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Abstract: Cation—zx interactions between amino acid side chains are increasingly being recognized as important
structural and functional features of proteins and other biomolecules. Although these interactions have been
found in static protein structures, they have not yet been detected in dynamic biomolecular systems. We
determined, by'H NMR spectroscopic titrations, the energies of catianinteractions of the amino acid
derivative AcLysOMe 1) with AcPheOEt 2) and with AcTyrOEt 8) in aqueous and three organic solvents.

The interaction energy is substantial; it ranges fre11 to —3.4 kcal/mol and depends only slightly on the
dielectric constant of the solvent. To assess the effects of auxiliary interactions and structural preorganization
on formation of catior interactions, we studied these interactions in the association of pentapeptides. Upon
binding of the positively-charged peptide AcLysLysLysLysLysN{) to the negatively-charged partner
AcAspAspXAspAspNH (6), in which X is Leu @a), Tyr (6b), and Phe §c), multiple interactions occur.
Association of the two pentapeptides is dynamic. Free peptides and their complex are in fast exchange on the
NMR time-scale, and 2BH ROESY spectra of the complex of the two pentapeptides do not show intermolecular
ROESY peaks. Perturbations of the chemical shifts indicated that the aromatic groups in p&ptaekSc

were affected by the association wih The association constarks, for 5 with 6a and with6b are nearly

equal, (4.0= 0.7) x 10° and (5.0+ 1.0) x 10° M1, respectively, whil&K, for 5 with 6¢is larger, (8.3+ 1.3)

x 10 M~L Molecular-dynamics (MD) simulations of the pentapeptide pairs confirmed that their association
is dynamic and showed that catiem contacts between the two peptides are stereochemically possible. A
transient complex betweehand 6 with a prominent cations interaction, obtained from MD simulations,

was used as a template to design cyclic peptidgede@turing persistent catiefir interactions. The cyclic
peptide G had a sequence AcLysCys(LySly(AspXCysAspNH, in which X is Tyr, Phe, and Leu. The

| |
first two peptides do, but the third does not, contain the aromatic residue capable of interacting with a cationic
Lys residue. This covalent construct offered conformational stability over the noncovalent complexes and
allowed thorough studies by 2D NMR spectroscopy. Multiple conformations of the cyclic peptigieand
Crheare in slow exchange on the NMR time-scale. In one of these conformations,€atioteraction between
Lys3 and Tyr9/Phe9 is clearly evident. Multiple NOEs between the side chains of residues 3 and 9 are observed;
chemical-shift changes are consistent with the placement of the side chain of Lys3 over the aromatic ring. In
contrast, the cyclic peptide & showed no evidence for close approach of the side chains of Lys3 and Leu9.
The cation- interaction persists in both DMSO and aqueous solvents. When the disulfide bond in the cyclic
peptide Ghewas removed, the catiefir interaction in the acyclic peptide Ageremained. To test the reliability
of the K, criterion for the existence of catiefrr interactions, we determined residue-specifiG palues of
all four Lys side chains in all three cyclic peptidex.GVhile NOE cross-peaks and perturbations of the
chemical shifts clearly show the existence of the catiorinteraction, K, values of Lys3 in @, and in Gene
differ only marginally from those values of other lysines in these dynamic peptides. Our experimental results
with dynamic peptide systems highlight the role of catianinteractions in both intermolecular recognition
at the proteir-protein interface and intramolecular processes such as protein folding.

Introduction can occur between the cationic side chains of lysine (Lys),
arginine (Arg), or histidine (His) on one hand and the aromatic
side chains of phenylalanine (Phe), tyrosine (Tyr), or tryptophan
(Trp) on the other. Extensive analysis of protein structures has
shown these interactions to be common within protéifs.

The so-called cations interaction is a strong and specific
interaction between a cation and théace of an aromatic ring.
These interactions and their role in biomolecular structures are
being vigorously studieé:* In proteins, catiors interactions
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Furthermore, cations interactions have been suggested to plastocyanirt® The cationic side chain of Lys65 in cytochrome
contribute to protein stabilit§® f seems to interact with the aromatic side chain of the highly
Cation—u interactions have also been implicated in protein conserved Tyr83 in plastocyanin. In this study, we focus on
binding to small molecules and to other proteins. Most of these the interactions of Lys with Tyr and Phe. Although our peptides
cases, however, involve alkylated ammonium ligands, as in somewhat resemble the interacting surfaces of cytochf@ne
acetylcholiné®® phosphocholiné? trimethylamines!2 and plastocyanin, we do not consider them as representative models
dimethylamines$? Studies by Dougherty et al. of hesguest for the associating proteins. Proteiprotein association is a
interactions in synthetic systems showed that protonated aminescomplex phenomeno#i, which cannot be modeled well with
are less effective than alkylated amines in their binding to amino acids and peptides.
aromatic hosts, presumably because the former are more Amino acids and peptides, however, are well suited for
hydrophilic}* However, a very recent theoretical study from thorough studies of side-chain interactions that are found in
the same laboratory found a strong interaction between aproteins. Such model systems are robust, allowing experiments
protonated primary amine and benzene in water, more stabilizingat various temperatures and in different solvents, and small,
than an analogous salt brid§eThis theoretical prediction  allowing detailed analysis of both experimental and computa-
suggests that catienir interactions between common amino acid tional results.
side chains may greatly contribute to protepeptide and To estimate the energies of cation interactions under
protein—protein recognition, but this important possibility has dynamic conditions, we determine Big NMR spectroscopy
barely been examined experimentally. Cationinteractions association constants for lysine and aromatic amino acids in
have been implicated in the binding of G protein-coupled several solvents. To compare these interactions with the classical

receptors and biogenic amin®sthe SH2 domain of the grc salt bridges and hydrogen bonds, we similarly determine
oncogene product and tyrosine-phosphorylated peptfaeg; association constants for several pairs of pentapeptides in which
panothione reductase and spermidine-linked peptitiesd one member of the pair contains the cationic, and the other the
photosynthetic redox proteins cytochrofrend plastocyanif? aromatic, amino acid. We examine the interplay among the

The relative importance of catiefi interactions, salt bridges,  various interactions by NMR spectroscopy and molecular-

and hydrogen bonds for biomolecular association has been adynamics simulations.

subject of much interest and some deldaté. To create peptide systems that favor stable catiomterac-
After numerous elegant studies of the energetics of cation  tions, we selected from our molecular-dynamics simulations the

interactions in synthetic systems, the energetics of theselongest-lived conformation of the complex between two pen-

interactions in biological systems remains largely unexplored. tapeptides having a prominent catiem interaction and used

In this paper, we report experimental energies of cation this conformation as a template in the peptide design. Our

interactions between amino acid side chains in model systems,approach differs from other very recent strategies for peptide

analyze these interactions in dynamic complexes of severaldesign?2-24because it is based on the analysis of intermolecular

pentapeptides, use this analysis to design peptides that stronglyassociation. In the designed peptide, we unambiguously identify

favor catiorn-s interaction, and show experimentally that the an interaction between the cationic and aromatic side chains.

expected interaction indeed occurs. To our knowledge, this is

the first report of the design and experimental confirmation of Experimental Procedures

_the cation-z 'nt_eraCt'on between two amino acid side chains Chemicals.Distilled water was demineralized to a resistivity greater

in a small peptide system. than 16 MR-cm by a Barnsted Nanopure Il apparatus and purified
Recent molecular-dynamics (MD) simulations in this labora- further with Chelex 100 resin from Bio-Rad Co. Amino acid esters

tory gave us the idea that the catiam interactions may AcLysOMe, AcTyrOEt, AcPheOEt, and LeuOEt and the saltsCD

contribute to the association of the proteins cytochrdraed COONa were obtained from Sigma Chemical Co. The terminal amino
- : group of LeuOEt was acetylated following a published proceéfure.
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(18) Ullmann, G. M.; Knapp, E.-W.; KostidN. M. J. Am. Chem. Soc. (24) Carulla, N.; Woodward, C.; Barany, ®iochemistry200Q 39,
1997 119 42-52. 7927-37.
(19) Befort, K.; Tabbara, L.; Kling, D.; Maigret, B.; Kieffer, B. L. (25) Kondo, M.; Miyazaki, K.; Kodama, H.; Horimoto, HBull. Chem.
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the disulfide bridge in the cyclic peptidesfeand maintain the cysteine
residues in the reduced (sulfhydryl) form, approximately a 4-fold molar

Plednet al.

monitored peak4 In eq 1,Ad is the change in chemical shift, and
Adw is this change when the ratio P[M 1] approaches infinity. The

excess of dithiothreitol was added to the aqueous solution of the peptidefree energies of complexatioAG®, were calculated from thi€, values

at pH 7.6.

Proton NMR Spectroscopy.The 'H NMR spectra were recorded
with a Bruker DRX500 spectrometer and referenced to the methyl signal
of sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) in agueous
solutions, and to the methyl signal of tetramethylsilane (TMS) in all
other solvents. The temperature controller was calibrated with a
methanol standard.

