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Abstract: The influence of natural and unnatural /, / + 4 aromatic side chain—side chain interactions on
o-helix stability was determined in Ala-Lys host peptides by circular dichroism (CD). All interactions
investigated provided some stability to the helix; however, phenylalanine—phenylalanine (F—F) and
phenylalanine—pentafluorophenylalanine (F—fF) interactions resulted in the greatest enhancement in
helicity, doubling the helical content over i, i + 5 control peptides at internal positions. Quantification of
these interactions using AGADIR multistate helix-coil algorithm revealed that the F—F and F—fF interaction
energies are equivalent at internal positions in the sequence (AGr—r = AGr-sr = —0.27 kcal/mol), despite
the differences in their expected geometries. As the strength of a face-to-face stacked phenyl—
pentafluorophenyl interaction should surpass an edge-to-face or offset-stacked phenyl—phenyl interaction,
we believe this result reflects the inability of the side chains in F—f5F to attain a fully stacked geometry
within the context of an a-helix. Positioning the interactions at the C-terminus led to much stronger
interactions (AGg—¢ = —0.8 kcal/mol; AGe—sr = —0.55 kcal/mol) likely because of favorable y1 rotameric
preferences for aromatic residues at C-capping regions of a-helices, suggesting that aromatic side chain—
side chain interactions are an effective a-helix C-capping method.

Introduction determined that Tyr Tyr and Phe-Phe interactions contribute
an equivalent-1.3 kcal/mol to the stability of the protein, albeit
in the presence of other side chaiside chain interactions with

Tyr or Phe.

As of yet, the source of attraction between aromatics is not
well understood. Much effort has gone into determining the
dominant force controlling the interaction. Experimental and
theoretical studies indicate that the strength of aromatic
aromatic interactions may be tuned through hydropHdbté
and van der Waals forcé$l> as well as electrostatid§-18
The hydrophobic and van der Waals components of the
interaction lead to stronger interactions between aromatic
systems with more hydrophobic arsurface area in water, while
the electrostatic component is proposed to give rise to a
geometric preference to the interaction. Hunter and Sanders have
rationalized the geometries of aromat@romatic interactions

The ability of specific side chainside chain interactions to
stabilize a-helical structure has been appreciated for several
years. In particular, side chaiiside chain interactions involving
fundamental interactions such as hydrogen bonding, electrostat-
ics, and hydrophobic packing have been shown to significantly
enhancex-helicity in monomeric peptidels® Burley and Petsko
were the first to suggest aromatiaromatic interactions as an
additional noncovalent interaction involved in protein structure
stability? Their statistical analysis of the aromatic side chains
in the X-ray structures of 34 proteins revealed stabilizing
interactions betweenr1 and—2 kcal/mol with dihedral angles
often approaching 90 In addition, the prevalence of aromatic
interactions was high, occurring in 60% of all aromatic side
chains in the protein data set. More recently, Serrano and co-
workers determined the energy contributioniof + 4 Tyr—

Tyr and Phe-Phe interactions at a solvent-exposed face of an (! gg)gﬁ_egg;’%”;ﬁ;n;nfgfﬁ_";T;raui; & éTN%Cu%rgfnﬁ?Eg%?:&;g $1606

o-helix in Barnasé® Using a double-mutant cycle, they 71, 3523-3525.
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Figure 1. Geometries of aromatic interactions (a) edge-face; (b) offset-
stacked; (c) face-to-face stacked.

through a model that relies upon the quadrupole moment of

benzene which arises from the positively chargedamework
between two regions ot-electron density on the faces of the
ring.16 As a result of the quadrupole, a face-to-face stacking
arrangement for a benzenbenzene interaction is repulsive,

e J
F F

F

F
HoN COOH COOH
hF bF fsF
Figure 2. Structures of unnatural L aromatic amino acids. Abbreviations:

hF = homophenylalanindgF = biphenylalaninefsF = pentafluorophenyl-
alanine.

