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Abstract: Here we investigate the structures and energetics of interactions between aromatic (Phe or Tyr)
and basic (Lys or Arg) amino acids in o-helices. Side chain interaction energies are measured using helical
peptides, by quantifying their helicities with circular dichroism at 222 nm and interpreting the results with
Lifson—Roig-based helix/coil theory. A difficulty in working with Tyr is that the aromatic ring perturbs the
CD spectrum, giving an incorrect helicity. We calculated the effect of Tyr on the CD at 222 nm by deriving
the intensities of the bands directly from the electronic and magnetic transition dipole moments through
the rotational strengths corresponding to each excited state of the polypeptide. This gives an improved
value of the helix preference of Tyr (from 0.48 to 0.35) and a correction to the helicity for the peptides
containing Tyr. We find that Phe—Lys, Lys—Phe, Phe—Arg, Arg—Phe, and Tyr—Lys are all stabilizing by
—0.10 to —0.18 kcal-mol~* when placed i, i + 4 on the surface of a helix in aqueous solution, despite the
great difference in polarity between these residues. Interactions between these side chains have previously
been attributed to cation—x bonds. A survey of protein structures shows that they are in fact predominantly
hydrophobic interactions between the CH; groups of Lys or Arg and the aromatic rings.
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many have been analyzed only qualitatively. Interaction energiescontent in peptides is thus often determined by the intensity of

have been measured for Aspys, Lys—Asp, Glu—His, His—
Glu? Lys—Lys 2" Lys—Tyr, Tyr—Val, Tyr—Lys*®GIn—Asp3!
Trp—His*® Glu—Lys,27:2937.40phe-Met, Met—Phe¥5:3¢ Lys—
Glu,2%37GIn—Glu?’, lle—Lys, Val-Lys, lle—Arg,** and GIn-

the 222 nm peak. However, it is widely recognized that the
electronic transitions in the side chain chromophores can
contribute to the spectrum in the far-UV regi#hThis can
complicate the interpretation and analysis of secondary structure.

Asn 32 Here we analyze interactions between aromatic and basicOf particular importance are the residues with aromatic side
side chains. chains: Tyr, His, Trp, and Phe. In peptides designed to
Interactions between aromatic and basic groups have beennvestigate aromatic interactions, potential artifacts resulting
increasingly recognized as important in proteins and generally from distortions of the CD spectrum in addition to secondary
attributed to catiorsr bonds3942-%0 |n this interaction the  structure are unavoidable. We have therefore calculated from
cationic group is positioned above the center of the aromatic first principles the influence of Tyr on the circular dichroism
ring, interacting with the delocalized electron cloud and quad- of two alanine-based model peptides. This allows a more
rupole of the ring. The interactions we study here have accurate assessment of the helix content of peptides with Tyr

previously been attributed to catierr bonds.

Although previous investigations of aromatibasic interac-
tions have been carried out in helical peptid&¥;58-5°not all

at interior positions. Our results suggest that the contribution
of Tyr to [0]222 is dependent on the precise orientation of the
Tyr residue and can vary from around4000 to +4000

have determined free energies for the interactions. Here, wedegcm?-dmol~L. This allows more accurate measurements of

measure the free energies of Phgs, Lys—Phe, Phe-Arg,

Arg—Phe, and TyrLys i, i + 4 pairs by placing them on the
surface of alanine-based helical peptides and measuring their

the helix preference of Tyr and the strength of the Tlyys
interaction.

Peptide Design Peptides are based on the control sequence

effect on helix content using CD. We find these interactions Ac-AAAK FAAAA KFAAAA KAKAGY-NH ,, utilizing the high
are stabilizing and discover a preference for certain orientations helix propensity of Ala. Ala/Lys-based sequences are monomeric
and amino acid pairs. Our crystal structure analysis indicatesin aqueous solutioft: especially given the high frequency of

that the dominant effect is hydrophobic, rather than cation

positively charged groups in all our peptides. In this sequence

The characteristic CD spectrum of a protein depends on its two Phe-Lys i, i + 5 pairs are present between residues 5 and

secondary structure contét2for example, am-helix consists

10 and residues 11 and 16. These control peptides have the

of a positive band at 190 nm and two negative bands at 208 basic-aromatic residues in their pairs on opposite faces of the

and 222 nm, whereas tlfesheet proteins have a maximum at

195 nm and a minimum in the region 22020 nm. The helix
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helix where they cannot interact. This control sequence is altered
to Ac-AAAKA FAAA KAFAAA KAKAGY-NH ,, creating two

i, i + 4 pairs between the same Phe and Lys residues by
interchanging the Phe at 5 with the alanine at 6 and likewise
the Phe at 11 with the alanine at 12. These two nonpolar/polar
i, i + 4 pairs are now on the same face of the helix in a position
to interact. Sequences are designed to avoid alt- 3 andi,

i + 4 interactions between other side chains. Gly is a helix
breaker and is placed between Tyr and the rest of the sequence
to prevent unwanted interaction between the aromatic chro-
mophore and the rest of the helix, which may contribute to the
circular dichroism signdl® Tyr is positioned at the C-terminus

to allow concentration determination. The N- and C-termini are
blocked with an acetyl group and an amide group, respectively,
preventing destabilizing interactions with these charged termini
and the helix dipole. This also decreases the number of free
main chain amine and carboxyl groups, by creating an extra
hydrogen bond at each terminus. Acetyl groups also substantially
stabilize the heliX> Peptides are designed to be approximately
50% helical, where ellipticity is most sensitive to small changes
in side chain interaction energy. We have investigated four
possible basic interactions with Phe, namely, Phgs, Lys—

Phe, Phe-Arg, and Arg—Phe, to probe the effects of swapping
the side chain order and substituting Lys for Arg. One Tyr
interaction was studied, TyiLys, in view of the difficulties in
dealing with the Tyr CD effects. The peptide sequences are
given in Table 1.
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Table 1. Sequences and Helix Contents of Peptides

name sequence [60]222 % helicity®
FKc Ac-AAAK FAAAA KFAAAA KAKAGY-NH 2 —12500 35.4