One-dimensionalH spectra were acquired with an FID of 16 000
points, 8 to 64 averaged transients, and a spectral width of 5000 Hz.

according to eq 2.

A0 =ZA8{IM] + MJ] + K, -

VM, + M+ Ky — 4MIIM 3 (1)
AG® (2)

RTIN K,

The solvent signal in the one-dimensional spectra was suppressed by 1o aqueous solvent was a sodium acedatbuffer at the ionic

presaturation during the relaxation delay.

For pentapeptides, two-dimensiond#i ROESY (rotating-frame
Overhauser enhancement spectroscopy) spéotrare acquired in
aqueous solution. The ROESY experiment was chosen over NEESY

strength of 10 mM and pH 5.5 containing 10% (v/v)A The pH

values were measured with a Fisher Accumet 805 MP pH meter
equipped with an Aldrich combination microelectrode, standardized
in H-O solutions. The concentrations of all the solutions involved were

because the magnitude of the rotating-frame cross-relaxation is favorableygtermined by NMR integration, using DSS as a primary standard.

for molecules of this size. For the cyclic peptides(@ose containing

a disulfide bond) and their reduced counterparts (containing two free
cysteines), two-dimensiondH NOESY?® and TOCSY! spectra were
recorded in DMSQds or aqueous buffer or both solvents. All two-
dimensional data sets consisted of 400024 complex points; each

When needed, the pH of the stock solutions was adjusted to 5.5 by the
addition of NaOH or CRCOOH solutions. Since the buffer consisted
of a monoprotic acid and its conjugate base, such adjustment did not
alter the ionic strengtf: To avoid any interference from the standard
compound in the titration experiments, a solution of DSS in the same

FID was an average of 16 to 64 transients. The States-TPPI methodp ¢ter was placed in a Wilmad coaxial insert in the NMR tube.

was used for quadrature detection in the indirect dimen&idmixing
time of 500 ms was used in NOESY and ROESY experiments, and 80
ms in TOCSY experiments. To assess the contribution of spin-diffusion
to the spectra, a NOESY spectrum of the peptidg & DMSO-ds
was also acquired with a mixing time of 100 ms. The spin-lock field
strength during mixing was 2.5 kHz in ROESY experiments and 6.4
kHz in TOCSY experiments. DIPSI-2 was used for isotropic mixing
in TOCSY experiment& For aqueous samples, WATERGA¥fvas
incorporated into the pulse sequences, to suppress the solven€sighal.
All NMR data were processed with Bruker Xwinnmr 2.5 and 1D
Win-NMR 6.0 software. Two-dimensional NMR data were processed
also with NMRPipé? and were analyzed with the NMRView softwéfe.
Studies of Association All the experiments were done at 2&.
Aliquots of a solution of the titrant, b were incrementally added to
an NMR tube containing a solution of the compound titrate, I a
typical experiment, the initial concentration of;Mas 1.6-2.0 mM
and known precisely. The final ratio of concentrations,Jfii/4]
reflected the extent of association and varied from 2.5 to 60. The
component M usually was a solution of the partner containing the
cationic side chain. In control experiments, done in a mixture of-CD
OD and CDC}, the concentration of AcLysOMe was held constant,
and AcPheOEt or AcTyrOEt was used as the titrant. The two titration
protocols, with different partners as.Myielded similar association
constantsKa, as Table S1 in the Supporting Information shows.
Peaks were picked and chemical shifts determined manually, taking
into account the effects of overlap on the peak shape.Kzhealues
were determined from a global fitting to eq 1 of titration curves for all
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(32) Marion, D.; Ikura, M.; Tschudin, R.; Bax, A. Magn. Resari1989
85, 393-399.
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293.
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665.
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5, 327-331.
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218.
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A. J. Biomol. NMR1995 6, 277—293.
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Concentrations of nonaqueous solutions were determined by weigh-
ing the solute. In the experiments done in DM8£and in a mixture
of CDsOD and CDC}, residual water affected the chemical shifts of
several resonances. To keep the solvent conditions as nearly constant
as possible, 1% (v/v) of water was added to these solvents, and the
concentration of Mwas carefully held constant. The dielectric constant
(€) of the mixed-solvent systems was interpolated from tatfles.

Binding curves were analyzed with SigmaPlot v. 5.0, from SPSS
Inc. Each titration was done at least twice. The error margins for all
results include two standard deviations and correspond to a confidence
limit greater than 95%.

Molecular-Dynamics Simulations.To sample the conformational
space of the pentapeptide pairs (complexes), a total of six 200-ps
trajectories were computed using the original Verlet algorithm imple-
mented in version 27b2 of CHARMMNE An integration step of 1 fs
was used, and every 100 steps structures were stored, for further
analysis. Velocities were scaled every 1 ps, to a temperature of 300 K.
All simulations were done on a Dell Precision 410 workstation running
Linux version 2.2.5-15.

Initial random coordinates of each pentapeptide complex were
generated in three steps. The extended conformation of each of the
two associating pentapeptides was minimized in vacuo over 1000 time
steps using the steepest-descent algorithm in CHAR®Mhe centers
of mass of the two minimized structures were overlaid, and then
translated6 A along six arbitrarily defined orthogonal vectors. The
complexes were minimized again by the same procedure. The resulting
coordinates were superimposed onto a 33.6-A cube containing 1269
preequilibrated TIP3-type water molecules. All water molecules ap-
proaching within 3.0 A of any of the peptide atoms were deleted.

Periodic boundary conditions were applied with cubic geometry.
Particle Mesh Ewald (PMEwald) summation was used for the evaluation
of the electrostatic interactiort$ A total of 36 grid points were used,
with an effective grid spacing of 0.93 A. The Gaussian width KAPPA
parameter was set to 0.34 with an ORDER of 6. Prior to sampling,
200 steps of minimization, 15 ps of heating (from 0 to 300 K), and 15
ps of equilibration were computed.
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Chem. Soc200Q 122, 1034-1046.
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(42) Landolt, H.Numerical data and functional relationships in science
and technologyMadelung, O., Ed.; Springer-Verlag: Berlin, Germany,
1991; Vol. 6.
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Swaminathan, S.; Karplus, M. Comput. Chenil983 4, 187-217.
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For all the stored structures, distances from Ly¥{d Asp(C) were Chart 1
computed. The distances from LysfNo aromatic C atoms in Tyr or
Phe were averaged and used as a rough measure of the approach of e 19 1 H 9
the ammonium cation to thesystem. The side chains were considered HyC~CN~G—C~0CH, HyC~C—N~0=C~OCH,CH,
interacting if the above-mentioned distances fell below 8.0 A, a distance CHa M
that includes the radii of the ions and the thickness of the water layer ik and X
between theri? CH:
In the design of a cyclic peptide that favors cationinteractions, ®ﬁ:§ X

all the stored structures of the pentapeptide complexes were considered
as potential templates. The principle of our design strategy was to link H H

1 AcLysOM
the backbone of two associating pentapeptides by connecting the Ry :

N-terminus of one peptide with th@-terminus of the other. To make 2 H  AcPheOEt
the peptide cyclic, one salt bridge was replaced with a pair of cysteine H ¥
residues forming a disulfide bond.
Several criteria were used to select templates from the stored H H
structures. Complexes in which the system closely approached at
least one Lys side chain were extracted. In deciding how to link the 3 AQ*OH AcTyrOBt
N-terminus of one pentapeptide with t@eerminus of the other without ¥ Y
significantly altering the conformations of the peptide backbones,
intermolecular distances betwediterminus andC-terminus were CHy
measured in potential template structures. If this intermolecular distance 4 —cf\—H AcLeuOEt
was less than the intermolecular distance between theNaaymini, CHg
the template was accepted.
This last criterion also decided whi¢fiandC termini to link with structures significantly deviated from the others, it was omitted from
a glycine residue. Once a template was accepted, the protecting groupshe calculation of the average structure.
were removed from the closestterminus andC-terminus of the Determination of Acid Dissociation Constants of Lysine Side

