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Abstract: Cation—u interactions are increasingly recognized as important in chemistry and biology. Here
we investigate the cation— interaction by determining its effect on the helicity of model peptides using a
combination of CD and NMR spectroscopy. The data show that a single Trp/Arg interaction on the surface
of a peptide can make a significant net favorable free energy contribution to helix stability if the two residues
are positioned with appropriate spacing and orientation. The solvent-exposed Trp—Arg (i, / + 4) interaction
in helices can contribute —0.4 kcal/mol to the helix stability, while no free energy gain is detected if the two
residues have the reversed orientation, Arg—Trp (i, i + 4). The derived free energy is consistent with other
experimental results studied in proteins or model peptides on cation—a interactions. However in the same
system the postulated Phe/Arg (i, i + 4) cation— interaction provides no net free energy to helix stability.
Thus the Trp—Arg interaction is stronger than Phe—Arg. The cation—x interactions are not sensitive to
the screening effect by adding neutral salt as indicated by salt titration. Our results are in qualitative
agreement with theoretical calculations emphasizing that cation— interactions can contribute significantly
to protein stability with the order Trp > Phe. However, our and other experimental values are significantly
smaller than estimates from theoretical calculations.

Introduction m-electrons were first recognized and studied in the gas
The native three-dimensional structure of a protein is Phaset?Inrecent years studies of model hegliest systems
determined by a delicate balance of weak noncovalent interac-and analysis of biological macromolecular structures have
tions. Hydrogen bonds, salt bridges, and the hydrophobic effect"evealed that cationr interactions are one of the fundamental

all play roles in folding a protein and establishing its final Noncovalentinteractions in solutiéfi.? Cation-z interactions
structure. While there have been many attempts to assesd! Protéins have been identified in a number of important
noncovalent interactions (for example, see ref§)l a complete  Studies’™ %" Mounting evidence implicates cation interac-
understanding of protein stability requires consideration of the ions*3%in the function of acetylcholine receptofs;**
contribution of nonclassical noncovalent interactions as well, (18) Olson, C. A.; Shi, Z. S.; Kallenbach, N. R.Am. Chem. So2001, 123
including aromatie-aromatic’® charge-dipole;*°and catior- (19) %ﬁln_e?‘lﬁz Nishizawa, K.; Kebarle, P.Phys. Chem1981, 85, 1814
a1~ 18interactions. Cations interactions between a (partially) 1820.

positively charged group and aromatic systems with delocalized (29) Deakyne, C. A, Meotner, MI. Am. Chem. S0d985 107, 474-479.

(21) Meotner, M.; Deakyne, C. Al. Am. Chem. So0d.985 107, 469-474.
22) Guo, B. C.; Purnell, J. W.; Castleman, A. Ghem. Phys. Letl99Q 16
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(1) Scholtz, J. M.; Qian, H.; Robbins, V. H.; Baldwin, R.Riochemistry1l993 108 5151-5154.
32, 9668-9676. 24) Shepodd, T. J.; Petti, M. A.; Dougherty, D. A. Am. Chem. Sod.988
)
)

—

(2) Stapley, B. J.; Doig, A. 1. Mol. Biol. 1997, 272, 465-473. 110, 1983-1985.
(3) Serrano, L.; Horovitz, A.; Avron, B.; Bycroft, M.; Fersht, A. Riochemistry (25) Ngola, S. M.; Kearney, P. C.; Mecozzi, S.; Russell, K.; Dougherty, D. A.

199Q 29, 9343-9352. J. Am. Chem. Sod.999 121, 1192-1201.

(4) Lyu, P. C.; Gans, P. J.; Kallenbach, N. R.Mol. Biol. 1992 223 343— (26) De Wall, S. L.; Meadows, E. S.; Barbour, L. J.; Gokel, G.Ryboc. Natl.
350. Acad. Sci. U.S.A200Q 97, 6271-6276.
(5) Creamer, T. P.; Rose, G. Protein Sci.1995 4, 1305-1314. (27) Burley, S. K.; Petsko, G. AFEBS Lett 1986 203 139-143.
(6) Munoz, V.; Serrano, LBiochemistry1l995 34, 15301-15306. (28) Wilodawer, A.; Walter, J.; Huber, R.; Sjolin, . Mol. Biol. 1984 180,
(7) Burley, S. K.; Petsko, G. ASciencel985 229 23-28. 301—-329.
(8) Serrano, L.; Bycroft, M.; Fersht, A. R. Mol. Biol. 1991, 218 465-475. (29) Perutz, M. F.; Fermi, G.; Abraham, D. J.; Poyart, C.; BursauxJ. BAm.
(9) Nicholson, H.; Becktel, W. J.; Matthews, B. \Mature 1988 336, 651— Chem. Soc1986 108 1064-1078.
656. (30) Levitt, M.; Perutz, M. FJ. Mol. Biol. 1988 201, 751-754.
(10) Sancho, J.; Serrano, L.; Fersht, A.BRochemistryl992 31, 2253-2258. (31) Singh, J.; Thornton, J. Ml. Mol. Biol. 1990 211, 595-615.
(11) Dougherty, D. ASciencel996 271, 163—168. (32) Mitchell, J. B.; Nandi, C. L.; McDonald, I. K.; Thornton, J. M.; Price, S.
(12) Scrutton, N. S.; Raine, A. Biochem. J1996 319 1-8. L. J. Mol. Biol. 1994 239, 315-331.
(13) Loewenthal, R.; Sancho, J.; Fersht, A.JRMol. Biol. 1992 224, 759— (33) Flocco, M. M.; Mowbray, S. LJ. Mol. Biol. 1994 235 709-717.
770. (34) Mitchell, J. B.; Laskowski, R. A.; Thornton, J. Nroteins1997, 29, 370-
(14) Armstrong, K. M.; Fairman, R.; Baldwin, R. lJ. Mol. Biol. 1993 230, 380.
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enzyme-substrate binding“°>and catalysig® toxin/K-chan-
nels#"48 protein—-DNA binding/® as well as specific drug/
ligand—receptor and antigerantibody?® interactions.
Computational studies of catietr interactions in both the
gas phase and aqueous métig¥ have helped to clarify the
forces involved. Analysis of various models implicates charge
quadrupole, chargedipole, charge-induced dipole, charge
transfer, dispersion forces, as well as a hydrophobic component.

