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There is currently considerable interest in utilizing combi- tides were verified by mass spectrometry and conventional
two-dimensional 1H/15N HMQC NMR spectra obtained afternatorial chemistry for identification and extraction of novel

compounds as pharmacological and immunological agents cleavage from the solid support.
Figures 1B and 1C contain 1H NMR spectra of the pep-(1) . Large libraries of peptides can be generated with both

chemical and biological approaches and subsequently tide–resin complex swelled in DMSO-d6 . The stationary 1H
NMR spectrum in Fig. 1B is very broad because of thescreened for biological activity, making possible the identi-

fication of vital amino acid sequences (2) . One of the most limited molecular motion of the polymer resin and the
attached peptide. Magic-angle spinning (MAS) is successfulwidely used techniques for construction of combinatorial

peptide libraries is the synthesis of peptides covalently in reducing broadening caused by chemical-shift anisotropy
and homonuclear 1H– 1H dipolar broadening, as well as inho-attached to solid supports, usually polymeric resin beads,

followed by cleavage of the peptides and biological screen- mogeneity due to differences in the magnetic-field suscepti-
bility at the bead interface (14, 15) , resulting in much nar-ing with various ligand binding assays (3) . Significantly,

synthesized peptides can exhibit biological activity while rower 1H resonances, as shown in Fig. 1C. The 1H resonances
observed in the one-dimensional NMR spectrum in Fig. 1Cstill attached to the solid supports (4–6) . This suggests that

peptides covalently bonded to polymers can adopt biologi- arise from the peptide, the polystyrene-based TG resin, and
the polyethylene-glycol linker (peptide on beads) .cally relevant conformations. In this Communication, we

describe NMR experimental results which suggest that an Resonance assignments and structural analysis of the pep-
tide can be accomplished with two-dimensional NMR exper-immunogenic peptide adopts a folded structure while bound

to polystyrene-based tentagel [TG] resin. These results indi- iments on swollen peptide–resin samples in the presence of
magic-angle spinning (14) . Figure 2A contains the two-cate that there may be a role for three-dimensional structure

determination by NMR spectroscopy in combinatorial pep- dimensional 1H/15N-HMQC spectrum of the GPGRAF bead
complex synthesized with 15N-Gly, 15N-Ala, and 15N-Phe attide chemistry. This could be important for drug design as

well as structural biology of small peptide domains attached positions 3, 5, and 6, respectively. Each resonance in the
HMQC spectrum is associated with a specific residue, asto beads.

The conserved sequence Gly–Pro–Gly–Arg–Ala–Phe indicated in Fig. 2A and was assigned by conducting separate
HMQC experiments with single 15N-labeled amino acids in-[GPGRAF, single letter code] on the tip of the V3 loop of the

gp120 glycoprotein of HIV-1 is believed to be the principal corporated in the peptide.
Figure 2B contains the amide resonance region of theneutralizing determinant of the virus (7, 8) . A stable confor-

mation of the six-residue sequence embedded in longer pep- two-dimensional 1H NOE spectrum of GPGRAF coupled
to polymer resin. Remarkably, approximately 20 intra- andtide sequences has been detected in solution (9–11) and in

the sequence displayed on the major coat protein of filamen- interresidue NOE cross peaks are observed from the six-
residue peptide on beads. In general, NOE cross peaks aretous bacteriophage solubilized in detergent micelles (12) .

Figure 1 consists of a schematic representation of the observable only if the molecules exhibit a stable conforma-
tion, which allows magnetization transfer between nearbypeptide bonded to polymer resin and of experimental one-

dimensional 1H NMR spectra of the complex. Conventional 1H nuclei (16) . In addition, short peptides in solution usually
do not yield any NOE cross peaks because of their fastsolid-phase synthesis (13) using amino acids protected by

Fmoc groups, with NovaSyn TG resin (Nova Biochem) as molecular motion and conformational flexibility. The rela-
tively large number of NOE cross peaks in the spectrum inthe solid support, was utilized. Removal of the protecting

groups and several cycles of washing/drying were carried Fig. 2B suggests that a significant part of the population of
the peptide on beads is folded into a defined, stable confor-out prior to the NMR experiments. The samples for the NMR

experiments were prepared by swelling the peptide–resin mation with less molecular motion than for the same peptide
in solution. Assignments of the resonances to the respectivecomplex in DMSO-d6 . The integrity and purity of the pep-
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reduction in the number of peptides having folded conforma-
tion.