opposing pentapeptides. A glycine residue was inserted between themchains. For pK, determination, 1.62.0 mM solutions of each cyclic
and an amide bond was made to bitterminus andC-terminus chosen peptide in a sodium acetatg-buffer at pH 5.5 containing 10% (v/v)
for connection. Attempts to introduce two glycine residues as a linker p,0O were prepared. These studies were done in aqueous solution and
between the termini yielded unsatisfactory results; one glycine residue gt 25°C. Under these conditions, multiple conformations of the cyclic
proved to be a better linker. One of the salt-bridged Lys-Asp pairs was peptide G are in fast exchange on the NMR time-scale. The pH of the
then replaced with a disulfide-bonded Cys pair. Any water molecules sample was adjusted with a solution of NaOH in the same buffer. A
located withh 3 A of theadded atoms were removed. small amount of DSS (200tM) was added for a chemical-shift
Each cyclic peptide was then minimized in 10 000 steps, using the reference. The measured pH values were d%&so-dimensionalH
steepest-descent algorithm. The atomic distances between the interactingOCSY spectra were recorded at different pH values:3%data points
side chains were harmonically constrained, with a force constant of were collected in thé2 dimension, and 400 increments were used in
100 kecal/mol A, to a value equal to that measured in the template. The thetl dimension. In these spectra, theHz-CH cross-peaks for Lys
distance restraints were then removed, and 5 ps of heating (0 to 300residues were monitored to obtain the chemical shifts of thepZotons
K) was followed by 10 ps of Verlet MD simulation. Every 1000 for each of the four Lys residues in the peptides*C
integration steps, velocities were scaled to 300 K. For cyclic peptides  Twelve titration curves were obtained, one for each of the four Lys
in which one or more Lys side chains kept interacting with the aromatic residues in each of the three cyclic peptides i@ which X is Leu,
system after the 15 ps, longer MD trajectories were computed. The Tyr, or Phe. The acid-dissociation constafy, was determined from
peptide with the longest-lived lysine-aromatic interaction was chosen fitting of the titration curve to eq % in which dua andd, are the GH
for the experimental work: synthesis, purification, and NMR spectro- chemical shifts when the adjacent amino group is in its acidic
scopic study. The symbol,Crepresents a designed cyclic peptide (protonated) and basic (deprotonated) forms, respectivelyaants

containing the residue X (Leu, Tyr, or Phe) in position 9. the activity of the hydrogen ion.
Structure Calculations and NMR Constraints. The structures of
the cyclic peptides in solution were determined using CNS versiof? 1.0. A 0pa T KO,
The NOE constraints were classified as strong.g A), medium £3.4 Oohs= aHT (3
+ a

A), or weak 5.0 A) on the basis of the relative intensities of the

NOESY cross-peaks. For the cyclic peptidas,@nd Gne two sets of ] )
chemical shifts were observed for each of the residues 3, 9, and 10;Results and Discussion
thus also the primed set,®, and 10. There were several NOE cross- Studies of Cation— Interactions between Amino Acid
peaks between residuesad 10, suggesting that these belong to the Side Chains in Various SolventsFor studies of the interactions
same peptide conformation. The observed NOE peaks were divided between the cationic side chain of Lys and aromatic side chains

into three distinct groups: & (containing residues 3, 9, and 10)y€ ' :
(containing residues'39, and 10), and &¢ (containing residues 3, of Tyr and Phe, we chose th¢-acetylated amino acid esters

9, and 10). All in all, the NMR spectra yielded three different sets of ~designatedl—3 and shown in Chart 1. In these compounds
distance constraints. Each set contained-1Z80 NOE-based distance  terminal amino and carboxylic groups are blocked, to suppress
constraints. Starting from an extended peptide strand, 100 runs of classical electrostatic interactions and hydrogen bonds and to
dynamical annealing were perform&’ The coordinates of the 10  favor cation-x interactions. We study association of the cationic
lowest-energy structures were averaged and minimized. These structuregompoundl with aromatic compound& and 3 by 'H NMR
were superimposed with MolMol softwaf&lf one of the ten calculated spectroscopy. Multiple signals, corresponding to protons in both
(45) Brunger, A. T.; Adams, P. D.; Clore, G. M.; DeLano, W. L.; Gros, partners, were af_fected by the tltr_atlons._ The complexation-
P.; Grosse-Kunstleve, R. W.; Jiang, J. S.; Kuszewski, J.; Nilges, M.; Pannu, induced perturbations of the chemical shifts were small (0.01

N. S.; Read, R. J.; Rice, L. M.; Simonson, T.; Warren, G.Acta ppm or less), but reproducible (see Figure S1 in the Supporting
Crystallogr. D Biol. Crystallogr.1998 54, 905-21.

(46) Kuszewski, J.; Gronenborn, A. M.; Clore, G. M.Magn. Reson., (48) Koradi, R.; Billeter, M.; Wthrich, K. J. Mol. Graphics1996 14,
Ser. B1996 112 79-81. 51-55.

(47) Nilges, M.; Gronenborn, A. M.; Brunger, A. T.; Clore, G. Rrotein (49) Rabenstein, D. L.; Hari, S. P.; Kaerner, Anal. Chem1997, 69,

Eng. 198§ 2, 27—-38. 4310-4316.
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Table 1. Association Constant¥g),2? and Free Energies of Complexatioh@°)° Calculated from Them, for the Binding of AcLysOM&)(
to AcPheOEt 2) and to AcTyrOEt 8) in Various Solvents at 258C

AcPheOEt AcTyrOEt
solvent system Ka, M1 —AG?, kcal/mol Ka, M2 —AG?°, kcal/mol
CDCly/CD3OD+H,0 (4:1+1%v/v) 300+ 20 3.4+0.1 130+ 20 29+0.1
DMSO+1%v/v H,O 150+ 30 3.0+0.2 40+ 4 22401
CD3CN/H,O mixture (2:3 w/w) 260t 60 3.3+0.2 70+ 10 25+0.1
NaOAc buffer pH 5.5 (aay10%v/v D,O 59+ 7 244+0.1 35+ 11 2.1+ 0.2

aThe value ofKa was obtained from the fitting of the average perturbations of chemical shifts, determined in at least two independent titrations.
bThe error margins include two standard deviations and correspond to the confidence limit greater than 95%

dielectric constant. Our experimental results confirm a very
i iﬁtizgﬂ: ggjgﬁgggggg recent theoretical prediction by Gallivan and Doughérty.
—&— CH;3NH3* and CgHg cale The hydroxyl group in the aromatic ring of AcTyrOEt can
g .| act as a hydrogen bond acceptor. Indeed, we detect characteristic
£ downfield movement of the OH signal of Tyr upon addition of
g w AcLysOMe. Moreover, the two aromatic protons adjacent to
> 41 the OH group moved downfield more than the other two
< aromatic protons did (see Figure S2 in the Supporting Informa-
. R o tion). Upfield movement of the lysinBi“Hs™ signal, however,
61 is a strong indication of a possible catien interaction. We
' ‘ ' ‘ ‘ conclude that both catierr and hydrogen bonding interactions
0 2 9 60 80 may contribute to the association of the two amino acid
g derivatives. These interactions can both be important, and they
Figure 1. Interaction energies for possible catiem pairs plotted likely work in concert? In addition, a number of hydrophobic

against the dielectric constant of the solvent. The interaction energiesinteractions are possible between the methylene groups of Lys
for the methylammoniumbenzene pair, calculated at the SM5.42R/ gnd the aromatic ring of Tyr and PR&Therefore, the results
HF/6-31+-G* level, were taken from ref 6. As discussed in ref 6, the jn Table 1 reflect not only the catienr interaction, but also

calculations overestimate the interaction energy; the corrected value o interactions between a cationic side chain and an aromatic
for this cation-u interaction in water is approximatety3.6 kcal/mol. side chain

Information). Peak splitting was never observed, evidence that Table 1 shows that Lys binds more strongly to Phe than to
the exchange between the complex and the free amino acidTyr in all the solvents used. These results contradict the proposal
derivatives is fast on the NMR time-scale. Association constants, that the catior-sr binding ability of the Tyr side chain should
Ka, and corresponding free energies of complexatld@;, are be higher because the oxygen atom of Tyr provides an additional
given in Table 1. site of highly negative electrostatic potenialVe suggest that

Binding was studied in four solvents. Because the lysine in all the studied solvents Tyr is better solvated than Phe, and
N¢Hs* group rapidly exchanges *Hions with water, it was that a very unfavorable process of desolvation lowers the overall
impossible to detect this signal directly in water and in affinity of Tyr for the Lys side chain. Although Tyr may have
acetonitrile/water mixture. In the other two solvent systems, the a higher intrinsic cations binding ability than Phe, solvation
addition of aromatic compoun@sor 3 to a solution ofL induced energy in water is about 5 kcal/mol more negative for Tyr than
an upfield movement of the 9Nz™ signal; this behavior is  for Phe>*55Since catior-x parters are rarely found completely
consistent with placement of an ammonium group above an buried within proteing$,their interaction may well be modulated
aromatic ring. The addition of cationic compouhtb solutions by solvation effects.
of 2 and 3 caused the signals of aromatic protons to move  Our experimentahG® values,—2.1 to —2.4 kcal/mol, for
upfield in water, and downfield in the other solvents. The possible catior interactions of amino acid side chains in water
complexation-induced perturbations of chemical shifts may are consistent with those reported for synthetic hgstest
depend on the solvent and generally are difficult to predict.  systems and biological systems. Our values fall well in the range
The catior-x interaction is known to cause downfield move- —0.5 to—2.6 kcal/mol determined experimentals%-5° and
ments of aromatic signals in some systéi®.For example, are close to the values-3.2 and—3.6 kcal/mol predicted
such movements were observed upon binding of metal cationstheoretically?:6° Our experimental findings further suggest that
to calix[4]arenes in a chloroform/methanol mixtiein our cation—aromatic interactions between amino acid side chains
system, too, the signals move downfield in this solvent. In the can be rather strong, similar to salt bridges and hydrogen bonds.
control experiments with AcLeuOEt (designatydthe chemical Studies of Pentapeptide Association in Aqueous Media.
shifts of4 were unaffected by the addition of AcLysOMe. Taken
together, our findings are consistent with cationinteractions (53) Karlin, S.; Zuker, M.; Brocchieri, LJ. Mol. Biol. 1994 239, 227~
between the cationic side chain of Lys and the aromatic side "54) privalov, P. L.; Makhatadze, G. J. Mol. Biol. 1993 232, 660
chains of Tyr and Phe. 679.