FKi Ac-AAAKA FAAAKAFAAA KAKAGY-NH 2 —14600 41.1

KFc Ac-AAAK KAAAA FKAAAA FAKAGY-NH » —13000 36.8

KFi Ac-AAAKA KAAAFAKAAAFAKAGY-NH 2 —15600 43.8

FRc Ac-YGAAKFAAAA RFAAAA RAKA-NH » —13000 37.1

FRi Ac-YGAAKA FAAA RAFAAA RAKA-NH 2 —15700 44.4

RFc Ac-AAAKRAAAA FRAAAA FAKAGY-NH 2 —13700 38.7

RFi Ac-AAAKA RAAAFARAAAFAKAGY-NH ; —17000 47.6

YKc Ac-AAAK YAAAA KY AAAA KAKAGY-NH ; —14900 41.9/43%
YKi Ac-AAAKA YAAAKAYAAAKAKAGY-NH 2 —16400 46.0/489

aMean residual ellipticities measured in deg?-dmol! at 222 nm? Calculated asf]],2{0bsd)— [6]224coil)/[—42500(1— 3/n) — [6]224coil)], where
[6]22Acoil) is 640 degcm?-dmol~t andn is the number of amino acids in the peptfdé.Correction for each Tyr residue in the helix that affects the CD
signal. The helix content is thug]pAobsd)— [0]224coil)/[—42500(1— 3/n) — [O]22Acoil) + [O]22aromatic)], where ] 22Acoil) is 640 degcn?-dmol1,
[6]22{aromatic) is determined from Tables 2 and 3, and the number of amino acids in the peptfde.

Methods from the resin and removal of Lys, Arg, and Tyr side chain protecting
o . . . . groups was accomplished with 95% trifluoroacetic acid, 2.5% triiso-

_ Application of Lifson —Roig-Based Theory Alanine-based peptides 5 iijane, and 2.5% 4@. Peptides were purified using4Zeversed-

in aqueous solution f_orm a complex popu!anon of fuII_y hehcgl_, fglly phase HPLC (Hewlett-Packard series 1100) usingd® H,O/

coil, and partly helical structures. To interpret this equilibrium acetonitrile gradients in the presence of 0.1% trifluoroacetic acid.

guantitatively, it _is es;ential tq include thtnT strgcture and stapility of Peptide verification was achieved by electrospray mass spectrometry
every <_:onformat|on._L|f$0ﬁR0|_g-based he!IX/COII models qlo thisby ot the Michael Barber Centre for Mass Spectrometry, UMIST,
assigning each residue to either a helix (h) or a coil (c) state. Manchester. U.K

Confprmgtions are then defined as §Frings of h's anq ¢'s. The Circular Dichroism Measurements. CD measurements were
coqtrlbutlpp a_re5|due makes to t_he stability of a conformat.|0n deper_lds made using a Jasco J810 spectropolarimeter. Peptides were measured
onits p93|_t|0n in the helix. These |nclud¢ parameters for helix nu_cleatlon in 10 mM NaCl, 5 mM sodium phosphate buffer at 273 K, pH 7.0, in
(U)’. helix .|r.1ter|ors @), N- and C-cappingr( andc), the N.-termme.ll a 0.1 cm quartz cell. Peptide concentrations were determined by
helix positions NI, l;li,s?gledwNSna., n2 andn3), and side chain measuring the Tyr UV absorbance at 275 nm of diluted aliquots of
|nte_ra(_:t|ons |() andg).>>> . In pa_rtI(':uIar, the para_mgtep IS the stock solution in water or 6.9 M guanidine hydrochloride, using=
statistical weight for formation of an i + 4 side chain interaction, 1390 M-t cm* andesrs = 1450 M- e, respectively. CD measure-

2nd tr:1e_free energy of the |nthere;_ct|on 'S g'VeF‘mi’i“{; _RfTIr.] 5’_ ments are given as mean residual ellipticity at 222 i) in units
4ort (tel;nte_ract;]or:_ toloccufr,t et_lve c:nsecutlﬁe rest!dues r?mn i of degcn?-dmol 2. Helix content was calculated a8]f.(obsd)—
must be in a helical conformation. Hence, all peptide conformations ¢, iy —42500(1— 3/n) — [0]254coil)], where Pls4coil) is 640

that fulfill this criterion are changed in stability bAG;+4, thus degcnP-dmolt andn is the number of amino acids in the peptide
rigorously quantifying the effect of a side chain interaction on the helix/ with blocked terminé

coil equilibrium and hence on the experimentally measured mean helix Calculations of the Effect of Tyrosine on the Circular Dichroism

;c();tﬁ_rl]_tz ,8':/ ;;Tg;ée{o p;gglr;zrz t';:j;';:;‘;gggg 'I:[E: ;r?)lg(rg:;"er\?;ljzés of Peptides The YKc and YKi peptides were modeled as the sequences
" ; . Ac-AAAAYAAAAAYAAAAAAAAAY-NH  ;and Ac-AAAAAYAA-

the partition .funcnon Qf any sequence givenv, n, c, aqdp values . AAAYAAAAAAAAY-NH ». Calculations of the electronic structure

for_ the c_o_ns_tltuer_]t amino acids and_ pred|cts_ gll properties of the helix/ of polypeptides are too demanding for fully ab initio methods. A popular

coil eqwhpn_um, |nclud.|ng the fract|onaI. he"(_:'ty' o . technique for computing the CD spectra of polypeptides is the matrix
In predicting the helix contents of FKi, KFi, FRi, Rfi, and YKi, the . o4h,99 The intensities of the bands are derived directly from the

only upknowns areprk, Pr, Prre PR apd Pvk, respectlvely. .TO electronic and magnetic transition dipole moments through the rotational

determine the free energy of theisé + 4 interactions in am-helix, strengths corresponding to each excited state of the polypeptide, given

thep value is varied by intervals of 0.1 until the calculated helix content by the imaginary part of the product of the electronic and magnetic
agrees with experiment. We estlmgte the greatest expenmgqtal EIM0Nransition dipole moment8.The rotational strengtRo of an electronic
to be in the measurement of helicity and to be ab®8®6, arising transitioni — 0 is given by

from pipetting errors. An estimate of the errorprwas evaluated by
repeating the fitting procedure using experimental helicities increased
or decreased by 3%.