measure small free energy differences. Our results rationalize
the statistical observation that solvent-exposedi (+ 4)
cation—s interactions can stabilize proteins with the Trp/Arg
interaction being stronger than the Phe/Arg interaction.

Materials and Methods

Peptide Synthesis and Purification Peptides were synthesized by
solid-phase peptide synthesis on a Rainin PS3 automated synthesizer

Although qualitative agreement can be found between the resultsUsing Rink resin (Advanced Chemtech) and Fmoc chemistry. Cleavage

of different calculations, there is still no quantitative consensus.
Hence, it is important to obtain quantitative experimental data
about the cationr interaction energies in protein or polypeptide
models in aqueous solution.

Efforts to screen the Protein Data Bank (PDB) for catian
interactions often rely on geometric constraints, identifying

from the resin and removal of side-chain protecting groups was
performed with 90% TFA in the presence of the scavengers anisole
and HO. Crude peptides were precipitated in cold ether, dissolved in
water, and lyophilized. Purification was performed by HPLC on a Delta
Pak C18 reverse phase semipreparative column. Molecular weights were
confirmed by MALDI mass spectrometry using a Kratos MALDI |
linear time-of-flight spectrometer.

situations where a cationic side chain displays a certain distance/ CD Measurements.Stock solution concentrations were determined

angle relationship to an aromatic side chain. While useful
qualitative information about these interactions can be derived
from statistic analysis by applying such geometric criteria, there
is no necessary correlation between energy and frequ&ncy.
Thus, it is not possible to obtain quantitative energetic informa-
tion from this analysis. As pointed out by Gallivan and
Dougherty, not all cation-aromatic contacts represent an ener-
getically favorable cationsz interaction, since these can be
repulsive as well as attractive.

There is still a paucity of experimental studies on the
energetics of cationszr interaction in protein or polypep-
tides1315-18.60\We present here a study of two series of alanine-
based peptides containing combinations of Arg with Trp or Phe
located with different spacing and orientation. The first series
of peptides is designed to allow quantitative evaluation of the
role of an Arg/Trp catior-s interaction on helix stability, while
the second was designed to study catian anion—m as well
as the potential polarizing effect of an aromatic ring on the
stability of a-helix.X® The present study focuses on cation
interactions. Differential effects of spacing and orientation of
Arg and Trp side chains on helix stability provide a way to

(41) Galzi, J. L.; Revah, F.; Bessis, A.; Changeux, JAfhu. Re. Pharmacol.
Toxicol. 1997, 31, 37—-72.

(42) Zhong, W.; Gallivan, J. P.; Zhang, Y.; Li, L.; Lester, H. A.; Dougherty, D.
A. Proc. Natl. Acad. Sci. U.S.A998 95, 12088-12093.

(43) Sussman, J. L.; Harel, M.; Frolow, F.; Oefner, C.; Goldman, A.; Toker,
L.; Silman, |. Sciencel991, 253 872-879.

(44) Ortiz, A. R.; Pisabarro, M. T.; Gallego, J.; Gago,Btochemistry1992
31, 2887-2896.

(45) Ortiz, A. R.; Pisabarro, M. T.; Gago, B. Med. Chem1993 36, 1866—
1879.

(46) Gruber, K.; Zhou, B.; Houk, K. N.; Lerner, R. A.; Shevlin, C. G.; Wilson,
I. A. Biochemistry1999 38, 7062-7074.

(47) Kumpf, R. A.; Dougherty, D. ASciencel993 261, 1708-1710.

(48) Heginbotham, L.; MacKinnon, RNeuron1992 8, 483-491.

(49) Wintjens, R.; Lievin, J.; Rooman, M.; Buisine, E.Mol. Biol.200Q 302
395-410.

(50) Hsieh-Wilson, L. C.; Schultz, P. G.; Stevens, RRoc. Natl. Acad. Sci.
U.S.A 1996 93, 5363-5367.

(51) Duffy, E. M.; Kowalczyk, P. J.; Jorgensen, W.1..Am. Chem. So4993
115 9271-9275.

(52) Gao, J.; Chou, L. W.; Auerbach, Biophys. J.1993 65, 43—47.

(53) Gaberscek, M.; Mavri, Them. Phys. Lettl999 308 421-427.

(54) Mecozzi, S.; West, A. P., Jr.; Dougherty, D.Poc. Natl. Acad. Sci. U.S.A
1996 93, 10566-10571.

