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The design of synthetic receptors that recognize functional ) . .
groups on the surface of a protein is poorly developed in Figure 1 Last structures o_btalned after 500 ps trajectories of
comparison to inhibitors that bind in enzyme active siteget, unrestrained molecular dynamics féx)(complex between tetraguani-
surface interactions, mediated by complementary shape anddlnlum (1) and DDDD @) peptide and for§) 2 alone.
charge distributiord;® often are essential for the functional role

. ; : A

of a protein. The extensive solvation of charged and polar

. . . . e N N
functional groups on the protein exterior introduces complexities RO /J\/ijvC*j% s
into surface recognition. Approaches that make use of metal MEN NN
binding* and multiple chargecharge interactiofhave targeted cl cl-
secondary structural units such as thbelix. Our strategy has Rt 2
been to use hydrogen-bonding groups in recognizing and 3 R;Sl‘BuPha

stabilizing a-helices as models for protein surfaéedderein
we report that a tetraguanidinium-based receptr kinds N N
strongly to a peptide with four aspartate residu@¥ &nd RO\)\AN/)\/Nj ,,,,, _s N//k/Nj,,,,/oa
stabilizes it in ano-helical conformation. H *_H H o+ H
Molecular-modeling studies showed tHatvraps around an ¢
ideal right-handed:-helix conformation of peptidg, in a coiled
left-handed helix, with an almost perfect matching of each g
guanidinium moiety with the corresponding carboxylate group
of the aspartate residues. Molecular dynamics at 300 K showed
that the doubly coiled structure was stable after 50QBigure DDNN(8) Ac-A-A-A-D-Q-L-D-A-L-N-A-Q-N-A-A-Y-NH
1) while thea-helix of the peptide alone was destroyed after Figure 2. Receptors and peptide sequences used in binding studies.
only a few ps. (A) Theall-S enantiomers of structurelsand 3 are designate8 and
The synthesis of guanidinium receptdrand3—6 has been 6, respectively. B) Amino acid sequences.
reported (Figure 2. The mean spacing between the guani-
dinium central carbons df in its outer helical conformation is
8.9 A (Figure 1) and complements the carbaarbon distances
of the carboxylates o2 in an innero-helix (7.0 A, Figure 1).
These molecules have been shown to adopt a helical conforma:
tion around sulfate aniorfs. Peptides2, 7, and 8 were

cl
4 R = Si'BuPh,

DDDD(2)
DDDN(7)

Ac-A-A-A-D-Q-L-D-A-L-D-A-Q-D-A-A-Y-NH,
Ac-A-A-A-D-Q-L-D-A-L-D-A-Q-N-A-A-Y-NH,

synthesizetito include a C-terminal Tyr to assist concentration
determinatio® and C- and N-terminal capping to reduce helix
macrodipole effects. Thall-R and all-S enantiomers of the
silyl-protected tetraguanidinium and the di(hydroxy)tetraguani-
dinium were assayed for their binding behavior to the tetracar-
boxylate form! of peptide2 by CD spectroscopy. Increasing
amounts of tetraguanidinium {@®50 «M) were added to a
standard solution of the target peptide50 xM) in 10% H,O/
90% CHOH. CD spectra showed a marked increase in
(1) Silverman, R. BMechanism-Based Enzyme Inaation: Chemistry a-helicity .(’T".”'ma at 2.22 and 208 nm) Up.on.addltlon of the
and EnzymologyCRC Press: Boca Raton, FL, 1988. tetraguanidinium solution. The resulting binding curves were
Wigg%glh%sfz?rA N'.\iatiuorreni 9%3 Iéi%rrgggféé:d; Scherer, A.; McCormick, F.; fitted by a 1:1 bilpdingd modekI),I and the caltc):ule;lted assr(])ciation
r, A Nature : constants are collected in Table 1. To probe the stoichiometry
83 ﬁ';ﬁ?g?'sf'bfﬁr?ﬁghj‘”;“gf1[?@‘25%? ?Oﬁr?fg,n, R. D.: Pack, .. Of the association, we conducted a Job CD titrafidretween
peptide2 and receptoB in 10% H0/90% CHOH. Maximum
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(9) Peptides were synthesized using standard solid phase BOP/HOBt

chemistry with Fmoc amino acids in DMF. Electrospray mass spectrometry
yielded molecular weights of 1661.2 for DDDD (calculated 1661.7), 1660.8