SCINT2 is available from the web page http://www.bi.umist.ac.uk/
users/mjfajdg/HC.htm. Results using the AGADIR prog@&mshich
predicts the helix content of any peptide, were obtained from the web
SItiQSt?d/éWgyﬁfhrzz:shligp?tli?ii?.cjféfgllgsriﬂ;gzrzgpzrr;p;n Applied The matrix method begins by considering a polypeptide as a

. . . ) . — collection ofM noninteracting chromophoric groups. The excited-state
Biosystems 431A peptide synthesizer using Fmoc solid-phase chemistry. . - ;

. A S wave function of the whole molecule is expressed as a linear
9-Fluoroenyl_methox_ycarbopyl amino ac_|ds (CN B’_losmences) were superposition of basis functiods;,, involving then; excitations within
coupled to rink amide resin (CN Biosciences) using B-8enzo- each chromophoric group:
triazol-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU) and
N-hydroxybenzotriazok,0 (HOBt) with anN,N-methylpyrrolidinone

Ry = Im(Idoluel @0 (i |l o0 1)

wheregy is the ground-state wave functiog, is the excited-state wave
function, and«e andum are the electronic and magnetic transition dipole
moments, respectively.

.. . . M N
(NMP) solvent and diisopropylethylamine base. Acetylation of N- . — @ o
termini was carried out with pyridine and acetic anhydride. Cleavage T Z CiaPia @
] a
(66) Sun, J. K.; Penel, S.; Doig, A. Brotein Sci.200Q 9, 750-754. (69) Bayley, P. M.; Nielsen, E. B.; Schellman, J. A.Phys. Chem1969 73,
(67) Doig, A. J.Biophys. Chemin press. 228-243.
(68) Mufoz, V.; Serrano, LNat. Struct. Biol.1994 1, 399-409. (70) Rosenfeld, LZ. Phys.1928 52, 161—-174.
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Each basis function is a product Bf monomer wave functions. The  minimization for these static peptide structures within the generalized
basis set is further restricted to allow only one group to be excited; Born implicit continuum solvent mod€lwith dielectric constant =
electronic excitations may occur only within a group but not between 80 for water.

the groups. Thus In the continuum approach, the solvent is modeled by a continuum
characterized by a dielectric constant in which there is a cavity that
Dy = Q10 @i Pjo” " Pwmo 3) contains the solute. This provides a macroscopic description of the
solvent in which short-range solutsolvent interactions, such as
wheregi, represents the wave function of chromopharevhich has hydrogen bonding, are neglected. To generate the desired geometry, a

undergone an electronic excitatian— 0. In general, each transition  restraining potential on the dihedral angles was used with the force
from the ground state to one of the excited states may have a nonzerocgnstant 1000 kcahol t-rad 2.
rotational strength at its particular transition energy, and the CD  Circular Dichroism Calculations. As described above, the calcula-
spectrum is the sum of all these rotational strengths. tions of CD are based on the matrix method. To describe the electronic
A Hamiltonian matrix is constructed: the diagonal elements are the properties of the peptide chromophores, we have employed a recent
excitation energies of the single chromophores, and the off-diagonal parameter set, which has considerably improved the accuracy of protein
elements describe the interactions between different chromophoric cjrcular dichroism calculatior8.Two peptide transitions are considered,
groups. If the interactions between individual chromophoric groups are the nr* transition at 222 nm and the,s7* transition at 193 nm. Higher
assumed to be purely electrostatic in nature, then the off-diagonal energy transitions are not considered, as they lie outside the region of
elements are computed from the electrostatic interaction between chargeanterest and the reliability of the parameter sets describing them has

densities and have the form yet to be fully established. In addition, four transitions due to the Tyr
chromophores are included, &t 227 nm, I, at 278 nm, Bat 193 nm,

Vo o = f f Picallia) Pjob(rj2) dr.. dr. @) and B, at 192 nm. We use the recent parameter set for Tyr of Woody

i0ajob e Amegliy iy i1 and co-worker$?8° The other methodological details are the same as

those in the earlier theoretical study on protefh$ransitions in the
where pioa and pjop represent the permanent and transition electron peptide circular dichroism spectrum are assumed to have a bandwidth
densities on chromophoreésand j, respectively. The matrix method  of 15.5 nm.
employs parameters to describe the above charge distributions associated In this study, we are concerned with the helicity of the peptides.
with the different electronic states of the chromophoric groups of the We focus, therefore, on the calculated intensity at one wavelength of
protein. For this study these parameters are taken from previous our computed spectra, 222 nm. The intensity at 222 A is widely
calculations onN-methylacetamide (NMA) in solution using the used to estimate the helicity of proteins and peptides. To investigate
complete-active-space self-consistent field method implemented within the influence of the Tyr residue on the circular dichroism, we compare
a self-consistent reaction field (CASSCF/SCRFJ# The interaction calculations of the circular dichroism spectra with and without
potentials were evaluated by representing the charge densities with aparameters for the transitions associated with the Tyr.
set of point charges (or monopoles) and the point charges fitted to  Crystal Structure Survey. We surveyed 299 protein structutes
reproduce the ab initio electrostatic potential of the various states.  in the PDB, with a resolution of 2.0 A or better, with Rrfactor lower
If only nz* and wwt* transitions are considered, then in the simplest  than 20%, and with less than 25% identity for the occurrence of certain
case of a diamide the Hamiltonian matrix takes the form i, i+ 4 pairs. We used the program SSTRB® find the secondary
structure of each protein sequence. From the 1531 helices isolated, we

EL. VAL VRV obtained the_amino_acid frequencies an_d tbggipgz_, %3, andys angles.
Vit = V2l V22 In the following helical sequence, terminal residues N1, N2, and N3
H= VE o VZ ETW VZ o (5) and C1, C2, and C3 have unsatisfied main chain amine and carboxyl
e Y e = NPT groups, respectively:
VA2 VA2 V22 E2
T+t JUTTXTTIT* T+t JUIT*