(55) Cubero, E.; Luque, F. J.; Orozco, Mroc. Natl. Acad. Sci. U.S.A998
95, 5976-5980.

(56) Caldwell, J. W.; Kollman, P. AJ. Am. Chem. Sod.995 117, 7, 4177
4178

(57) Choi, H. S.; Suh, S. B.; Cho, S. J.; Kim, K.oc. Natl. Acad. Sci. U.S.A
1998 95, 12094-12099.

(58) Fernandez-Recio, J.; SanchoFEBS Lett.1998 429 99-103.

(59) Gallivan, J. P.; Dougherty, D. &Rroc. Natl. Acad. Sci. U.S.A999 96,
9459-9464.

(60) Pletneva, E. V.; Laederach, A. T.; Fulton, D. B.; Kostic, N. M.Am.
Chem. Soc2001, 123 6232-6245.

by tryptophan/tyrosine absorbanced M Guanidine HCl 275 = 5400/
1450 M cm1).61 Stock solutions were prepared in 10 mM phosphate
buffer (pH= 7.0) at a concentration of 56A500uM. CD measure-
ments were performed at a peptide concentration gidn 10 mM
phosphate buffer pH 7 at€ unless otherwise specified. Concentration-
dependent CD measurements were conducted over a range of peptide
concentrations from 10 to 4Q@M. Salt concentration variations were
performed by prepargna 3 MNaCI/KF solution in 10 mM phosphate
buffer and diluting to 0.5, 1.0, and 2.5 M NaCI/KF. CD measurements
were recorded on an Aviv DS 60 CD spectrometer equipped with a
temperature controller. The helix content of each peptide was deter-
mined from the mean residue CD at 222 n#i2f. (deg cn? dmol?)
corrected for the length of the chains according to Manning and
Woody82 The wavelength of the instrument was calibrated using
(+)-10-camphorsulfonic aci¢f.

CD Data Analysis.Analysis of the free energy contribution of side
chain-side chain interactions from CD data was carried out using a
modified Zimm-Bragg multistate helixcoil transition model described
previously®+85The relation between fraction helicitf) @nd CD is taken
asf = [0]227[6]°222, Where P]°22 is the estimated molar residue CD
signal at 222 nm;-34 000 for ana helix of 24 residues ane-32 000
for an a-helix of 18 residue&®

In addition to the nucleation constanand a set of helix propagation
constantss corresponding to each species of amino ag)dir( the
sequence, the model explicitly introduces an additional equilibrium
constanty = exp(—AG/RT), whereAG refers to the interaction between
side chains. The weighting for a chain bf residues is generated
recursively from the weights of shorter chains using difference equations
described by Gans et &l.and Yang et af® Side chain-side chain
interactions spaced at ( + 4) are weighted by the additional stability
constanty. The nucleation constant is assumed to be independent of
sequence, with a value of 0.08Mntrinsic helix propensities were taken
to be sAla= 1.5, sArg= 1.1, sGlu= 0.43, sOrn= 0.53, sTrp= 0.33,
sPhe= 0.33 and sTyr= 0.45%567 We fit the CD data to the helix
coil transition model for individual peptidé$? and also tested global
fits to CD data on groups of peptides to establish the significance of
differences iny values.

NMR Spectroscopy.'H NMR spectra were collected on a Varian
UNITY 500 spectrometer. We used the States méfttocbbtain phase-
sensitive clean-TOCS¥/7° spectra using a mixing time of 80 ms.

(61) Brandts, J. F.; Kaplan, L. Biochemistryl973 12, 2011-2024.

(62) Manning, M. C.; Woody, R. WBiopolymers1991, 31, 569-586.

(63) Chen, G. C.; Yang, J. Rnal. Lett.1977 10, 1195-1207.

(64) Gans, P. J.; Lyu, P. C.; Manning, M. C.; Woody, R. W.; Kallenbach, N.
R. Biopolymers1991, 31, 1605-1614.

(65) Yang, J. X.; Zhao, K.; Gong, Y. X.; Vologodskii, A.; Kallenbach, N.R.
Am. Chem. Socl998 120, 10646-10652.

(66) Chakrabartty, A.; Kortemme, T.; Baldwin, R. Brotein Sci.1994 3, 843—
852.

(67) Padmanabhan, S.; York, E. J.; Stewart, J. M.; Baldwin, R. Mol. Biol.
1996 257, 726-734.
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Figure 1. Circular dichroism spectra of W/R and EFR peptides in 10 mM
case as determined by tyrosine or tryptophan absorbance at 275 nm.

NOESY experimentd72were run with a mixing time of 400 ms. Water
suppression was achieved using a Watergate seqiieEaeh 2D data

set contained 512 FIDs with 2K complex data points each, obtained
by collecting 64 added free induction decays after 4 dummy scans.
Spectra were Fourier transformed in bdthandt; dimensions after
apodization with a shifted square sine bell function, typically with an
80° phase shift. Zero filling was done in thiedimension to obtain a
final matrix of 2048 x 1024 real points. NMR data were processed
using VNMR (version 6.1A). Samples were prepared by dissolving
peptides in 10 mM phosphate buffer (pH 7, 10% DO) to a
concentration of ca. 5 mM. The sodium salt of 3-(trimethysilyl)-[3,3,2,2-
2H] propionic acid was used as an internal chemical shift reference.