As Table 1 shows, the interactions take place in all four  (55) Smith, B. J.J. Comput. Cheml999 20, 428-442.
solvents studied. In Figure 1, the interaction energies are pIottedlgégeifih;‘gégf;o?d" Schiestel, T.; Zimmermann) Fm. Chem. Soc.
against the dielectric constant of the solvent. In the range studied, (57) Schneider, H.-IChem. Soc. Re 1994 227-34.
the strength of the interactions depends only weakly on the _ (58) Loewenthal, R.; Sancho, J.; Fersht, A.JRMol. Biol. 1992 224,

759-770.
(50) Ginther, H.NMR Spectroscopy: Basic Principles, Concepts, and (59) Ting, A. Y.; Shin, |.; Lucero, C.; Schultz, P. G. Am. Chem. Soc.
Applications in ChemistryWiley: New York, 1995. 1998 120, 7135-7136.
(51) Ikeda, A.; Shinkai, SJ. Am. Chem. S0d.994 116 3102-3110. (60) Chipot, C.; Maigret, B.; Peariman, D. A.; Kollman, P. A.Am.

(52) Kubik, S.J. Am. Chem. Sod.999 121 5846-5855. Chem. Soc1996 118 2998-3005.
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To test the effects of the auxiliary interactions and structural Chart 2

preorganization on the catietr interactions between amino Hy,Co O Ou CH
acid side chains, we studied peptide association, an intermo- ¢ e
lecular process. An intramolecular system might at first appear H_EECH CH.CH CH®NH o INH
more suitable for construction of a desired interaction. Indeed, bug LR OOCCHS:E_H
statistical analysis of catiefyr interactions in proteins revealed e ® i
that these interactions are most common between neighboring H—C—CH,CH,CH,CHoNH, © 00CCH,~C—H
residues in the sequentg&Vhen, however, interacting amino ¢=0 o=C
acid residues belong to the same peptide chain, factors besides h:lH ® NH
cation—u interactions may be responsible for the conformation H=C=CH;CH,GH,CHpNH;  ang X—C::—H
that brings the residues into contact. Because even short peptides ¢=0 0=C
in solution may exhibit significant secondary structfi€? NH ® o NH
conformation of a single chain cannot reliably be attributed to H_g;gH2CH20H20H2NH3 00CCH,~G-H
a particular interaction within the chain. N O=EH

In this study of the cation interactions, we place a cationic H—<::—CHchchZCHflx)lH3 ©00CCH,-C-H
group and an aromatic group onto different peptide strands. In Lo /(':\\
our method, the proximity of the side chains belonging to o NH, HN" O
different peptides is a strong indication that these side chains & AcLveLvelvelucLyaNiL 6 AAsAsX AsAsNI]
have a special affinity for each other. Moreover, in a study of AT casphp Rt
interactionsbetweenpeptides rather thamvithin a peptide, X
binding affinities of various peptide pairs can be determined CHs
and analyzed. Because peptide recognition is an intricate 6a -HC—C—H Leu
phenomenofi?-55 a rational design of selective interactions CH,
between small peptides is difficult. Peptide association is far H H
less specific than protein association, but the study of peptides 6b -H,C QOH Tyr
also has its advantages. Their intrinsic flexibility makes their

association a dynamic process, interesting in its own right, and
is related to some proteirprotein interaction§®

We study the binding of two oppositely-charged pentapep- . .HZCQH Phe
tides, designatel and6 in Chart 2. Their terminal amino and
carboxylic groups are blocked, to minimize electrostatic attrac-
tion§ among the m,OIe,CL”es of the same kﬁnd and thus SUPPIeSSrapie 2. Association ConstantK{), and Free Energies of
peptide self-association. The electrostatic attraction betweencomplexation AG®) Calculated from Them, for the Binding of
oppositely-charged ionic groups brings the two peptides togetherAcLysLysLysLysLysNH (5) to AcAspAspXAspAspNH (6) at 25
and may favor a catioAr interaction between the ammonium  °C*
cation in the one peptide and the aromatic ring in the other. residue X pentapeptide Ka x 103, M~1bc  —AG?°, kcal/mof

H H

Becau_se_ of the rele\_/ance of_ these int_erz?lcti(_)ns to biomolecu_lar Leu 6a 40+07 49401
association, we studied peptide association in agueous solution. Ty, 6b 5.0+ 1.0 5.0+ 0.1
Under these conditions, salt bridges and possible cation Phe 6c 8.3+1.3 5.3+0.1

interactions must compete with the favorable solvation of ionic I : - —

. . . a All titrations were done in a sodium acetate buffer of ionic strength
side chains and other polar groups. To overcome the desolvation g mm and pH 5.5 containing 10% (v/v),D. ® The value ofiKx was
penalty and ensure binding, we gave the peptides high oppositeobtained from the fitting of the average perturbations of chemical shifts,
charges. determined in at least two independent titratidghiBhe error margins

. . : : include two standard deviations and correspond to the confidence limit
The addition of pentalysmeﬁ, to soluyons of pentapepnqles greater than 95%.
6 perturbed chemical shifts of many signals, corresponding to

protons in both partners. These complexation-induced perturba- |, aqueous solution, the NMR signals corresponding to
tions were reproducible and larger (up to 0.05 ppm) than those 5omatic protons in both Tyr-containing and Phe-containing
found with single amino acids (see Figure S3 in the Supporting pentapeptidespb and 6¢c, moved upfield upon addition of

Information). Again, absence of peak splitting rules out slow pentalysine,5. In the control experiments done in DMSO

exchange between the complex and free peptides. Two-gqytion, those signals moved downfield. In both solvents, the
dimensionatH NMR ROESY spectra of the pairs of associating 4romatic protons in pentapeptides move in the same direction
pentapeptides did not contain any intermolecular ROESY peaks.upon complexation with the cationic partner as the aromatic
Association constant¥,, and corresponding free energies of ,6tons in our studies of single amino acids. The Leu signals

complexation AG®, are given in Table 2. in the pentapeptidéa did not move upon addition & These
- - - - - findings consistently indicate that the aromatic groups in
7légi)7\i\l7rght’ P- E. Dyson, H.J.; Lemer, R. Blochemistryl988 27, peptides6b and 6¢ are affected by the complexation, and the
(62) Gierasch, L. M.; Deber, C. M.; Madison, V.; Niu, C. H.; Blout, E.  aliphatic group in the peptidéa is not.
R. Biochemistryl981, 20, 4730-8. The association constants in Table 2 are relatively large.

(63) Boyce, R.; Li, G.; Nestler, H. P.; Suenaga, T.; Still JCAm. Chem.

S0c.1094 116 7955-6. Evidently, the_high opposite chgrggs of the two pept!des cause
(64) Sasaki, S.; Takagi, M.; Tanaka, Y.; Maeda, Mtrahedron Lett. strong attractions between their side chains, even in aqueous
1996 37, 85-88. _ solution. The dependence Kf on the identity of the residue
11&%%)_*;_0553'“ M. A.; Schneider, H.-J. Am. Chem. Sod 99§ 120 X is subtle but significant. Association constants @arandéb
(66) Bendall, D. S. InProtein Electron TransferBendall, D. S., Ed.; are nearly equal, considering the error margins. However, the

BIOS Scientific Publishers Ltd: Oxford, UK, 1996; pp 488. two-dimensional'H NMR ROESY spectra suggest that the
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pentapeptidéa differs in conformation fron6b and6c, which

are alike (see Figure S4 in the Supporting Information). While
the Leu-containing pentapeptideg, is predominantly random-
coiled, the two other pentapeptidét) and6c, are somewhat

Plednet al.

Because solvation effects are critically important to interac-
tions of the two highly charged peptides, we used an explicit
solvent system with periodic boundary conditions. Our simula-
tion time was relatively short. To ensure a more complete

structured, as evidenced by the cross-peaks of Tyr3/Phe3 withsampling of the conformational space, we ran six simulations
both of its neighbors, Asp2 and Asp4. Consistent with these in parallel, with different initial conformations.