(7) Conditions: heating and equilibrating for 50 ps, followed by 450 ps for DDDN (calculated 1661.0), and 1659.9 for DDNN (calculated 1660.0).

at 300 K. Aspartate side chains are shown along the peptide ribbon
backbone. Solvent effects were simulated by performing the molecular
dynamics in a medium of = 4r;. AMBER force field parameters and
Insight/Discover programs (Biosym/MSI) were used.

(10) Brandts, J. F.; Kaplan, L. Biochemistry1l973 12, 2011-2024.
(11) Carboxylate forms of the peptides were made by dissolving the

peptide in water and addition of ammonium hydroxide to pH11.
Lyophilization and aqueous cationic exchange with Amberlite-IRA-£20

(8) Sanchez-Quesada, J.; Seel, C.; Prados, P.; de Mendoza, J.; Dalcoltetramethylammonium ion exchange resin and relyophilization afforded the
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corresponding tetramethylammonium salts.
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Table 1. Binding Affinities of Peptide Substrates with e 1A = 1B
Guanidinium Receptors and Helix Stabilization on Binding (pp,.‘l: teo o @Y@ QS @
sequence receptor K,(M™) H2 HP  A°  AAd i o]
DDDD(2) 1  (3.40+12)x 10° 21.1 453 242 142 E D”% A
3 (156+0.6)x 10° 612 401 143 7 - NERS
5 (2.90+ 1.3) x 10° 39.3 182 106 5.43 @ s.a] PP ®
6  (241+£0.9)x 10° 506 29.5 132 A > J o 9
4 (8.52+3.2)x 10° 291 8 43 " ]
DDDN (7) 3 5.65x 10* 29.9 4477 148 45 8.6 8.6
DDNN(8) 3  3.80x 10° 55.7 50.4 —5.3 —10 * o
T TTT T R R RN R . R R B AL I IR I
a|nitial percentage helicity? P Final percentage helicity, at 2 equiv 3d 30 i’f(“} S e (”) BToe 2
ppm ppn

of receptor Change in percentage helicitk & H; — H;). 9 Percentage ) . . .
stabilization fA = A/H;). ¢ Uncorrected fo” CD absorbance. Figure 3. (A) Expansion of TOCSY spectrum (Agpregion) of2 in
90% MeOH at 288 K. B) Expansion of TOCSY spectrum (Agp-
signal change in the Job titration was observed at 0.5 mol "€910n) 0f2 in the presence df in 90% MeOH at 288 K.
fraction of the peptide, indicative of 1:1 complexation. 10000
Detailed information on the binding process was derived from
NMR studies of the tetraaspartate peptRialone and in the -12000
presence of the nonprotecteall-R tetraguanidinium receptor
115 In 10% HO /90% CHOH, both bound and unbound
peptides show strongiNi+1, and NNi23 and a;Ni+3 NOEs,
which are typical for helical conformations. Nevertheless, the
first three N-terminal (Ala £3) and last two C-terminal (Ala
15, Tyr 16) residues including the capping acetyl and carbox-
amide motifs appeared to be structured only in the presence of -20000
receptord, as suggested by the occurrence of a continuous series ‘ . ' \ J
of NiNi+1 NOEs of the now nondegenerate amide protons. 22000 o oot omors oomz ooooms  o00s
Furthermore, for all non-Asp residues, the conformation sensi- ¢t o PO ' '
tive H* protons shifted drastically upfield by as much as 76% Figure 4. Binding Curves for CD titrations of (a) recept8rwith
upon addition of to a total helicity of 44%, in comparison to  pDDD (@) sequence, (b} with DDDN (M), and (c)3 with DDNN
25% for the peptide alone. This helical stabilization is in good (a) in 10% HO/CH,OH at 25°C.
agreement with the CD results and was shown to be independenhnd the four positively charged residues of guanidinium receptor
of changes in peptide concentration. The long series of 1 f P Iy ; ngOCSY 9 f both th fp
sequential and medium-range NN NOEs combined with the comes from analysis o spectra of both the free