Results

Peptide Design.As demonstrated in several previous stud-
ies'® 7475 on model alanine helical peptides, the high helix-
forming propensity of alanine allows short peptides to form
helical structures in water without side-chain interference. Our
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phosphate buffer pH 7Cat®he peptide concentrations are Ad in each

Table 1. Sequences of Peptides Used in This Study

peptide sequence?®
WR5 Ac—OOAAAAWAAAA RAAAAOO —NH3
WR4 Ac—OOAAAAAWAAA RAAAAOO —NH;
RW5 Ac—OOAAAARAAAA WAAAAOO —NH3
Rw4 Ac—OOAAAARAAAWAAAAAOO —NH3
EFR5-5 Ac—OOAAAAEAAAA FAAAA RAAAAOOY —NH;
EFR5-4 Ac—OOAAAAEAAAA FAAARAAAAAOQY —NH;
EFR4-5 Ac—OOAAAAA EAAA FAAAA RAAAAOOY —NH;
EFR4-4 Ac—OOAAAAA EAAA FAAARAAAAAOQY —NH;

aAc = acetyl; O= ornithine; A = alanine; W= tryptophan; R=
arginine; E= glutamic acid; F= phenylanaline; Y= tyrosine.

Arg residue in the same position. We designed RW4/RWS5 to
investigate the effect of orientation on the interaction. Table 1
lists four other peptides: EFR4-4 and EFR5-4 were designed
to allow Phe and Arg side chains to interact, whereas EFR4-5
and EFR5-5 serve as controls. Orientation effects are not

strategy relies on positioning ornithine residues outside the rangeconsidered in this series of model peptides. Tyr residues serve

of the target interactions to provide solubility and prevent
aggregation. Strict conservation of composition within a series

for concentration determination in the latter series.
CD Analysis. The CD spectra (Figure 1) show that all

of these peptides avoids differences in intrinsic helical propensity Peptides are helical, with characteristic minima at 222 and 208
in each chain. Differences in helicity within a series thus reflect "M and an isodichroic point near 202 nm, consistent with a

positional effects or side chairside chain interactions. This

monomeric two-state helixcoil transition in all peptides. In

strategy avoids differences in reference states that can complicat&ach case, the helix content is independent of concentration from

evaluating the interactions specified.
The first series of peptides were 18-mers with a Trp residue

10 to 400uM (data not shown). A similar alanine peptide with
13 contiguous alanines flanked by pairs of ornithine residues

in each peptide serving for concentration determination (Table @ €ach end was shown to be monomeric in an analytical

1). The peptide WR4 allows Trp and Arg side chains to interact
on the surface of the helix with residues ati (+ 4) positions.
As control we use peptide WRS5 in which the Trp and Arg side

chains are spaced at positions that prevent their interaction in a

helix (i, i + 5). This arrangement places the two side chains at

ultracentrifugation study* Thus, the helical structure in each
peptide is stabilized by intramolecular interactions under the
conditions studied.

It is known that aromatic side chains can influence the CD
spectra of helical peptidé§ The CD data suggest that the WR4

sites on noncontiguous faces of a helix and far apart. In thesehelix is significantly more stable than the control WR5, while

two peptides, we shift the position of Trp while keeping the

(68) States, D. J.; Haberkorn, R. A.; Ruben, DJJMagn. Reson1982 48,
286—292.

(69) Bax, A.; Davis, D. GJ. Magn. Reson1985 65, 355—-360.

(70) Freeman, R.; Frenkiel, T. A.; Levitt, M. H.. Magn. Reson1981, 44,
409-412.

(71) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R1.RChem. Phys1979
71, 4546-4553.

(72) Kumar, A.; Ernst, R. R.; Wuthrich, KBiochem. Biophys. Res. Commun
198Q 95, 1-6.

(73) Piotto, M.; Saudek, V.; Sklenar, \J. Biomol. NMR1992 2, 661-665.

(74) Spek, E. J.; Olson, C. A.; Shi, Z. S.; Kallenbach, NJRAm. Chem. Soc.
1999 121, 5571-5572.

(75) Olson, C. A,; Spek, E. J.; Shi, Z.; Vologodskii, A.; Kallenbach, N. R.
Proteins2001, 44, 123-132.
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RW4 is slightly less helical than the control RW5 (Table 2).
Since in each case, there is a single Trp side chain present, its
intrinsic differential effect on the CD spectra should be small.
The CD data of the first series peptides are consistent with the
hypothesis thati(i + 4) Trp/Arg interactions stabilize-helix.
However, Trp and Arg residues interact to stabilize helix only
in the N—C orientation in our model system. In the second series
of peptides, both EFR4-4 and EFR5-4 are comparable in helicity
to the corresponding controls EFR4-5 and EFR5-5. Thus, the