Ncap-N1-N2-N3-XXXXX-C3-C2-C1-Ccap
Diagonalization of the matrix gives the eigenvalues and eigenvectors ) ) o )
of the transitions of the protein. The eigenvalues are the energies of 1ese residues have unique structural propertieisj se4 pairs present

the transitions of the polypeptides, and the eigenvectors are the mixing Within these regions were not considered. Gnly+ 4 pairs containing
coefficients giving the contributions of the excited states of the POth residues in a helical region (X) of five residues or greater were
individual groups to the delocalized excited states of the polypeptides. considered as all residues in this stretch have both amine and carboxyl
The eigenvectors are used to calculate the rotational strengths corre-9roups satisfied by backbone helical hydrogen bonds. With 6 terminal
sponding to each excited state of the peptide, as described in eq 1, andeSidues and a minimum of 5 central helical residues required for an
then the CD is calculated. i + 4 pair to be considered, only helices of 11 residues or greater were

Protein Structure Generation. The macromolecular modeling ~ &Xamined.

software CHARMM was use®. The peptides were modeled with the A window of five residues was moved along the helices, and any
dihedral angles) = —63° and = —41° for the backbone and the pair of residues of interest spaced + 4, with themselves and all
dihedral angley; for the side chain Tyr residues set at one of tiiags intervening residues falling within the helical X region, was considered

(t), gauché (g*), or gauche (g-) orientations. Thus, for the above &N occurrence. A total of 5546i + 4 motifs were analyzed for specific
two peptides with three side chain tyrosines each in three orientations, P2irs- The expected number of-Z pairs is calculated as the product
27 different conformations are given for each peptide. Lowest energy ©f the probability é a Y residue in the X helical region and the

conformations were obtained through the steepest descents energyroability d a Z residue in the X helical region, divided by the number
of i, i + 4 motifs. Side chainy, angles are classified into three

(71) Karlstron, G.J. Phys. Chem198§ 92, 1315-1318.

(72) Karlstran, G.J. Phys. Chem1989 93, 4952-4955. (77) Dominy, B. N.; Brooks, C. LJ. Phys. Chem. B999 103 3765-3773.

(73) Bernhardsson, A.; Lindh, R.; Karlstrom, G.; Roos, BADem. Phys. Lett. (78) Besley, N. A.; Hirst, J. AJ. Am. Chem. S0d.999 121, 9636-9644.
1996 151, 141-149. (79) Woody, R. W.; Sreerama, N. Chem. Phys1999 111, 2844-2845.

(74) Serrano-Andg L.; Fuscher, M. P.; Karlstrom, Gnt. J. Quantum Chem. (80) Sreerama, N.; Manning, M. C.; Powers, M. E.; Zhang, J.-X.; Goldenberg,
1997, 65, 167—181. D. P.; Woody, R. WBiochemistry1999 38, 10814-10822.

(75) Besley, N. A.; Hirst, J. AJ. Phys. Chem. A998 102 10791-10797. (81) Penel, S.; Hughes, E.; Doig, A.J.Mol. Biol. 1999 287, 127-143.

(76) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan, (82) Smith, D. K.; Thornton, J. M. SSTRUC program; Department of Biochem-
S.; Karplus, M.J. Comput. Chenl983 4, 187-217. istry and Molecular Biology, University College London, 1989.
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Table 3. CD Calculations in
Ac-AAAAAYAAAAAYAAAAAAAAY-NH; (YKi Model)

Table 2. CD Calculations in
Ac-AAAAYAAAAAYAAAAAAAAAY-NH, (YKc Model)

[6]222(calcd) (deg-cm?-dmol )

[601222(calcd) (deg-cm?-dmol )

side chain conformation

side chain conformation without with difference x without with difference x
Tyrl Tyr2 Tyr3 Tyr Tyr difference  population® Tyrl Tyr2 Tyr3 Tyr Tyr difference  population®
t t t —22653 —19164 3489 1003 t t t —22568 —19258 3310 952
t t gt —22755 —21967 788 113 t t gt —22653 —22002 650 93
t t g —22714 —20139 2575 11 t t g —22464 —19130 3333 15
t g t —22821 —19482 3339 480 t g" t —22566 —19299 3268 470
t g t —22563 —19175 3388 15 t g t —22618 —19344 3274 14
t gt g" —22678 —22314 364 26 t gt gt —22355 —21941 414 30
t g g —22569 —20078 1491 3 t g" g —22474 —20346 2128 5
t g g" —22857 —22445 412 1 t g gt —22124 —20249 1875 4
t g g —22473 —19674 2799 0 t g g —22043 —19419 2624 0
g" t t —23164 —24735 —1571 —226 g" t t —23210 —23911 —700 —101
g t t —22699 —20665 2034 9 g t t —22398 —19055 3343 15
gt t gt —23280 —24272 992 —71 g" t gt —23336 —23401 —65 -5
gt t g —23062 —21883 1179 3 gt t g —23114 —21020 2093 5
g t g" —22683 —24576 —1893 —4 g t gt —22596 —24293 —1697 -4
g t g —22523 —21905 618 0 g t g —22504 —21087 1416 0
gt gt t —24037 —24304 —267 —19 g" gt t —24131 —23748 383 28
gt g t —23370 —25250 —1880 —4 g" g t —23463 —24884 —1421 -3
g g t —22512 —25276 —2764 —6 g g" t —22708 —24923 —2215 -5
g g t —20834 —19790 1045 0 g g t —20218 —17948 2270 0
gt gt g" —25021 —24076 945 34 g" gt gt —25070 —23494 1576 57
gt g g —24488 —22945 1543 2 g" g" g —24562 —22535 2027 2
gt g g" —23566 —25263 —1697 —2 g" g gt —23691 —24710 —1018 -1
g* g g —23333 —23064 269 0 gt g g —23441 —23144 297 0
g g g" —22528 —23575 —1047 -1 g g" gt —22738 —23017 —280 0
g g g —22350 —21246 1104 0 g gt g —22551 —20819 1732 0
g g gt —19799 —23712 —3913 0 g g gt —17026 —18484 —1458 0
g g g —19109 —21544 —2435 0 g g g —20723 —20946 —223 0
sum= 1366 sum= 1570

a Population= product of rotamer populations, 66%;g*, 33%; g,
19%Y).

rotamers: 0 < y; < 12C°, gauche; 120° < y; < —12C, trans —120°
< y1 = 0°, gauche.