ROESY peaks, the molecular-dynamics simulations described From the NMR results, we knew that the association of the
below show a general preference for a “horse-shoe” conforma-two pentapeptides was dynamic. The two-dimensiohl

tion of the backbones i6b and6c. The different structure of ~ ROESY spectra of the complex of the two pentapeptides did
the peptidesa prevents direct comparison of its binding affinity  not show intermolecular ROESY peaks. Our MD simulations
with those of6b and6c, whereas the last two can be compared. corroborated the NMR results and found multiple short-lived
The moderate increase in the association constant @oto conformations of the pentapeptide complexes. We attempted
6¢ suggests that Phe provides more favorable interaction thanto pool together the structures of the complexes according to
Tyr does. As in the case of interacting single amino acids (Table their root-mean-square deviation values, but these structures
1), we attribute the higher affinity dc to a lower desolvation  failed to “coalesce” into significantly populated clusters. This
penalty of the Phe side chain in water. Although the differences result confirms that the system is very dynamic, and that no
in the association constants are small, these binding studiesconformers enjoy significant energetic advantages. Figure 2
indicate that the peptidésand6 do bind and that the aromatic ~ shows four snapshots of the complex between the pepfides
residues in6 may contribute to the increase in the binding and 6c. While the backbone ob is essentially helical, the
affinity. backbone of6c adopts a “horse-shoe” conformation.

Although chemical-shift changes and the differences in  To monitor the approach of side chains in the two associating
association constants strongly suggest that aromatic residues plapeptides, the time series described in the Materials and Methods
a role in the association, we do not rely ol NMR were extracted from the trajectory. The interatomic distances
spectroscopic titrations alone to decide whether cation  between an ammonium cation of Lys and an aromatic ring of
interactions between amino acid side chains are formed in theTyr or Phe, and between an ammonium cation of Lys and a
complex structures. The possibility of conventional salt bridges, carboxylic group of Asp, ranged from 2.8 to 25 A. Using the
hydrogen bonds, and hydrophobic interactions, as well as cutoff of 8.0 A, on average of 4.8 and 4.7 interacting side-
cation—g interactions, and the dynamic nature of small peptides chain pairs were found in the complexes thdbrmed with6b
association complicate the analysis of binding experiments. To and with6c, respectively. One-eighth of these interactions (13%)
explore further the association of the two pentapeptides, we were the result of the contact between a Lys in one peptide and
simulated their complexes by molecular dynamics. the aromatic ring (Tyr or Phe) in the other. These findings show

Molecular-Dynamics Simulations of Pentapeptide As-  that catior-7 contacts between the two peptides are stereo-
sociation.In performing molecular-dynamics (MD) simulations  chemically possible. Taken together, the NMR results and MD
of the pentapeptide complexes (pairs) tbamnakes with6a, simulations indicate that catienr interactions can contribute
6b, and6c, we sought to answer the following two questions. to the association of the two pentapeptides.

Are there preferred conformations of the pentapeptide com-  Design and Structure of the Cyclic Peptide That Favors
plexes? Can the cationic side chain of Lys approach the aromaticCation—z Interaction. The dynamic character of the pentapep-
ring of Tyr or Phe without steric hindrance from the other side tijde association precludes direct observation of cation
chains? Our goal was not to search exhaustively the confor-interactions in these systems. Indeed, intermolecular NOEs
mational space and reproduce the measured association conpetween Lys and Tyr or between Lys and Phe were not
stants>’ Rather, we wanted to generate a representative set ofopserved. To restrain the conformational mobility of the
structures, so that we can understand the contribution of thepentapeptide complexes, we created a cyclic peptide by co-
cationic and aromatic side chains to the peptide association. yalently linking the two pentapeptides. This covalent construct

The cation-z complex involves various intermolecular s petter defined than the noncovalent complexes, and it allows
forces, such as charge-quadrupole, charge-dipole, chargethorough studies by two-dimensional NMR spectroscopy. In the
induced dipole, and hydrophobic interactions; charge transfer; cyclic peptides, we can spectroscopically identify catian

and dispersion force'sAlthough electrostatic interactions play
a prominent, and sometimes dominant, role in the cation
interactions polarization of ther system by the cation is also
important®® The empirical force field in CHARMm does not
take into account the polarizability of the aromatic system. A
10—-12 term can be added to empirical force fields, to account
for the effect of the polarization of ther systemf® We

interactions.

I. Molecular-Dynamics Simulations Guided the Design of
the Peptides with Cation—z Interactions. Making minimal
modifications to the primary structure of the two parent peptides,
we linked them by a backbone Gly at the one end and by a
disulfide bridge at the other. The product was the cyclic peptide,
designated & Although its conformations are more stable than

considered such a correction unnecessary for the system undefhpse of the pentapeptide complexes, i€ still a relatively

study. The maximum attractive contribution of the correction
is 0.7 kcal/mol at 3.5 A. As our experiments showed, association
of the highly-charged peptidésand 6 is primarily governed
by Coulombic attraction. Therefore, a small correction by the
10—12 term would only marginally alter the potential-energy
surface. The CHARMm force field, already optimized to
reproduce known peptide conforméPssufficed for our pur-
poses.

(67) Mezei, M.; Beveridge, D. LAnn. N.Y. Acad. Sc1986 482 1-23.

(68) Cubero, E.; Luque, F. J.; Orozco, Froc. Acad. Sci. U.S.A.998
95, 5976-80.

dynamic system. Its side chains are not forced to interact; their
interactions will be observed only if they stabilize the peptide
conformation.

We used the results of MD simulations of the pentapeptide
association to search for the best templates for the design of a
cyclic peptide likely to exhibit cations interactions. The simple
geometric criteria stated in the Materials and Methods section
proved useful in selecting suitable complexes of the two
pentapeptides as template structures. A total of five such

(69) MacKerell, A. D., JrMethods Enzymoll991 202, 449-70.
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Figure 2. Families of dynamic complexes formed by the pentapeptides AcLysLysLysLysLy§BHand AcAspAspPheAspAspNH6¢). The

four complexes shown represent different association modes, which have (a) four salt bridges, involving three side chains, (b) two salt bridges and
one cation-7r interaction, (c) no side-chain contacts, and (d) three salt bridges. The two backbones are highlighted with ribbons, and interactions
are represented with dotted lines. The figure was prepared with MolMol v2K.1.

templates were extracted, and their coordinates were used ashe initial constraints were not mechanically straining the
starting points for the refinement of a cyclic peptide. Not all structure. Figure 3 shows the initial template structure, based
ionic side-chain contacts had to be replaced by a trial disulfide on the complex of the pentapeptide@and6c, and the energy-
bridge. It quickly became clear that nonsymmetric replacements minimized structure of the designed cyclic peptiden

(i.e. of Lys2 with Cys2 and of Asp8 with Cys8) would distort || Assignments of NMR Resonances and Structure of the

the backbone structure in such a way as to prohibit the desiredCyC”C Peptide. For three reasons, we chose DM8Qas a
cation—z interaction. Replacement of ionic residues positioned gqyent for the structure-determination experiments. First, for
within three amino acids of Gly likewise resulted in a highly g peptides the populations of the folded conformations can
strained cyclic peptide. Adding a Gly-Gly linker also proved o a1 and spectroscopic measurements are strongly influ-
to be unsuccessful, because the cyclic peptides became V€¥%nced by the populations of unstructured species. DMSO tends

fle_>l<_irE)Ief, ﬁnd _thetﬁaticmn itr_zeractions quilckly dt}mlt(ﬁ . ACC to destabilize all except the highly preferred conformations of
€ loflowing three peptides were analyzed Turther. ACLYS- o hantide, by strong polar interactions within the pepfide.

(Lys)Gly(AsppXAspCysNi, AcCys(Lys)GIly(AsppXCysAsp- Second, DMSO is a very viscous liquid. The extended correla-

NHz, and AcLy;Cys(_Ly@GIy(A;p)ZXCysAspNHz. In the_m X tion times give rise to NOESY cross-peaks that would otherwise
was an aromatic residue. Their backbone conformations were . .
be undetectable in aqueous solution at room temperé&ture.

sufficiently rigid to allow at least one Lys side chain to stay S ) . ;
within 8.0 A of the aromatic ring of Phe (as residue X) for _Thlrd,_|n DMSO solutlo_n théH signal of the ammonium group
in lysine can be monitored, to analyze possible interactions

12.8, 8.6, and 16.2 ps, in the three respective peptides. For thebetween this group and the aromatic ring of Tyr and Phe. As

last peptide, a similar simulation with Tyr as X was also run, Table 1 and Fi 1 show. th . f this int i
with the starting coordinates as in the simulation with Phe as able 1 and Figure 1 show, the energies ot this interaction are
similar in aqueous and DMSO solutions.