(76) Chakrabartty, A.; Kortemme, T.; Padmanabhan, S.; Baldwin, R. L.
Biochemistry1993 32, 5560-5565.
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Table 2. Observed Helicity and Energetics for the Peptides (a) WR4 TOCSY (b) WR4 NOESY (c) WR4 NOESY
peptide {01222 x 1072 (deg cm? dmol )2 fi? AAG (kcal mol~1)¢ -
WR5 111 0.347 0 e I i B §od i (@)
WR4 13.5 0.422 —0.4 4 TincERomRIZ g 1.6 NOE flom
RW5 9.66 0.302 - a0l 1.8 /4 1 o]
RW4 8.68 0.271 ! : 3 s i
EFR4-5 20.8 0.612 - ¢ & 2.03
EFR4-4 20.4 0.600 0 2.5 2.0] N :
EFR5-5 18.3 0.538 - ; { 223
EFR5-4 18.1 0.532 0 vo] 24 .: 2.4
aIn 10 mM phosphate buffer pH 7 at°€. The peptide concentrations 5 \ 25
are 50uM as determined by tyrosine or tryptophan absorbance at 275 nm. 3.5 2.8 {, 2,63 NGETom
b The relationship between fraction helicity and molar ellipticityfiis= 3 CH XX E
[0]224[6]222°, where P]222° = —34 000 or—32 000 is the estimated molar %% NoEmomRi2’ 3.03
residue CD signal at 222 nm for arhelix of 24 residues or 18 residues. @ 3.3 } 3
¢The free energies of side-chain interactions were computed using an R12 3 : 82
algorithm based on the ZimfBragg helix-coil transition model, with the sl - ? P 54l o
nucleation parameter = 0.004 and values of the helix propensities from Jf S I i
amino acids Ala, Trp, Arg, Glu, Phe, Tyr, and Orn. F;'(” )7"’5 7.60 :;(5 )7~3° 718 10.30 10.23
opm. ppm F2 (ppw)
corresponding Ph(_e-Arg interaction is not detected by C_D spectra. (d) WR5 TOGSY () WRS NOESY (f) WR5 NOESY
Table 2 summarizes the CD data and free energies of the
peptides relative to those of the controls. At this point the results  ; J n 2 F13
e . . . " . Cppw}
show that properly positioned cation and aromatic residues on "3 e NooE | -
solvent-exposed surface can provide free energy for peptide/ - 1ag|Tom 2
protein stabilization. The results imply that Trp is a better 9o 2.04 20l
aromatic residue than Phe in the ability to form cation ot 2.2]
interactions, consistent with other experimental stutfié%.18.60 - L 5
NMR Analysis. NMR can provide a wealth of important v ] 2.4]
structural information for the peptides studied. For the purpose 253 3
of this study, we are interested in the interactions between the 2.84 o
side chains of Arg and aromatic residue Trp or Phe. An intrinsic o @% sl 2.8]
feature in the design of the peptides is that we can assign proton " E ool
signals for the side chains of these residues straightforwardly 3-3- 3-}_ o
through TOCSY spectra. Figure 2a shows a strip of the TOCSY ' el g B 824 |rom R12
. . . . . 4.0- 3
spectrum for the R12 side chain in WR4. Only characteristic - 5ol il e
signals for the indole side chain of W8 appear in the aromatic LRz L I 1

17
7.15 10.29 10.23
F2 (ppm)

region of the'H spectrum. Figure 2, b and c, shows that the T T
aromatic ring of W8 makes extensive contacts with the R12

. . . Figure 2. Regions of TOCSY and NOESY spectra for WR4 and WR5
side chain as evinced by the strong NOE cross-peaks between,epiges. The strips of TOCSY spectra show the assignment of the Arg

W8 aromatic and R12 side-chain protons. For a comparison, side chains of the peptides. The shown NOESY spectra are the expanded
Figure 2d shows the assignment of the R12 side chain in WR5, regions where the possible NOE cross-peaks between Arg side chain and

where we see no NOE interactions at all between W7 and R12"e Trp indole ring protons could be identified.

as shown in Figure 2, e and f. The only NOEs shown in these series, NMR and CD data present a coherent picture: the Trp
regions are those between the aromatic protons of W7 and itsand Arg side chains interact in a strongly orientation-dependent
own side-chain protons. The NMR data for WR4/WR5 are manner.

consistent with the CD data and provide independent evidence For the EFR peptides, the NMR spectra show diagnostic

that Trp and Arg can interact and stabilize théelix in the features of typical helical peptides. As an example, the

(i, i + 4) positions. fingerprint region of the TOCSY spectrum and the amide region
For the other two peptides RW4/RWS5 in the series, the CD of the NOESY spectrum for EFR4-5 is shown in Figure 4, a

data show no free energy gain from possiljé ¢ 4) cation-x and b. Figure 4a shows the assignment of all non-alanine

interactions. It is important to know whether the side chains of residues and a number of alanine residues. In Figure 4b strong
Arg and Trp in RW4 are still close in space. Figure 3a shows i toi + 1 amide-amide NOEs are detected across the whole
the strip of the TOCSY spectrum for the side chain R8 of RW4. backbone chain of the peptide, with some weak to medium
As shown in the NOESY spectrum of RW4 (Figure 3, b and NOEs betweenandi + 3/i + 4. Consistent with the CD spectra,
c), there is only one very weak NOE interaction between the this points to a large population of each peptide being in
side-chain protons of the two residues. This suggests that oura-helical conformation.

failure to detect a significant free energy contribution to the  Figure 5 shows regions of the TOCSY and NOESY spectra
stability of the peptide reflects the lack of any substantial for peptides EFR4-4 and EFR5-4. In detail, Figure 5, a and b,
interaction. Figure 3, d and e, shows regions of the TOCSY shows strips from the TOCSY spectrum of EFR4-4 with the
and NOESY spectra for peptide RW5. The strip of the TOCSY assignments for the side chains of R16 and E8. In the NOESY
spectrum shows the assignment of the R8 side chain; as expectedpectrum of Figure 5c, extensive and strong NOE interactions
there are no NOE cross-peaks between the side-chain protonsre seen between the side-chain protons of E8/R16 and those
of R8 and those of W13. Thus, for the four peptides in this of F12. Figure 5, e, shows the corresponding TOCSY and
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(a) RBW4 TOCSY (b) RW4 NOESY (c) RW4 NOESY cation—u interactions show a similar trend in the salt titration
. CD measurement. We see no screening effect of salt on the
et o fooed ) oo cation-z interaction. The effects differ from those on salt
1 i Lo ’ 1.8]| o7 bridges, for which neutral salts screen the interaction and
18l @ ool ‘T ool peptides with salt bridges lose helicity relative to (or gain less
: “ E helicity than) the control peptides as salt is adéed.In the