Results

Helix Contents of Peptides.Table 1 shows the sequences,

a Population= product of rotamer populations, 66%, g+, 33%, 9",
1981

YKc and—35499 degcm?-dmol1 for YKi. The measured helix
contents for YKc and YKi are thus adjusted slightly from 41.9%
to 43.5% and from 46.0% to 48.0%. The theoretical estimates
perhaps overestimate the contribution from the terminal Tyr,
which experimentally is conformationally labile as a result of

mean residual ellipticities, and helix contents of the synthesized the preceding Gly. In any case, the Tyr correction is small, given
peptides. The control peptides FKc, KFc, FRc, RFc, and YKc that the experimental error i53%.

with the basie-aromatic pairs spacegi + 5 have notably lower
helix contents than the interaction peptides FKi, KFi, FRi, RFi,
and YKi with the aromatie-basic pairs spaced i + 4. The
average change in ellipticity for the three pairs([0]222) =
—2440 degen?-dmol™) is outside the range of experimental
error @&=1000 degcrm?-dmol). These results show qualitatively
that Phe-Lys, Lys—Phe, Phe-Arg, Arg—Phe, and TyrLys
interactions stabilize isolated-helices in water.

CD Calculations. Tables 2 and 3 give the effects of the Tyr
side chains on the CD signal at 222 nm for the YKc and YKi
peptides, modeled as 100% helical, as a function of ythe

Application of Lifson —Roig-Based Theory.The experi-
mental CD results were analyzed with SCINT2llowing free
energies of the interactions to be quantitatively determined.
Table 4 shows the experimental helicities of the peptides and
their corresponding theoretical helicities as predicted by the
algorithm, assuming no side chain interactions are present. The
four experimental control peptide helicities involving Phe agree
with their theoretical helicities to within experimental error,
confirming that the previously measured helix/coil parameters
and helix/coil theory accurately reproduce the experimental data.
All five interaction peptides have experimental helicities greater

rotamers of the three Tyr side chains. Effects of up to 4000 than those of their controls, where moi + 4 interaction is

degcm?-dmol~! are seen, supporting the view that aromatic

present. In addition, the Phe peptides are on average 7% more

residues can have a significant effect on the CD. The total effect helical than the predictions (i.e., whepg = pxr = Prr = Prr
can be determined by weighting each correction by their rotamer = pvk = 1), indicating a stabilizing side chain interaction.

populations. In interior helix positions thg populations are
() 66%, @) 33%, and §~) 1%28! Multiplying these weights

The pairs containing a bast@aromatici, i + 4 pair in the
N — C direction have larger helicities compared to their

by the correction for each conformation and summing give predictions than the reversg + 4 pair. For example, the FRi

the CD correction of YKc as-1366 degcn?-dmoi~! and the
CD correction of YKi as—1570 degcm?-dmol™t. The [0]222
value for 100% helix content is given by42500(1— 3/n) —
[0]224coil).8 Adding the calculated corrections give8]{:
values for 100% helix content 637155 degcn?-dmol~? for

12710 J. AM. CHEM. SOC. = VOL. 124, NO. 43, 2002

peptide has a helicity 10% greater than its prediction compared
to the RFi peptide, which has a helicity 5% greater, indicating
orientation specificity for the aromatigolar pairs.

The p values for the PheLys, Lys—Phe, Phe-Arg, and
Arg—Phe interactions were determined by adjustingathialues
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Table 4. Comparison of Experimental and Theoretical Helicities, AGADIR Helix Content Predictions, and Resulting Free Energies

exptl theoretical p value to AG AG range AGADIR helix

name helicity? helicity (p = 1) fit experiment (kcal-mol~Y) (kcal-mol~?) content prediction (%)°
FKc 35.4 35.6 N/A N/A N/A 459
FKi 41.1 34.6 1.3 —-0.14 —0.05t0—0.18 57.0
KFc 36.8 38.7 N/A N/A N/A 34.8
KFi 43.8 38.8 1.2 —0.10 —0.05t0—0.14 51.7
FRc 37.1 35.2 N/A N/A N/A 49.2
FRIi 44.4 34.5 1.4 —0.18 —0.14t0—0.25 60.2
RFc 38.7 42.5 N/A N/A N/A 41.9
RFi 47.6 42.5 1.2 —0.10 —0.05t0—0.18 56.6
YKc 43.5 51.8/43.5 N/A N/A N/A 48.4
YKi 48.0 51.2/45.A 1.2 —0.10 —0.05t0—0.17 59.5

aTable 1.P Reference 84¢With original value ofw(Tyr) = 0.48.9 With new value ofw(Tyr) = 0.35.

until the calculated helix content was in agreement with Table 5. Propensities of Phe—Lys, Lys—Phe, Phe—Arg, Arg—Phe,
experiment. The LysPhe and Arg-Phe side chain interactions ~ and Tyr—Lys Pairs in Protein Crystal Structures