NMR spectra were also obtained for other six-residue pep-
tide sequences chosen because of their having little likeli-
hood of folded conformations. Figure 3C contains the two-
dimensional 1H NOE spectrum of GAGAGA on beads,
which shows no interresidue NOE cross peaks, indicating
the absence of a stable conformation. In addition, the spread
of the amide chemical-shift frequencies, which is only 0.4
ppm in GAGAGA, is smaller than observed in the spectrum
of GPGRAF (approximately 1 ppm) and is also indicative of
a random or flexible conformation (16) . Another sequence,
GGGGGG, which exhibits a propensity for helix formation
in solution but aggregates when attached to polymer resins
(19) , also exhibits small chemical-shift dispersion, Fig. 3D,
and only 1H NOEs which are most likely intraresidue in the

FIG. 1. (A) Schematic diagram of the peptide–tentagel [TG] resin
complex. The GPGRAF peptide is covalently bonded to the polyethylene-
glycol [PEG] linker through an amide bond. (B, C) 1H NMR spectra of
the GPGRAF-resin complex swelled in DMSO-d6 . (B) Stationary sample.
(C) Magic-angle spinning (MAS) at 5 kHz. The spectra were taken on a
Bruker DMX 750 NMR spectrometer using a Bruker VT-MAS probe. The
spectra were referenced externally to DMSO at 2.5 ppm.

amino acids are based on the 15N/1H HMQC spectrum in
Fig. 2A and NOE cross peaks between adjacent residues. In
particular, a number of cross peaks associated with important
interresidue NOEs identified in the previously characterized
turn conformation of the GPGRAF sequence (9–12, 17, 18)
are present. Among these are sequential NNi ,i/1 NOEs be-
tween Gly-3 and Arg-4 and between Ala-5 and Phe-6, re-
spectively, as marked in Fig. 2B. Other diagnostic NOEs
include bNi ,i/1 between Arg-4 and Ala-5 and between Ala-
5 and Phe-6, as well as an interresidue NOE between Pro-
2 and Gly-3.

Several two-dimensional 1H NOE spectra that serve as
control spectra are shown in Fig. 3. The spectrum of GPG-
RAF on beads acquired at a temperature of 507C is shown FIG. 2. Two-dimensional NMR spectra of the GPGRAF–resin complex
in Fig. 3B. The positions of the 1H resonances are shifted, swelled in DMSO-d6 . (A) 15N/1H HMQC spectrum of the peptide synthe-

sized using 15N-Gly, 15N-Ala, and 15N-Phe at positions 3, 5, and 6, respec-and the intensities of various NOE cross peaks are substan-
tively. 15N was externally referenced to N-acetylglycine at 118.67. (B)tially reduced compared to those observed in the spectrum
Two-dimensional 1H NOE spectrum. The mixing time of 200 ms was notobtained at 257C. The cross peaks apparent in the spectrum
in the spin-diffusion region, as determined by a buildup curve (16) . NOE

in Fig. 3B are most likely due to intraresidue NOEs. The cross peaks marked in the spectrum: (a) Gly3–Arg4 NNi ,i/1 , (b) Ala5–
spectral changes that accompany the increase in temperature Phe6 NNi ,i/1 , (c) Pro2–Gly3 aNi ,i/1 , (d) Ala5–Phe6 bNi ,i/1 , (e) Arg4–

Ala5 bNi ,i/1 .can be explained by the increased molecular motion and a
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