¢ 2.2] ¢ 224 EFR peptides, both pairs behave similarly in terms of the
2.2] 2] ¥ 2.4] dependence of helicity on salt concentration: chloride salts
o] % ; ool initially stabilize helix in EFR5-4 and its control peptide EFR5-5

N up to abott 1 M and then become destabilizing due to their
2.63 2.8 N e apparent chaotropic effect. Similar but smaller effects were
ool 5.03 Aok OE . 4.0} detected for both EFR4-4 and its control peptide EFR4-5 (see
- e g 3.25 Figure 3b of ref 18).

3.4:@ ] sed 0 Discussion
3.4

TIT TrT0T B G e e i s
7.25 7.20 7.60 7.45 7.30 7.15 10.26 10.12
F2 (ppm)

F2 (ppwd F2 (ppw)

In a survey of crystal structures Gallivan and DougHérty
found roughly one favorable catienr interaction for every 77

(d) RW5 TOCSY (e) RW5 NOESY residues. This study showed that there is a preference for Arg
y over Lys for cationic residues and a preference for Trp over
oped oond NonoE No Tyr/Phe for the aromatic partner. About 20% of all Arg residues
1.8] 159 | omR7 RT, rom and about 26% of all Trp residues form a stabilizing interaction
E 2ol on the basis of the energetic criteria. The percentages would be
e 3 much higher if the analysis were based only on geometric
2.2__ 2.2] definitions: for example, over 70% of all Arg residues are near
E b an aromatic residue. They also noted a large preference for
2.4} E cation—u interaction betweem andi + 4 residues in helical
S ) 2.6 structures. Another survey also by Gallivan and DougHérty
263 3 revealed that many of the energetically significant catian
oo 2"’“_ interactions are exposed to solvent, consistent with an earlier
] a.0] conclusion by Flocco and Mowbray.
3.03 3 Peptide models have played a major role in efforts to define
3 X 3-* [@ the contribution of specific amino acid side-chain interactions
5416 é to stabilizing helical structures. In peptides the background can
T e R 74 750 75 be specified precisely, the effects of weak interactions between
F2 (ppm) F2 tppm) side chains can be readily detected by CD or NMR, and

Figure 3. Regions of TOCSY and NOESY spectra for RW4 and RW5 quantitative free energy values can be derived by fitting CD

peptides. The strips of TOCSY spectra show the assignment of the Arg gnactra| data to helixcoil transition models. Examples include
side chains of the peptides. The shown NOESY spectra are the expande P ' P

2,79 ; 75,80 : i
regions where the possible NOE cross-peaks between Arg side chain andYdrogen bonds; salt b”d_ge§' aromatic and hydrophobic
the Trp indole ring protons could be identified. interactions, 681 helix-capping®?-8* and so forth. We demon-

. strate here that model peptides are also an ideal system to study
NOESY spectra for EFR5-4. Figure 5, d and e, shows the the solvent-exposed catiem interaction on the surface of the
assignments of the E7 and R16 side chains. In Figure 5f therepglix.
is at least one strong NOE cross-peak between aromatic protons Reports on cationx interaction energies in the gas phase
of F12 and the side chain of R16 but no NOE from E7. In the .o poth experimental resul&s22 and calculationi€54suggest
sequences of both peptides, Phe and Arg are spacédiat ( that the magnitude ranges fromL0 to over—30 kcal/mol in

4) positions, and the NOESY spectra of both peptides show yitterent systems. However, the solvation energy of a cation is
strong NOE interactions between the side-chain protons of Pheyt the same order or even larger in magniftfefé than the

and Arg residues. However, the CD data in Table 2 suggestnieraction energy in the gas phase. Hence, the final free energy
that these interactions fail to provide energetic stabilization to qntribution from the catioas interaction is determined by the
the peptides compared to that for the control peptides EFR4-5ph51ance of two opposing influences: a favorable attraction
and EFR5-5. We note that there are no NOEs detected betweerheqyeen the cation and aromatic groups and an unfavorable
the Phe and Arg side-chain protons in EFR4-5 and EFR5-5 (dataenergy penalty from desolvation. A computational study of
not shown) as expected.

Salt Titration. Neutral salts were added to the peptide (78) Gallivan, J. P.; Dougherty, D. A. Am. Chem. So@00Q 122, 870-874.
solutions to assess the dependence of catiomteractions on (79 Huyghues-bespointes, B. M.; Klingler, T. M.; Baldwin, R Biochemistry
ionic strength. In the reference peptides WR5 and RWS5, clear (80) Huyghues-Despointes, B. M.; Scholtz, J. M.; Baldwin, RPkotein Sci.

effects of added salts can be seen in the CD spétifduelicity 1993 2, 80-85.