both had ap value of 1.2, the PhelLys interaction had @ no. no.
value of 1.3, and the PheArg interaction had @ value of 1.4. pair obsd® expected® propensity®
As p is the equilibrium constant for the formation of gn + Phe-Lysi,i +4 11 15.9 (1.3) 0.7 ()
4 interaction in aro-helix, the free energy for this interaction Phe-Lysi,i+7 4 8.3(0.7) 05(0)
te)ac IO | tadrt; SAG,-- e_ EeR%e gy_”? L s Phe ac(tj) Lys—Phei, i + 4 12 15.9 (1.3) 0.8 (0)
can be calculated Tom*i+4 = np. the Lys=rhe an Lys—Phei, i +7 6 8.3(0.7) 0.7(0)
Arg—Phe p values correspond to free energies ©0.10 Phe-Argi,i+4 9 13.5(1.1) 0.7 (0.1)
kcaktmol™!, the Phe-Lys p value corresponds to-0.14 Zh&lADLg!JIZ 12 1;-%(8-?)) (i-g((%ll))
. —1 o rg—ehnel, 1 . . . .
kcal m0|,1’ and t.hat _for PheArg cprresponds to—0.18 Arg—Phei i + 7 9 70(0.6) 13(02)
kcalmol~L. An estimation of the error iAG can be calculated Tyr—Lysi,i +4 13 14.3 (1.2) 0.9 (0.1)
by allowing the experimental helicities to vary 3% and Tyr—Lysi,i+7 5 7.4 (0.6) 0.7 (0)
recalculating the value (Table 4). This shows that all the Phe ~ Lys—Tyri,i+4 13 14.3(1.2) 0.9(0.1)

. . o - : Lys—Tyri, i +7 8 7.4(0.6 1.1(0.1
interactions are stabilizing within experimental error. T 06 ©1)

The experimental helix content of the control peptide YKc  asee the Materials and Methods, Crystal Structure SufvEgr the pair
(43.5%) does not agree with the theoretical helix content AB gfgmimfagiﬁls Atﬁnd B, rtJ)rob(fA) is the pr_gbezbilit%/(f:‘)A, ﬁ:ob(B)Etth
P H H probability of B,N Is the number or amino aclds (pro IS the numbper o
(51.8%). This is probab]y becaus.e the helix/coil parameters for A's/N), andNmes is the number of motifs (fof, i -+ 4 pairs, the number
Tyr were determined without a rigorous calculation of the Tyr of four consecutive residues between N4 and C4). Error ow(A) =
effect on the CD spectrum. It is therefore likely that the helix g\(lplr/gb(é))(l— prob(A))/f\l]dl’z-AError on BA%(B)—: [(prgb(B))(blg Prob(B%)/
interior preference for Tyn(Tyr)) is in error, but the data for pgob'(A))r,(f:;tizlnc e as‘ﬁgeg%ésd/%o._e>gg£>c%eg.m ®) + o®)
the control peptide YKc now allow an improved determination
of this value. Ifw(Tyr) is changed from 0.48 to 0.35, the pond energy in AGADIR, and inclusion of a helix dipole energy
calculated helix content of YKc is in agreement with experiment anq C-capping motifs in AGADIR?84
and is brought closer to ther value of Phe (0.27. If this Previous estimates for the free energies of the interactions
improved value ofnv(Tyr) is used in the calculations for YKi, using AGADIR were 0 kcamol* for Phe-Lys, Phe-Arg, and
we find AG for the Tyr—Lys interaction to be-0.1 kcatmol™2, Tyr—Lys and—0.2 kcatmol1 for Lys—Phe and Arg_P,hegg
in exgellent agreement with the other side chain |ntera(?t|on A later version of AGADIR used an energy 0.20 kcalmol
energies, notably that of Pheys. The extra oxygen atomin ¢ v, | o8 These are in good agreement with our resuilts.
Tyr compared to Phe therefore makes no significant difference giginger et al. calculated the energies of all side chain interac-
in the interaction energy. _ _ tions ina-helices®® Their energies for Phelys, Arg—Phe, and
The AGADIR prograrf can also be used to extract side chain Tyr—Lys are in good agreement with ours, but those for-tys
interaction energies from experimental data. We have not usedF,he (0.4 kcamolY) and Phe-Arg (—0.4 kcatmol™l) are

AGADIR here as it overestimates the helicity of some of the
control peptides such as FKc and FRc by as much as 12%.
Although AGADIR shows each of the Phtys, Lys—Phe,
Phe-Arg, Arg—Phe, and TyrLys i, i + 4 pairs is stabilizing,

the difference in helix content between the control and interac-

tion peptides predicted by AGADIR is much greater than in occurrence of these pairs, definite trends cannot be determined

our expenmen_tal results. Itis not clear why the predictions for on the basis of their propensities. On analysis of the 12 different
the two algorithms should vary, as both are based on the. . . . : . .

. . . ) ; i,i +4 andi, i+ 7 basic-aromatic pairs, the highest occurrence
Lifson—Roig helix/coil model. The numerous differences

. - . in any on ryis 1 irs. A propensity of 1 means th
between the two models include the partition functions, as any one category Is 13 pairs. A propensity 0 eans that

. L 0 a specific pair is observed as many times as expected, on the
AGADIR uses the single-sequence approximation, the minimal . : . o . .
. ) ) . basis of the frequencies of the amino acids in helices. I an
helix length in AGADIR being four residues, rather than three, . . . . :
) . . ..’ i + 4 pair, both residues will be on the same face of the helix.
different parameter sets, separation of the entropic cost of fixing
a residue in a helical conformation from the backbone hydrogen (84) Lacroix, E.: Viguera, A. R.: Serrano, . Mol. Biol. 199§ 284 173-91.

(85) Mutoz, V.; Serrano, LJ. Mol. Biol. 1995 245 275-96.
(83) Mufoz, V.; Serrano, LProteins1994 20, 301—11. (86) Fisinger, S.; Serrano, L.; Lacroix, Protein Sci.2001, 10, 809-818.

significantly different.