: . o eptide and the complex (Figure 3). As shown in Figure 3A,
strong upfield shift of the Mprotons upon addition of receptor P : ; e
1 indicates that the helical conformation spans the whole in the absence of receptdy peptide2 shows in the amidg-Asp

sequence, a rather unusual feature in a peptide of this size. A'€9i0N only a moderate amide chemical shift dispersion (0.12
direct indication of 1:1 complex formation through interaction anl%ag%gefse)ner?ﬁsrgitt%gfi;?{ Tﬁgﬁ Aéssp é?;ﬂ;ﬁiéﬁes'iﬁug]se
between the four negatively charged Asp residues of the peptide > > ’ ges ¢ y
presence of the receptor. In the same region, the spectrum of
(12) Blanda, M. T.; Horner, J. H.; Newcomb, M. Org. Chem1989 the complex (Figure 3B) shows a much larger amide chemical

54, 4626-4636. L .
(13) Percentage helicity was determined frbm [(Gapes— O0)/(O100 shift dispersion (0.40 ppm) and, even more relevant, a clear

— ©g)] x 100, whereonsg G0, andOso0 represent the measured ellipticity, diff«_erentiati_on between_ diaste_reot_opﬁeprotons for all5-Asp
the zero ellipticity (random coil), and 100% helicity (as calculated), residues with33' chemical shift differences as large as 0.22
respectively, and is the percent (or fractiorf) helix. The 100% helical ppm. This splitting of Asg3-protons is a strong indication of

state is given by Heligoy, = —40 000(1— 2.5h), wheren is the number . A . . .
of amide bonds? Zero percent helicity was determined experimentally by & Well-defined structure, similar to that observed in proteins with

thermal denaturation of the DDDD peptide in pure water. The measurement & particular tertiary structure.

-14000

-16000

O, (degrem>dmol*)

227

-18000

gal\/el—§060 f(deg”crh dt_rréolfl) and was used a® in the percent helix Two additional peptide sequences were synthesized based

Calculations for all peptide sequences. H : : .

(14) Chakrabartty, A.; Schellman, J. A.; Baldwin, R. Mature 1991, directly on DDDD pe_ptldé. The prlm_ary amido group of Asn

351, 586-588. was used to approximate a neutral isostere for aspartate. CD
(15) Spectra were recorded with 1 or 2 mM samples in 90% MeBH-  binding studies between recep®and peptides DDDN#) and

10% HO on a Varian VXR500 spectrometer at 5, 15, and?@5 Spectral DDNN (8) showed a correspondence between the number of

width was 5000 Hz with ¥2K data points in the F2 and F1 dimensions, . A

zero-filled to 2<4K, and processed with shifted sine bell window functions ~aspartates and the degree afhelical stabilization. The

and base line corrections in both F1 and F2 dimensions. Assignwmn}%nt wasstrongest binding occurs between the tetraaspartate peptide and
done applying the standard two-step procedure described i idini inti

using (scalar) through-bond TOCSY MLEV-17 spin lock sequence of 80 tk;e teér%guanldlp(jlpr_n mOIGCbmesl’ (t:le_artly pol.”t'”g tzthe key _ro_le
ms or COSY and through-space ROESY(mixing time 150 ms) or NOESY- Play€d by guanidiniurcarboxylate interactions. An associa

(mixing times 106-400 ms) experiments. Residual water signal was tion constant of +2 x 10° M~* between3 and DDDD @) in
eliminated by the WATERGATE pulse sequence, and spectra were 1005 H,0/90% CHOH leads to a stabilization (Figure 4) of
referenced to dioxane as internal standard. Total helicity was calculated h helical f : by al 150%

based upon the Hchemical shift deviationAoH®) with respect to random  the a-helical conformation by almost 0.

coil valued” by percent helix= (ASH®)/(n(—0.38)), where—0.38 ppm : :
was taken to be the value for 100% helix andhe number of amide bonds, Acknowledgment. We thank the National Institutes of Health
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