. X . (81) Padmanabhan, S.; Baldwin, R.Rrotein Sci 1994 3, 1992-1997.
increases with added neutral salts as has been found previouslys2) zhou, H. X.; Lyu, P.; Wemmer, D. E.; Kallenbach, N. Roteins1994
i 1 ; 1 ; 18 1-7.
(Flgure 6)' The peptldes with (WR4) or potentlally with (RW4) (83) Gong, Y.; Zhou, H. X.; Guo, M.; Kallenbach, N. Rrotein Sci.1995 4,
1446-1456.
(77) Smith, J. S.; Scholtz, J. MBiochemistry1998 37, 33—40. (84) Doig, A. J.; Baldwin, R. LProtein Sci 1995 4, 1325-1336.
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(a) EFR4-5 TOCSY

(b) EFR4-5 NOESY
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Figure 4. (a) Fingerprint region of the TOCSY spectrum for EFR4-5 peptide. The assignments of each residue of the peptide are shown. (b) Amide region
of the NOESY spectrum for EFR4-5. The connectivity betweandi + 1 amides in the peptide backbone is shown.

cation—u interactions in aqueous media revealed that a cation
interaction can contribute as much -a8.5 kcal/mol in water,
which is much larger than the2.2 kcal/mol found for a salt
bridge’® Experimental studies in protein systems using double
mutant cycle analyst&!” or in model peptide systems by CD
measurements and pH titratldrd® revealed a cationzr con-
tribution of —0.5 to —1 kcal/mol, depending on the systems
studied. These numbers are quantitatively well below those from
theoretical calculations.

In an early study on barnaSen aromatic-histidine catierr
interaction between Trp94 and His18 was found to contribute
—0.8 to—1 kcal/mol to the stability of the protein by comparing
the interactions from both neutral and charged histidine. While
histidine serves as a system that is relatively easy to manipulate
a statistical survey of the PDB pointed out that the most frequent
cation—x interactions involve Arg and Trp residues. Further-

more, any change in the protonation state of a His residue can

potentially cause local conformational arrangements, a problem
faced by altering any specific residue inside a protein in
mutational studies. This effect is hard to evaluate even if detailed
structural data are available.

Fernandez-Recio et &l.studied the energetics of a His-Phe
cation—x interaction in apoflavodoxin using double cycle
mutations and monitoring thekp shifts of His by NMR. They
concluded that the His-Phe cation interaction contributes
about—0.5 kcal/mol to the stability of the protein, well below
theoretical estimates. Nevertheless, local conformational rear-
rangements could potentially affect other noncovalent interac-
tions, so that once again the effect is very hard to dissect and
quantify.

An earlier peptide study analyzed the ability of His and Trp
to interact on the surface of an-helix.!® The authors found
that W—H stabilizes in ani(i + 4) orientation only, with a
AG of —0.8 kcal/mol, slightly higher than the value their group
reported for the His-Phe catienr interaction, which is expected
due to the properties of the indole ring compared to benZtne.

Neither the {; i + 3) nor the H=W orientation stabilizes helix.
However, intrinsic in the design of these peptides, there are
potential artifactual interactions involving R and H, E, or W
that may influence the results.

Baldwin's groug* used a model helical peptide to study the
interaction between Phe and His (oriented fromr@l). Titration
of His in this peptide series demonstrates a decrease in helicity
with the decrease of pH as measured by CD whether the
interacting residues are positioned at the end or middle of a
helix. They did not quantify the interaction energy, and their
model (AAKAA)n background allowed for additional interac-
tions between the K and F residues in some peptides and
between the K and H residues in others, which may or may not

contribute to the interactions being investigated.

Ting et all® engineered a catieryr interaction in the interior
of staphylococcal nuclease (SNase) using unnatural amino acid
mutagenesis. They assigned a value-@&.6 kcal/mol to this
cation— interaction. However, this number depends on the
accuracy of estimation of the differential solvation energies
between different mutants. Furthermore, it is unclear whether
the engineered catienr interaction in SNase is mono-, di-, or
tridentate, and therefore whether the value-&.6 kcal/mol
should be divided by 2 or 3 to give 1.3 or—0.87 kcal/mol,
respectively, for the energetic value of a unitary catian
interaction.

Gallivan and Dougherf} concluded that a single interaction
between an Arg and an aromatic residue could stabilize protein
structure by more thar'5 kcal/mol, and demonstrated statisti-
cally that cation aromatic contacts occur frequently at positions
of (i, i + 4), implying that catior- interactions are common
in a-helices?® This and other experimental studies suggest that
these interactions do not provide as large an energetic gain as
they calculated. The results in our model helical peptides
demonstrate that the interaction of FrArg (N—C) at positions
of (i, i + 4) contribute about-0.4 kcal/mol to the peptide
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(a) EFR4-4 TOCSY (b) EFR4-4 TOCSY (c) EFR4-4 NOESY is not new or limited only to the catienr interactions studied.
) We and other groups have reported a similar effect in the case
Elp_; 8 naoRe Eép..‘; NOE from R16 of salt bridgeg>8° We reason that in a standaedhelix, the
5% 3 Eile side chains of larger residues orient toward the N terminus of
2.4 1.8] 1~€*§ the helix probably to satisfy the stereochemical requirement for
- 1_8_? each chiral residue. Arg has a longer side chain than Trp and
E 2.04 hence can interact with Trp such that Arg’s side chain lies in
2:89 yo4 3 2.0] an energetically favorable conformation when two residues are
3.0 g 22— A positioned in the orientation TrpArg (i, i + 4). When two
3_22 3 ““ ' residues are oriented as Argrp (i, i + 4), possibly some
E 2.4 EL ) energetic strain within the peptide (either between side chains
343 iy or between side chains and backbones) develops if they are
3.6 2.65 2.63n0E forced to interact with each other. Our data, for RW4 with the
-~ romes orientation Arg=Trp (N—C), show that the combined free
3 2.8 Q‘ENOEﬂom energetic cost from both entropy and steric strain is too large
e : to overcome. A second factor in the orientation effect concerns
4'2%:@ il ] 303 the Arg side chain, which has been found to interact strongly
a.4] @ with neighboring methyl groups of Ala that are N-terminal (but
L 34 o not C_:-te_rminal) _to it (Garcia and Sanbonmatsu, private_z com-
ARy e g _munlcayon). Thls preference woulq naturally fgvor pairwise
F2 (ppm) F2 (opm F2 (ppm) interactions with Arg as the partner in the C-terminal direction,