X. The lifetime of the catiors interaction in this peptide was
14.3 ps, again relatively long. Many peptides have already been studied in organic sol-
The sequence AcLysCys(LySly(AspXCysAspNH was vents’! Stable structures of cyclic and linear peptides identified
chosen for synthesis and further experimental studies for two by NMR in DMSO solution agree well with their structures
reasons. First, the simulated lifetime of the catianinteraction S—
was the longest in this peptide. Second, the backbone structur%sgos) Jackson, M.; Mantsch, H. Mgiochim. Biophys. Acta991, 1078

during the 14.3- and 16.2-ps simulations varied little (the root- (71) Evans, J. N. Biomolecular NMR Spectroscap@xford University
mean-square deviation was less than 2.0 A), an indication thatPress Inc.: New York, 1995.
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Figure 4 shows the NOESY spectrum of the cyclic peptide
Cryr at 45°C in DMSO. The dispersion of the chemical shifts
and numerous NOE cross-peaks indicate that the molecule
adopts a well-defined structure in solution. The NOESY
spectrum of the peptideggeis very similar (see Figure S5 in
the Supporting Information).

Inspection of the amide-to-aliphatic region of the spectra
reveals more than 11 different NH frequencies for this 11-residue
peptide (see Figure 5). Because the peptide samples are
chromatographically pure, this finding suggests that at least two
conformations of the peptide are simultaneously present in
solution and that they interconvert slowly on the NMR time-
scale. The sequence-specific assignments of the resonances were
made in the standard mann&amino acid spin systems were
identified primarily from the TOCSY cross-peak patterns. The
sequential assignments of NMR peaks fof,Gand Gene are
listed in Tables S2 and S3 in the Supporting Information,

1. Insert Gly respectively. We find two sets of the chemical shifts for each
of the three residues Lys3, Tyr9/Phe9, and Cys10. The two
different sets of peaks corresponding to the same residue in the
sequence are labeled with a residue number and this number
primed, i.e., 3 and'39 and 9, and 10 and 10(see Figure 5).

2. Replace Lys2-Asp2 Although we see only two sets of peaks, it is possible that a

with Cys-Cys given peptide exists in more than two conformations. This

multiplying of peaks arises from different microenvironments

L. . that a given residue feels in different conformations of the

Initial Conformation of CPhe peptide. Later we will refer to different forms of the residue 3
as apparent “residues” 3 ant] Bkewise for residues 9 and 10.

Among the numerous NOEs there are some connecting
Energy Minimization residues that are not adjacent in the sequence. This is evidence
for a well-defined and fairly rigid conformation of the peptide
in solution. In the amideamide region of the NOESY spectra,
strong NHi to i+1 connections are found for residues from 3
to 5, and from 8 to 9. In addition, NH to i+2 connections
have been identified for residues 2 and &d a weak NOE
cross-peak from Lys4(NH) to Tyt®he9(NH) has been
observed. In the amide (NH) @ (C*H) fingerprint region of
the NOESY spectra, there are strongHU)—NH(i+1) NOEs
for almost the entire sequence, and also additional NOEs from
Gly6(C*H) to Asp8(NH) and from Lys3NH) to Lys4(C*H).
In the a—a. region of the spectra, there are NOEs between the
C*H protons of residues 5 and 7 and residues 3 and 8, consistent
with a turn in the peptide backbone. Also there are NOEs
involving a-protons of residues 2 and 3, 7 and 8, and 7 and 9.

Complex of 5§ and 6¢ as a Template

C The aforementioned NOESY data indicate that the peptide has
Phe a turn centered at Gly6, that its structure is relatively tight, and
Figure 3. Design of the cyclic peptide containing catien interac- that some of the side chains may interact with each other.

tions. The complex of the two pentapeptides was used as a structuralResidues 3 or’'38, and 9 or 9are most likely to interact with

template for a cyclic peptide. The template shown is based on the neighboring residues (including those on the opposite strand),
complex of pentapeptides AcLysLysLysLysLyshif3) and ACASPASP- gince the backbone near the listed residues seems to be different
PheAspAspNH (6¢) with a cation-u interaction between Lys3 iB from the rest of the peptide backbone

and the aromatic ring of Phe3 iBc. Connections of the two
pentapeptide strands with a Gly residue and replacement of a salt bridge Additional NMR evidence for the interactions between
with a pair of disulfide-bonded cysteines yielded the starting conforma- residues comes from the analysis of the aliphatic regions in the
tion of the cyclic 11-residue peptide. Shown is its energy-minimized NOESY spectra. The NOE cross-peaks between the side-chain
structure. The figure was prepared with MolMol v2K®L. protons in Lys5 and @H in Asp8 are consistent with a salt
bridge between these residues. We find NOEs between the
garomatic protons in residue 9 andtCand CH protons in Lys3

(see Figure 6). The intensity of these cross-peaks decreases from
C°H to C’H. The cross-peak between the aromatic protons in
residue 9 and & in Lys3 is undetectable, because the

determined by X-ray diffraction in crystald73Moreover, recent
studies have shown that some proteins have similar structure
and functions in DMSO and in aqueous solutiéiVe will show
below that the structures of our cyclic peptides, too, are very
similar in DMSO and aqueous solution.

(72) Ni, F.; Ripoll, D. R.; Purisima, E. Biochemistryl992 31, 2545~ (74) Sivakolundu, S. G.; Mabrouk, P. A. Am. Chem. So200Q 122
54. 1513-21.
(73) Kessler, H.; Bats, J. W.; Griesinger, C.; Koll, S.; Will, M.; Wagner, (75) Withrich, K. NMR of Proteins and Nucleic Aciddohn Wiley and

K. J. Am. Chem. S0d.988 110 1033-49. Sons: New York, 1986.
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Figure 4. Selected regions of the 2B NOESY spectrum of the cyclic peptiderfedissolved in DMSCOds at 45°C: (a) amide-to-aliphatic, (b)
amide-to-amide, (c) aliphatic-to-aliphatic, and (d}o-o.. Some of the crucial cross-peaks discussed in the text are circled.

chemical shifts of ¢2H in Tyr9/Phe9 and @ in Lys3 happen 08

to be the same. Furthermore, there are NOEs betwédn@H,

and CH in Lys3 and GH in residue 9. 3 3
The observed cross-peaks between the aromatic & C 13 s C:

protons in residue 9 on the one side and aliphatic protons in ; aﬁ

Lys3 on the other arise from direct NOE transfer, and are not 18 ~

a consequence of spin-diffusion. In ROESY spectra direct and
singly-relayed NOE cross-peaks can be distinguished on the
basis of their sign relative to the diagoriélln the ROESY —
spectrum of @, the above-mentioned cross-peaks are negative é
relative to the diagonal, evidence that the cross-peaks arise from & 2.8
direct NOE transfer. In the NOESY spectrum acquired with a
shorter mixing time (100 ms), relayed transfer should become o
much attenuated. As expected for a molecule of this size, all
NOEs became weaker when the short mixing time was used.
In this experiment, the cross-peaks correlating the side chains
of Lys3 and Tyr9 were still observed, providing further evidence
that these cross-peaks arise from direct NOE transfer. 43
The many NOEs between the side chains of residuesi@
9 are evidence for their close proximity. SinceyCand Gepe
show similar NOE patterns, the proximity of these two side 82 81 80 79 78 17 76 15
chains cannot be merely due to a hydrogen bond involving the 8 (ppm
hydroxyl group in Tyr9. Rather, we propose that a catian
interaction is formed between the ammonium group of Lys3

2.3

3.3

3.8

Figure 5. Amide-to-aliphatic region of the 2EH TOCSY spectrum

of the peptide @, dissolved in DMSQOds at 45°C. Each intraresidue
(76) Bax, A.; Sklenar, V.; Summers, M. B. Magn. Reson1986 70, spin system is marked by a solid line and labeled by the position of

327-333. the amino acid residue in the peptide sequence.
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Figure 6. Portions of the 2DH NOESY spectra of the cyclic peptides
(a) Gryr and (b) Gredissolved in DMSQdg at 45°C, showing the cross-
peaks between the’8 and CH protons of Lys3on the one side and
the aromatic protons of Tyr9/Phe9 on the other.

and the aromatic ring of Tyr9/Phe9. The side chains of Lys3
and Tyr9/Phe9 appear to be positioned inside a turn of the
peptide backbone. The aromatic protons of Tyr9/Phe9 have LysS
multiple NOEs with the neighboring residues, Asp8 and Cys10. ey
The side chain of Lys3has NOEs with €H protons in Cys2
and in Cys10, residues linked by the disulfide bond. Evidently,
the expected catiofrr interactions in the cyclic peptidesr{
and Gpe were indeed formed. Our simple method of peptide
design proved successful.

Since there are NOEs between residuesrtd 10, these
residues likely belong to the same peptide conformation. We
did not, however, find NOEs linking residues &nd 9 or
residues 3and 10. The available data suggest that the multiple
conformations of the cyclic peptidest& and Grne can be
divided into three distinct families: ,&, which contains residues
3, 9, and 10; &3, which contains residues,®, and 10; and
Cx919, which contains residues 3/, %nd 10.

