charge on the peptides.

difficult to generate peptides that adgptsheet conformations
without aggregating in aqueous solutith. This difficulty has
also hindered de novo design gfsheet-rich protein tertiary
structures.

The prospects for rational design of small, soluBlsheet

Figure 1 summarizes ROESY data obtained foPPG in
aqueous solution; these data indicate that the intefieleairpin
conformation is highly populated. Long-range NNH NOEs
between Val-5 and Orn-8, and between Val-3 and lle-10, along
with C,H—C,H NOEs between Glu-4 and Lys-9, and between

increments have been advanced by the identification of several-ryr_z and Leu-11, provide strong evidence for the proposed

short, linear peptides(16 residues) that display partjadhairpin
formation in aqueous solutidh. A S-hairpin contains two

backbone conformation (Figure 1A). Further support for the
B-hairpin folding pattern is provided by a network of side chain

antiparallel strands and a short connecting loop, and it must begjge chain NOEs between Tyr-2 and Leu-11, and between Tyr-2

possible to specify the location and size of the loofi-Hairpins
are to be useful model systems for exploring antipargHsheet

and Lys-9 (Figure 1B). In the flat rendering of Figure 1, Tyr-2
and Lys-9 seem to be far apart, but these side chains should be

stability. Two strategies have recently been reported for induction brought together by the right-handed twist commonly observed

of B-hairpin folding with a two-residue loop at a specific site:
use ofL-Asn-Gly” or p-Pro-Xxx&° as the loop sequence. Both

(2) In memory of Professor Harlan L. Goering, 19211997.

(2) (a) Creighton, T. EProteins: Structures and Molecular Principles
2nd ed.; Freeman: New York, 1993. (b) For leading references-belical
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between adjacerfi-sheet strand¥. Only one of the long-range
NOEs observed foPPG appears to be inconsistent with the
proposegs-hairpin conformation, between lle-10CH, and either
Val-3 3-CH, Val-53-CH, or Glu-43-CH, (these three resonances
overlap; this NOE is not indicated in Figure 1B). This NOE
presumably arises from equilibration between the highly populated
B-hairpin and alternative conformations.

No long-range NOEs were observed f&G, which indicates
that simply switching the proline configuration completely disrupts
B-hairpin folding. For NG, significant population of/&hairpin
with a two-residue loop at NG is indicated by the observation of
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Figure 1. Long-range NOEs observed in ROESY analysis for 3.5 mM
°PG in 100 mM aqueous sodium deuterioacetate buffer, pH 3.8 (uncor-
rected), 4°C. (A) NOEs involving NH and/or K resonances (kHHq
NOEs were observed inJD, and the remaining NOEs in 9:1,8:D,0).

The dotted line for the NHNH NOE between Val-3 and lle-10 indicates
that this NOE was weak. (B) NOEs involving side chains (obtained in
9:1 H,0:D,0). Only unambiguously assigned NOEs are shown in A and
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Figure 2. Adqn = observeddn — random coildgn for 3.5 mM °PG
(solid bars), 4.6 mM NG (open bars) and 3.1 mRIG (striped bars) in
aqueous (9:1 kD:D,0) sodium deuterioacetate buffer, pH 3.8 (uncor-
rected), 4°C. (See ref 17 for origin of random coil values.) The reported
random coil for lysine was used for ornithine. This extrapolation is
supported by the observation thiag; for Orn-8 intPG is very near the
lysine random coil value. No data are shown for Arg-1 because the
N-terminus is uncapped. No data are shown for Gly-7 because there are
two H, resonances fotPG and NG; for all three peptides, the Gly-7
Adun values lie betweent0.07 and —0.21. Chemical shifts were
externally referenced to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS).

NG follow the °PG trends for many residues, but the downfield
shifts of 5,4 are always smaller (and sometimes nonexistent) for
NG. Thus, theAd.y data support the conclusion thafAsn-Gly
is a weaker promoter g#-hairpin folding than isd-Pro-Gly.
Circular dichroism dafd provide further evidence that the
D-Pro-Gly segment is a strongg+hairpin inducer than is-Asn-
Gly. °PG shows a well-definegs-sheet signature, with a
minimum at 217 nm and a maximum at 201 nm. The data for
*PG suggest that random coil is predominant. The NG spectrum
suggests the presence of significant proportions of |fesheet
(apparent minimum around 217 nm) and random coil (increasingly
negative ellipticity below 200 nm).

Our data show that the-Pro-Gly segment is a very strong

B. One additional long-range NOE was observed (see text), but resonancePfomoter off3-hairpin formation and superior to theAsn-Gly
overlap interferred with assignment. Resonance assignments were obtaine§egment in this regard. This finding has important implications

from a combination of COSY and TOCSY data, and sequential NOEs
from ROESY data.

long-range NOEs corresponding to many of those showPHGr
in Figure 1 However, the absence of the,@&-C,H NOE
between Tyr-2 and Leu-11, and the smaller number of NOEs

for the design of short peptides intended to disptakairpin
folding in aqueous solution, which is crucial for development of
model systems that elucidagtesheet conformational preferences.
The utility of the p-Pro-Gly segment for fundamentalsheet
analysis is enhanced by the fact that swappingroline for
p-proline provides a negative control, sincgroline appears to

between side chain pairs Tyr-2/Leu-11 and Tyr-2/Lys-9 suggest be antithetical to formation of two-residyehairpin loops'®

that thep-hairpin adopted by NG is less stable than that adopted
by °PG. This conclusion is reinforced by the observation that

Supporting Information Available: Summary of CD data and long-

NG displays numerous long-range NOEs that are not consistentrange NOEs for NG (4 pages, print/PDF). See any current masthead

with -hairpin folding, including NH-NH (i, i+1) NOEs for Glu-
4/Val-5, Val-5/Asn-6, Asn-6/Gly-7, and lle-10/Leu-11.

Figure 2 comparedd.y (i.e., observed,y — random coil
dqn) data for °PG, ‘PG, and NG. This measurement has

page for ordering information and Web access instructions.
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