and not the opposite.

() EFR5-4 TOCSY  (e) EFRS-4 TOCSY  (f) EFRS-4 NOESY In the series of EFR peptides, we detect NOEs by NMR yet

n T E (1 gy A fail to observe any stabilizing effect from CD data. All four of
(gprd D (ppmY @ CLLY - these peptides have the orientationP#eg (N—C). Thus, the
R 3 o] ® orientation effect seen in RW4 is not the reason. A more likely
2.4 1.8 Ey explanation is that the penalty paid for desolvation and entropy
56 0 ] 1.8 is comparable for the catienir interactions in Trp/Arg and Phe/
sl RS Arg, while the energetic gain from Trp/Arg is absolutely greater
28“ v 2.03 than that from Phe/Arg according to both gas-phase experimental
3(% ) results and theoretical calculatio¥s2254Hence, if we detect
E 2.2 a stabilizing value of—0.4 kcal/mol for Trp/Arg, it is not
SE E No NOE surprising to find that the effect for Phe/Arg is smaller, perhaps
3.8 | | |sa 2.4 2.4 MomE beyond the detection limit in CD measurements, which we
561 3 estimate to bet0.1 kcal/mol. The only puzzle is why the
2.6 2.6 theoretical predictions deviate so significantly from the experi-
383 i mental results: computed estimates of the interaction energy
4.0 28] 2.8 exceed all the experimental data. One possible source is from
?noe from R16 the uncertainty associated with estimating the energetics of
| 501 3.0 solvation/desolvation processes in water. A less obvious issue
e G- is that in the theoretical calculations almost all studies assume
E E @V 3.2 <2 the interacting partners are in an optimized geometry. On one
T 32 hand this is advantageous because it makes results from different
8.34 8.29 7.23 7.17 7.36 7.28 7.20 A ’
F2 Copmd F2 (ppm) F2 (ppm) calculations comparable to each other. On the other hand, in a

Req TOCSY and NOESY for EFRA4.4 and EFR5.4 system as complicated as a protein, many interactions contribute
Figure 5. egions o an spectra for -4 an - H HR :
peptides. The strips of TOCSY spectra show the assignment of Glu and cooperatively to the overall stability of the system with each

Arg side chains of the peptides. The shown NOESY spectra are the expandedndividual interaction being weak and compromised to some
regions from which the possible NOE cross-peaks between Glu/Arg side- extent so as to allow a more complete set of interactions to

chain and the Phe aromatic ring protons will be identified. achieve the most favorable global stabilization for the whole
system. This analysis suggests that for each individual interac-
tion within a protein, the geometry may not be optimized
individually. Hence, the results on catien interactions based

on an idealized and optimized geometry may be significantly
larger than the experimental results and may be considered as
an upper limit.

stability, while we fail to detect any significant free energy gain
from putative Arg=Trp (N—C) and Phe>-Arg (N—C) cation—x
interactions.

Can we rationalize our present results and reconcile the
significant difference between theoretical calculations and
experimental measurements? The CD and NMR data demon-
strate that there is substantial cationinteraction between Trp
and Arg when the residues are in FrArg (N—C) orientation,
whereas neither CD nor NMR data detect any significant ~ We have used a combination of circular dichroism and nuclear
interaction from Trp/Arg when the residues are in the opposite magnetic resonance to evaluate the helix content of two series
orientation, Arg~Trp (N—C). This strong effect of orientation  of peptides in which a Trp/Arg or Phe/Arg was placed, at+

Conclusions
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Figure 6. Salt concentration dependence of the observed helicity for the Trp/Arg peptides. Comparison of the effect of increasing KF concentration on the
cation—s interaction in model peptides.

4 in N—C/C—N orientation. Analysis of the free energy Arg (i, i + 4) cation—x interactions and found that it provides
contribution of the cations interactions using a modified  negligible free energy to the stability of the peptides studied.
Zimm—Bragg multistate helixcoil transition model shows that  The results suggest that FrArg interactions are indeed
the solvent-exposed T+pArg (i, i + 4) interaction in helices  stronger than PheArg, and are not sensitive to the screening
can contribute about0.4 kcal/mol to helix stability, while no effect of adding neutral salt as has been observed for salt bridges.
free energy gain is detected if the two residues are positioned

otherwise, Arg~Trp (i, i + 4). We have also investigated Phe/ JA0174938
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