NMR solution structures for the three families of the cyclic Figure 7. Calculated structures for the three families of the cyclic
peptides G, and Ghewere calculated from constraints obtained peptide Gy:: (a) Gry*, (b) Cry®, and (c) Gy*'%. For each family,
from the NOESY spectra, as described in the Materials and 100 structures were generated, and the average of the 10 having lowest
Methods section. Figure 7 shows the average calculated©&nergy is shqwn. Hydrogen atoms.bonded to carbons are omitted, for
structures for the three families of the peptidg,Cconsistent clarity. The figure was prepared with MolMol v2K:1.
with the experimental data. Such families exist also for the cyclic core of the peptide. In &9 (Figure 7c), residues Lys5 and
peptide, Gne The three families have their own distinct features. Asp8 form a salt bridge.

In Cx* (Figure 7a), the side chains of four Lys, three Asp, and  The root-mean-square deviation values for the backbone (C,
Tyr/Phe are extended into the solvent; there are no interactionsC%, O, NH) atoms for 10 lowest-energy structures in each of
between the residues within the molecule. kfGFigure 7b), the three families of the peptiderg fall between 0.4 and 1.0
the ammonium cation of Lys3 and the aromatic ring of Tyr9/ A, and the root-mean-square deviation values for all atoms fall
Phe9 form a well-defined catiefir interaction. The two between 1.2 and 2.1 A; these values are listed in Table S5 in
interacting residues are situated inside the peptide; Tyr9/Phe9,the Supporting Information. Because peptide structures based
Lys3, and the disulfide bridge combine to form a hydrophobic on NOE restraints are known to be insensitive to rapid
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Figure 8. Ten lowest-energy structures in the family,€ of the cyclic
peptide Gy, showing the peptide backbone and the side chains of Lys3
and Tyr9. Their catiorsr interaction is evident. Hydrogen atoms
bonded to carbons are omitted, for clarity. The figure was prepared
with MolMol v2K.1.48
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the side chains of Lys3 and Tyr9. The cation interactions
between these side chains are well-defined for most of the
structures. Figure S6 in the Supporting Information shows this
interaction in detail. The distances between thatdm in Lys3

and the aromatic carbon atoms in Tyr9 range from 2.5 to 4.6
A; these values are quite reasonable in view of those reported
for cation—x interactions between amino acid side chains in
protein structure$.As a test, we additionally constrained the
distance from the ammonium group in Lys3 to the carbon atoms
in the aromatic ring of Tyr9 in calculations of they& structure.
With these constraints set a4.0 A7 the all-atom root-mean-
square deviation values for the 10 lowest-energy structures
decreased from 1.2 to 1.1 A (see Table S5 in the Supporting
Information). In the average structure obtained with these
additional constraints, the ammonium cation of Lys3 sat more
symmetrically over the aromatic ring, with the distances between
the Nf atom in Lys3 and the aromatic carbon atoms in Tyr9
ranging from 2.8 to 4.1 A. We, however, chose to present here
the structure based on the experimental (NOE) data alone, with
no artificial constraints added.

Cation—ax Interaction Compacts the Structure of the
Cyclic Peptide.Our structural evidence shows that the residues
3 and 9 are tightly packed inside the peptide turn. In principle,
other interactions, besides the cation interaction, can con-
tribute to the proximity of the two side chains. The aliphatic
portion of the Lys side chain may have hydrophobic contacts
with the aromatic ring of Tyr or Phe and with the disulfide
bridge. The ammonium group of Lys can also form a salt bridge
with a side chain of one of the nearby aspartates or a hydrogen

conformational change and tend to be biased toward the mostyong with other peptide groups. We investigate the possibility

compact structuré’, the root-mean-square deviation values
should be viewed with caution.

Figure 8 shows the 10 lowest-energy structures for one of
those families, &,°. The peptide has a well-defined structure,
with limited flexibility. As expected, the central region of the
peptide is rigid, whereas the terminal regions are more flexible.

lll. Cation —m Interactions between Amino Acid Side
Chains in the Cyclic Peptides.The designed cyclic peptides
Cryr and Gone @adopt multiple conformations in solution. From
two-dimensional NMR data we deduced three different struc-
tures, corresponding to three distinct families of peptide
conformations. In the family £, the side chain of Lys3 lies
close to the aromatic ring of residue 9, as evidenced by many

medium-range and long-range NOEs, discussed above. We

attribute this proximity to a cations interaction between the

two side chains. The two residues remain close even at higher

temperatures; the same NOEs between the protons ir hys3
protons in Tyr9/Phe9 persist at 6C.

Analysis of the chemical shifts provides further evidence for
the catior- interaction between Ly$and Tyr9/Phe9. Because
IH NMR signal of the NH3™ group of lysines is broad, the
N¢H protons of all lysines appear to have the same chemical
shift and therefore are unsuitable for monitoring the specific
interaction with the aromatic residue. However, the signals of
the CGH and CH protons in Lys3occur at approximately 0.03
and 0.02 ppm, respectively, upfield from the signals of thid C
and CH protons in other lysines (see Tables S2 and S3 in the
Supporting Information). The upfield positions of the above-
mentioned signals are consistent with placement of the side chai
of Lys3 above an aromatic ring, a consequence of the cation
interaction between Ly$&and Tyr9/Phe9.

Figure 8 shows 10 lowest-energy structures for the family
Cry® of the cyclic peptide @, and the interactions between

(77) Williamson, M. P.; Waltho, J. Chem. Soc. Re 1992 227-236.

n

of these additional interactions in the discussion that follows.

If the close contact between the residues 3 and 9 is mainly
due to hydrophobic and/or hydrogen-bonding interactions
involving Lys3, then replacement of aromatic residue 9 with
an aliphatic amino acid of similar size should keep the side
chains of residues 3 and 9 in the proximity to each other. Our
experiments, however, showed that replacement of the aromatic
residue in position 9 with leucine (in the cyclic peptide.§
abolishes the contact between the side chains of Lys3 and
residue 9. In the NMR spectra of & we find no NOEs
diagnostic of the proximity of these side chains. The hydro-
phobic Leu residue is packed inside the peptide, as indicated
by the NOE cross-peaks from thekC protons in Leu9 to the
NH and CH protons in Asp8 and to the NH proton in Cys10.
The lack of NOEs for the side chain of Lys3 suggests that this
residue is mobile and disordered, as expected for a residue
exposed to the solvent. We conclude that in peptidgs ahd
Crhe it is the cation-s interaction between Lys and aromatic
amino acids, and not some other interactions, that brings together
these residues on the neighboring strands and promotes a more
compact structure of the cyclic peptide.

Our two-dimensional NMR experiments, discussed so far,
were done in DMSO. As mentioned above, this solvent
facilitates direct observation of the catten ineractions in
peptides. Because, however, these interactions are especially
important in biological systems, we verified that we can detect
them also in aqueous solution. The 2B NOESY spectrum
of Cphein @ sodium acetate buffer at pH 3.8 anfGis almost
identical to the spectrum in DMSO at 4& (see Figure S7 in
the Supporting Information). We reasonably conclude that the
peptide adopts similar conformations in the two solvents. In
aqueous solution, as in DMSO, we detect multiple conforma-
tions of the cyclic peptide. As in DMSO, we observe the cross-
peaks between the aromatic protons in residue 9 and/tHe C
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C’H, and CH protons in Lys3 evidence for the catioar
interaction between these residues.

In the designed cyclic peptides, residue Gly and the disulfide 12 : 3y
bridge formed by Cys2 and Cys10 tightly link the neighboring S
strands. The cyclization promotes conformational stability of
the peptides in solution and allows the detection of the cation ”é\
interaction. We also investigated whether removal of one of o,
the linkers would significantly alter the peptide conformation & 1.4
and abolish the interaction between the cationic side chain of
lysine and the aromatic side chain. o

Reduction of the disulfide bond in the cyclic peptide.tby :
dithiothreitol yielded the acyclic product, designatedpf\CThe S —— 3[3
NOESY spectrum of Agnein a sodium acetate buffer at pH 1.6 T
7.6 at 5°C shows NOEs from Asp7(NH) to Lys4(8) and
Lys5(C*H) and from Lys5(CH) to Gly6(C*H), evidence that 7.07
the acyclic peptide also adopts a turn structure. Overall, the
acyclic peptide AGpe shows fewer NOEs than its cyclic
counterpart, Ghe evidence that the former peptide is more
flexible. Interconversions among the multiple conformations of
ACppe are fast on the NMR time-scale, and only 11 NH
frequencies are observed in the 2D NOESY spectra of this 11-
residue peptide. Interestingly, residues Lys3 and Phe9 of the
peptide AGrestill form a cation-x interaction: the cross-peaks
persist between the aromatic protons in Phe9 and fhg C'H,
and CH protons in Lys3 (see Figure 9a). Figure 9b shows 10
lowest-energy structures and the average structure of the peptide
ACpne Which is less defined than the structure ¢f,Cbecause
of the higher flexibility of the former peptide and fewer NOE
constraints available. To conclude, the residues Lys3 and Phe9,
located away from the Gly turn, interact even in the acyclic
peptide, not constrained by the disulfide bridge.