Crystal Structure Data. Our survey of helices in protein
crystal structures provides data regarding the propensities of
Phe-Lys, Lys—Phe, Phe Arg, Arg—Phe, Tyr-Lys, and Lys-

Tyr basic-aromatici, i + 4 pairs (Table 5). Due to the low
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Table 6. Comparison of 1 and y» Rotamer Populations of Phe, Tyr, Lys, and Arg in /, i + 4 Pairs and in All Helices

no. no.ofg-,g~ no.of gt no.ofg-,g* no.oft,g~ no. of t,t no. of t,g* no. of g*,g~ no. of g*,t no. of g*,g*

residue obsd rotamers rotamers rotamers rotamers rotamers rotamers rotamers rotamers rotamers
Pheb 491 2 (1%) 328 (67%) 161 (32%)
Tyr2 441 4 (1%) 292 (66%) 145 (33%)
Lys? 729 6 (1%) 6 (1%) 0 (0%) 81 (11%) 239 (33%) 19 (3%) 22 (3) 297 (41%) 59 (8%)
Arg? 617 1 (0.2%) 10 (2%) 0 (0%) 60 (10%) 219 (36%) 13 (2%) 5 (1%) 273 (44%) 36 (6%)
Phe-Lys® 11 0 (0%) 8 (73%) 3 (27%)
Phe-Lys® 11 2 (18%) 0 (0%) 0 (0%) 0 (0%) 5 (46%) 0 (0%) 1 (9%) 2 (18%) 1 (9%)
Lys—Phe-< 12 0 (0%) 0 (0%) 0 (0%) 0 (0%) 2 (17%) 0 (0%) 2 (17%) 6 (50%) 2 (17%)
Lys—Phef 12 0 (0%) 11 (92%) 1 (8%)
Phe—-Arg°¢ 9 0 (0%) 5 (56%) 4 (44%)
Phe-Arg¢ 9 0 (0%) 0 (0%) 0 (0%) 1(11%) 5 (56%) 0 (0%) 0 (0%) 2 (22%) 1(11%)
Arg—Phé~c 13 0 (0%) 2 (15%) 0 (0%) 1 (8%) 4 (31%) 0 (0%) 0 (0%) 5 (39%) 1 (8%)
Arg—Phef 13 0 (0%) 8 (62%) 5 (38%)
Tyr —Lys® 13 0 (0%) 12 (92%) 1 (8%)
Tyr—Lys® 13 0 (0%) 0 (0%) 0 (0%) 1 (8%) 6 (46%) 0 (0%) 0 (0%) 2 (15%) 4 (31%)

aRotamers for residue in all helicesVal has noy, rotamer,g~,g~ corresponds tg; gauche, t,t corresponds tg; trans andg®,g* corresponds tg;
gauché. Side chairy; angles for valine are classified a% 8 y1 < 120, trans 120° < y; < —12(°, gauché€; and—120° < y; < 0°, gauche. ¢ Results
for residue in bold.

Due to the amphiphilic nature of the helix, basa&romatic pairs

with the hydrophobic aromatics and polar Lys/Arg would be

expected to have low propensities. If we select amino acids as

strongly polar (Lys, Arg, His, Glu, Asp, GIn, Asn, Ser, and

Thr) or strongly nonpolar (Leu, lle, Met, Phe, and Val), the

mean propensities of their pairs are (pelaplar) 1.36, (polar

nonpolar) 0.92, (nonpolapolar) 0.82, and (nonpolanonpolar)

1.18* The Phe-Lys and Phe-Arg i, i + 4 propensities are

marginally smaller than the mean nonpetgolar propensity,

giving little indication of whether the interaction is favored.
The Phe-Lys, Phe-Arg, and Tyr-Lys i, i + 4 pairs have

equal or higher propensities than the same pairs with an-

7 spacing (Table 5), where the residues are on the same face of

the helix as an, i + 4 pair, but one turn further apart. This

lower result for thei, i + 7 pair shows the true amphiphilic  Figure 1. Phe-Lys i, i + 4 interaction betweenrans-Phe 702 and

nature of the helix, as the side chains do not interact when transtransLys 706, in xylanase, from the file 1xyx.pdb.

spaced across two turns of the helix. Therefore, the higher valuepairs and in the proteins prefer tha trans conformation.

for thei, i + 4 basic-aromatic pair and the difference between ppenylalanine is found more often in th@ns conformation

it and thei, i + 7 propensity probably reflect the stabilizing  \yhen in Lys-Phe and Arg-Phe pairs than when in the reverse

interaction of the basiearomatic pair in the former spacing, pairs. For the polar + 4 residue in PheLys, Phe-Arg, and

although there are a very small number,of+ 7 pairs observed.  Tyr_| ys the preferred rotamer in pairs js transy, trans,

If the order of thei, i + 4 pairs is reversed, their propensities  ajthough the preferred rotamer in all helicesgisgauché 2

are either equal to or higher than those of the pairs in the original yans \When considering the reverse interaction, both polar

order, indicating that a preference for this basicomatic order  residues in the LysPhe and Arg-Phe pairs argauché trans

is present, which disagrees with our peptide helicities. This is e preferred rotamer in all helices.

most clearly seen with ArgPhe and PheArg ini, i + 4 pairs, Inspection of all the crystal structures shows that-Phgs,

having propensities of 1.0 and 0.7, respectively (Table 5).  phe-Arg, and Tyr-Lys have the closest contacts, significantly
In two cases though, the reverse + 4 pair is lower than  petter than those of the reverse by@he and Arg-Phe pairs.

the reverse, i + 7 pair, suggesting that the reverse + 4 Within the 13i, i + 4 Phe-Lys pairs the best contact occurs

pair is not preferred. While the propensity data are suggestive, with Phe in thetrans conformation and Lys in theranstrans

they cannot substitute for an experimental measurement of anconformation. These interactions are mostly hydrophobic be-

interaction energy. Our experimental studies show that the tween the lysine carbon chain and phenyalanine aromatic ring.

basic-aromatic orientation PheLys is more stabilizing and Figure 1 shows the hydrophobic interaction betweans-Phe

preferred over the reverse orientation Eyhe. 702 andranstrans-Lys 706 in xylanase from the file 1xyz.pdb,
Inspection of rotamer populations of the individual residues which make contact via the«CCZ and G, CZ, G5 atoms,

in all protein helices surveyed, and the same residues when inrespectively. We do not see any evidence of catiorinterac-

a specifici, i + 4 pair, gives some clear trends, although only tions in these structures. The charged amine group of the Lys

a small number of pairs are available (Table 6). For the aromatic extends beyond the Phe into the solvent. In contrast there are

residue in PhelLys, Lys—Phe, Phe-Arg, Arg—Phe, and Tyr no close contacts between theilR2+ 4 Lys—Phe pairs. Even