The persistence of the catietr interaction even in a more
flexible peptide emphasizes the importance of these interactions
for both intramolecular and intermolecular recognition, e.g.
within proteins and at the proteitprotein interface. Previous  Figure 9. (&) A portion of the 2D'H NOESY spectrum of the acyclic
studies indicated that catienr interactions may be important ~ Peptide AGrein a sodium acetate buffer at pH 7.6 and showing
in stabilizing peptide and protein structufes:78.7°0ur results the cros_s—peaks between the aliphatic protons in Lys3 and thg aromatic
with CLe, and AGone demonstrate that catienr interactions protons in Phe9. (b) Ten lowest-energy structures of the acyclic peptide

betw ide chains help in f . ¢ tid ACpre The peptide backbone is drawn for all 10 structures. The
steruc(tajrr(]esSI € chains help in forming more compact peplae v, yone of the average structure is represented by the thick ribbon.

) o . The side chains of Lys3 and Tyr9 in the average structure are shown
Perturbations of pK, Values as a Criterion of Cation—mx in the stick mode. Hydrogen atoms bonded to carbons are omitted, for
Interactions in the Dynamic Systems.The NOE cross-peaks  clarity. The figure was prepared with MolMol v2K48.
and analysis of chemical shifts consistently showed the exis’renceT ble 3. Residue.Specific Acid Di (ation Constark)t® of
; ; ; ; ; ; able 3. Residue-Specific Acid Dissociation Constars)¢® o
of Catlon—n. InFeractlons I.n the .CyC“C peptldesTQ and Cphe. Lysine Side Chains f%r Cyclic Peptidex @t 25°C
Another criterion for cationsr interactions, used mostly in

&

studies of proteins, is perturbation of th&pvalues of the PKa

interacting side chains. Catiefr interaction may be expected  peptide Lysl Lys3 Lys4 Lys5
to raise the [, of the cationic side chain, because it becomes Ciea  10.60+ 007 1058 0.08 10.56:0.12 10.60+ 0.07
additionally stabilized by the aromatic ridgé Peptides, unlike Cry 10.65+0.09 10.74:0.07 10.57+0.07 10.57+0.10

proteins, are flexible. The same set of residues may have Cpre 10.56+0.07 10.77+0.07 10.6%-0.06 10.58+ 0.06

different interactions in various conformations of a peptide. In. ™y K. values were obtained from the fittings of pH dependence

principle, t_he observable (_macroscopi@)ap/alue ofa ti'FratabIe ~ for the chemical shifts of the lysine‘B protons, determined from the
residue will be a composite of the unobservable (microscopic) 2D 'H TOCSY spectra of & ° The error margins include two standard

pKa values of that residue in different conformations. deviations and correspond to the confidence limit greater than 95%.
To check if the interaction with the aromatic ring would
noticeably alter thel§, values of the Lys residue involved, we
determined these values for all four Lys residues in each of the
three cyclic peptides & in which X is Leu, Tyr, and Phe. The
chemical shifts of nuclei proximate to the titratable group are
sensitive to its protonation stat&To obtain individual titration

curves (CH chemical shift vs pH) for each of the four lysines
in three peptides £(total of 12), we did a two-dimension&H
TOCSY experiment for each point in those curves.

The residue-specificky values were determined from fittings
of each of the 12 titration curves to eq 3. The results are
presented in Table 3, and two of the curves are shown in Figure
(78) Rico, M.; Santoro, J.; Bermejo, F. J.; Herranz, J.; Nieto, J. L.; 10. As Table 3 shows, thekg values of all four lysines in Gy

Gallego, J.; Jimenez, M. Aiopolymers1986 25, 1031-1053. ; i ; i ;
(79) Shoemaker, K. R.; Fairman, R.; Schultz, D. A.; Robertson, A. D.; are th? S.ame'. EVIdently’ their mlcroen.wron.ments R.@re
York, E. J.; Stewart, J. M.: Baldwin, R. [Biopolymers199q 29, 1—11. very similar. Since thesely values are identical to that of an

(80) Rabenstein, D. L.; Sayer, T. Anal. Chem1976 48, 1141-1146. isolated Lys group (82 = 10.53, reported without error
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30 C Conclusions
29 Leu Our experimentalAG® values for catiors interactions
) between amino acid side chains suggest that these interactions
£ 28 can be as strong as the familiar salt bridges and hydrogen bonds.
© L By analyzing the dynamic association of the two pentapetides,
we find that various interactions work in concert. Preorientation
26 of the cationic and aromatic side chains by multiple forces

4 6 8 10 12 14 appears to be crucial for producing a stable catiorinteraction.
With molecular-dynamics simulations, we designed peptide

pH systems that showed prominent cationinteractions between
amino acid side chains. In the designed peptides, both cyclic
+0 Cohe and acyclic, catiofrr interactions were clearly evident from
29 both chemical shifts and NOEs. With model systems, such as
£ 28 those presented here, one can address questions of protein
= structure and proteinprotein interactions that are difficult to
27 address with proteins themselves. Our relatively simple design
26 strategy was successful; it may prove to be useful in future
studies of peptide and protein engineering.
4 6 8 10 12 14 Cation— interactions are commonly found within proteins,
pH which are relatively static structures. Our theoretical and

Figure 10. Titration curves for the @1 protons in Lys3 of the cyclic ~ €xperimental results show that these interactions occur also
peptides G, and Gne The former peptide lacks, while the latter one  between and within peptides, which are dynamic structures. In

has, aromatic residue in position 9, available for catiarinteraction dynamic systems, however, these elusive interactions may be
with Lys3. The solid lines are fits to eq 3. Th&gpvalues are listed in detectable only by carefully chosen methods. This study of
Table 3. dynamic structures shows that catiam interactions strongly

contribute to biomolecular association. They should be sought
in intermolecular recognition across dynamic protgimotein
interfaces and in intramolecular processes such as protein
folding.

margins)?1-82it is reasonable to conclude that the side chains
of these four residues are exposed to the solvent and fully
hydrated. These results are consistent with our NOE findings,
discussed above.

In peptides Gy, and Gne the K, values of Lys3 are Acknowledgment. This work was supported by the U.S.
marginally higher, while thelg, values of the other three lysines  National Science Foundation, through Grant MCB-9808392. We
are similar to those of the lysines in &, considering the thank Dr. G. Matthias Ullmann for valuable discussions, Mr.
conservative error margins of two standard deviations. Evidently, Neboja M. Milovi¢ for help with HPLC purification, Professors
Lys3 resembles other lysine residues when catiomteraction Amy H. Andreotti and Nenad Juranfor useful suggestions
is impossible, in G, but differs from them when this  about the manuscript, and Professor Peter A. Kollman for advice
interaction is possible, in £ and Gne These facts support  about MD simulations. E.V.P. thanks Dow Chemical Company
our previous conclusion, namely that the catianinteractions for the 1999 and 2000 Fellowships awarded by the Department
occur in the last two peptides. of Chemistry. A.T.L. thanks the U.S. National Science Founda-

Although the catior interactions exist, the increase in the tion for support under IGERT training grant 9972653.
pKa value of Lys3 is relatively small. Ak, of 11.0 was reported
for N, N-dimethyllysine interacting with Phe in the interhelix
region between two antiparallel peptid8slt is debatable,
however, whether the methylated derivative is a proper mimic,
in view of its both steric and electronic properties, for the natural
amino acid. It is unclear how much, if at all, the value of 11.0
is higher than the normalkg of N,N-dimethyllysine.

In this noninvasive study of natural amino acids in peptides,
we find only a slight increase in th&kpvalue of the interacting
Lys residue. This result is understandable because the peptid
adopts multiple conformations in solution, and not all of them
contain the catioftr interaction.

Although K, values of side chains reflect catiem (as well
as other) interactions, analysis of these values is an indirect an
ambiguous criterion. Analysis of chemical shifts, and especially
NOEs, is a more reliable method for identifying and studying
cation—x interactions in dynamic systems.

Supporting Information Available: Five tables showing
the association constant&,, determined with two different
titration protocols; proton resonance assignments of cyclic
peptides Gy, Cphe and Gey; the root-mean-square deviation
values for 10 lowest-energy structures of the cyclic peptigg C
seven figures showing complexation-induced perturbations of
the chemical shifts of protons i3 upon addition of1;

omplexation-induced perturbations of the chemical shifts of
he CH and CH protons in3 upon addition ofL; complexation-
induced perturbations of the chemical shifts of proton$tn
upon addition of5; portions of 2D'H ROESY spectra of the
entapeptide$a, 6b, and 6¢c; selected regions of the 2fH

OESY spectrum of the cyclic peptidefein DMSO-ds; details
of the catior-or interaction between Lys3 and Tyr9 in the
structure Gy®; 2D *H NOESY spectrum of the cyclic peptide
Crnein a sodium acetate buffer of pH 3.8 (PDF). This material
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