Lys pairs, it is seen that the preferred rotamer in the pair is though both residues in the pair are in the most populated

already the preferred rotamer for that residue in all helices in rotamers found for Lysdauché trans) and Phe tfans) in

the proteins surveyed. All of the Phe and Tyr residues in the protein helices, an interaction does not form. The closest

12712 J. AM. CHEM. SOC. = VOL. 124, NO. 43, 2002
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Figure 3. Tyr—Lys i, i + 4 interaction betweerransPhe 175 and

. o ) . gauché transLys 179, in guanylate kinase, from the file 1gky.pdb.
Figure 2. Phe-Arg i, i + 4 interaction betweemauche-Phe 52 and

transtrans-Lys 56, in lysin, from the file 1llis.pdb.

distances between the residues are with a Lys residue in the
transtransconformation. Therefore, both our peptide and crystal
structure data point to the Pheys orientation being preferred
over Lys—Phe.

A similar but less pronounced effect is seen in the 9-Phe
Arg and 13 Arg-Phe pairs. The best contacts in the Pheg
pair are again seen with Phe in tthans conformation and Lys
in thetranstransandtransgauche conformations. Other close
contacts occur with Lygiauche trans andgauche,gauche.
Like Phe-Lys the interactions appear to be hydrophobic
between Phe and the Arg carbon chain, although the Arg
nitrogens are in closer proximity to the ring than those of lysine.
This latter observation raises the possibility of cation Figure 4. Tyr—Lys i, i + 4 interaction betweenrans-Phe 473 and
interactions, although hydrophobic interactions predominate in gauche ,gauché-Lys 477, in myosin, from the file 1vom.pdb.
our study. Figure 2 shows the hydrophobic interaction between ) )
gauché-Phe 52 andranstrans-Arg 56 in lysin from the file hydrogen bond formation, although both groups could be in

1lis.pdb, which make contact predominantly via the CZ and contact with the solvent. Figure 4 shows the hydrophobic
CB, Cy, CZ atoms, respectively. interaction and possible hydrogen bond betwgans Tyr 473

and gauché trans-Lys 477 in guanylate kinase from the file
lvom.pdb, which make contact via the)CCe and G/, Co
atoms, respectively.

The Arg—Phe pairs do not show as many close contacts as
the Phe-Arg pairs. Although the majority of the pairs have
Phetransand Arggauché trans the preferred rotamers in all
helices, they do not form an interaction. The reasonably close Discussion

contacts are seen with Pgauche” and Argtranstrans These We have quantitatively measured the energetics of the-Phe
observations support our larger energy for the -Phey over Lys, Lys—Phe, PheArg, Arg—Phe, and Tyrlys basic-
the Arg—Phei, i + 4 pair. aromatici, i + 4 interactions in an isolated peptide helix, with

On inspection of the 13 TyrLys pairs, we find almost all  the interaction separated from all other stabilizing factors using
the pairs have a reasonable amount of contact and therefore aelix/coil theory and isomeric control peptides. The results
substantially shorter average distance between the Tyr and Lys(Tables 1 and 4) clearly show that each of the five pairs interact
compared with the other 4 pairs investigated. The majority of fayorably when placed i + 4 in a helix, with a preference for
the best contacts are seen with the Tsans and the Lys  the aromatie-polar orientation. Free energies calculated from
gauchée ,gauché, although a smaller amount of good contacts modified Lifson—-Roig theory (Table 4) produce values between
are seen with Lysgauché trans The preference for Lys  —0.10 and—0.18 kcaimol~2. Previous studies by Olson, Shi,
gauche ,gauché is in contrast to Lys in all helices, where only  and Kallenbach of basiearomatic interactions involving Phe
8% of the residues adopt this conformation. Unlike the-Phe and Arg spaced, i + 4 in helical peptides conclude that the
Lys and Phe-Arg pairs, when Lys igranstrans not as many interaction is not stabilizing, although NMR data show the
good contacts occur. Like the other two pairs though, the residues are close enough to make corfa®.A possible
interactions are again hydrophobic and seem to show a greateiexplanation for the same helicity in their control and test peptides
amount of contact. Figure 3 shows the hydrophobic interaction could be linked to peptide design. In their study the C-terminal-
betweertrans Tyr 175 andgauche transLys 179 in guanylate  positioned Arg is moved one place closer to the N-terminus,
kinase from the file 1gky.pdb, which makes hydrophobic contact which may lower the helix content as favorable positive Arg
via the @, Ce, CZ and @, Ce atoms, respectively. with negative C-terminus interactions are affected. This desta-

There is also a tendency for the charged Lys NH group to bilizing effect is counterbalanced by the introduction of a
position itself close to the Tyr OH group with the possibility of ~ stabilizing Phe-Arg i, i + 4 interaction. Our studies avoid this
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issue by moving the aromatic groups only, revealing the effect The CD calculations show that the proximity of the aromatic

of the stabilizing interaction. side chain ring to the backbone carbonyl groups can cause the
In agreement with our previous work on stabilizing interac- coupling of the transitions of the carbonyl groups with thgt*
tions between nonpolar and polar side chdinge Phe-Lys, transition of the aromatic group. The estimates of helicity

Lys—Phe, Phe-Arg, Arg—Phe, and TyrLys energies do not  derived from the intensity at 222 nm for Tyr-containing peptides
agree with the simple view of charged and hydrophobic amino will tend to underestimate the helical content of the peptides,
acids being unable to interact favorably with one another. Our though by less than previously thoughtConsideration of
crystal structure examinations also add more weight to the dualthe Tyr effect allows an improved estimate of the helix
polar and hydrophobic character of Lys and Arg. In both these preference of Tyr and shows that the Fyys interaction is
interactions the polar groups are not involved and are free to not significantly different from the PheLys interaction. The
hydrogen bond with other groups or water. We find little Tyr effect on the CD is strongly dependent on the side chain
evidence of stacked or parallel catiem interactions in our conformation.

study (Figures 14). The stabilizing effects result from hydro-

phobic contacts between the aromatic rings and thedélips
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