COOH  HoN HoN

theories are reported82271n the present work, the ability of
natural and unnatura) i + 4 aromatic interactions to stabilize
an Ala-Lys basedo-helix were measured by CD, and the

whereas edge-to-face or offset-stacked interactions are favorednteractions were quantified using the most recent version of

(Figure 1). The strong face-to-face stacking interaction of

the program AGADIR.

benzene and hexafluorobenzene, which has been exploited to \we have investigated four Ph& side chain-side chain

control recognition in supramolecular systethisnay be ex-
plained by a reversal of the quadrupole moment of hexafluo-

robenzene because of the electron-withdrawing fluorine sub-

stituents, allowing a net electrostatic attraction between the

interactions, where Phe is paired with itseltF), homophen-
ylalanine (F-hF), biphenylalanine (FbF), or pentafluorophen-
ylalanine (FfsF) (Figure 2) in an, i + 4 arrangement, initially
at internal positions of an-helix. The use of unnatural side

n-faces to occur. Gas phase theoretical estimates for thechains has allowed us to probe the influence of side chain length

benzene-hexafluorobenzene interaction predict a stabilization
energy of 3.7 kcal/mol at 3.6 A separatith.

Although aromatie-aromatic interactions are now recognized
as a significant contributor to native protein structtir¢here

and flexibility (F—hF), #-surface area (FbF), and electronics
(F—fsF) on the strength of the aromatic side chaside chain
interaction. The present investigation not only provides further
evidence for the involvement of aromatic interactions in protein

has not been a quantitative experimental evaluation of thesestructure stability, but also, with the use of unnatural aromatic
side chain-side chain interactions in modethelical peptides, side chains, investigates some of the structural factors that
free from potential interference from tertiary contacts. Several influence the strength of aromatic interactions within the context
groups have used Ala-Lys or Ala-GIn host sequences to identify of anca-helix. In addition, the position dependence of aromatic

helix stabilizing side chaiaside chain interaction®. Most
relevant to this study, PheHis™ and Trp-His™ aromatic-
amino interaction® and aromatic interactions between pairs of
unnaturak-(3,5-dinitrobenzoyl)Lys residué&shave been shown

to significantly promoten-helical structure as determined by
circular dichroism (CD). However, the quantification of side
chain interactions in monomeric peptide helices is complicated
because of the multistate nature of the helix-coil transition.
Accurate quantification of side chain interactions requires the
use of helix-coil transition models, such as AGABRand
modified Lifson—Roig?® theories, equipped to account for
energy contributions from side chaiside chain interactions.
Typical side chain-side chain interaction energies are in the
range of—0.2 to—1 kcal/mol, where applications of helix-coil
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M.; Ziller, J. W.; Lobkovsky, E. B.; Grubbs, R. HI. Am. ChemSoc
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L. J. Mol. Biol. 1998 284, 173-191.
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Zhou, H. X. In Circular Dichroism and the Helix-Coil Transition in
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1996; pp 20%259.
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interactions is investigated by moving the-F and FfsF
interactions to the C-terminus. Rotamer preferences for aromatic
side chains ir-helices indicate that aromatic interactions will

be limited at internal positions of the hef& A study on the
position dependence of a PhElist interaction ina-helical
peptides has suggested that the interaction is strongest at the
C-terminus where the optimal rotamer orientations for the
interacting side chains is most feasiBte Our results provide
further evidence for this effect.

Experimental Procedures

Peptide Synthesis and Purification Peptides were synthesized by
automated solid-phase peptide synthesis on an Applied Biosystems
Pioneer Peptide Synthesizer using Fmoc protected amino acids on a
PEG-PAL-PS resin. Unnatural amino acids (homophenylalanine, bi-
phenylalanine, and pentafluorophenylalanine) were purchased from
Synthetech, Inc. The amino acid residues were activated for coupling
with HBTU (O-benzotriazole-N,N,NN',-tetramethyluronium hexafluo-
rophosphate) and HOBT (N-hydroxybenzotriazole) in the presence of
DIPEA (diisopropylethylamine). Deprotections were carried out in 2%
DBU (1,8-diazabicyclo[5.4.0Jundec-7-ene), 2% piperidine in DMF
(N,N-dimethyl formamide) for approximately 10 min. Standard coupling
cycles were used for the first2 couplings (45 min) and extended
coupling cycles (1 h, 15 min) were used to complete the sequence.
The N-terminus was acetylated with 5% acetic anhydride, 6% 2,6-
lutidine in DMF for 30 min. Cleavage of the peptide from the resin
was performed in 95:2.5:2.5 Trifluoroacetic acid (TFA):Triisopropyl-
silane (TIPS):water for 34 h. TFA was evaporated and cleavage
products were dissolved in ether. The water-soluble peptides were

(27) (a) Shi, Z.; Olson, C. A.; Kallenbach, N. R.Am. Chem. So@002 124,
3284-3291. (b) Olson, C. A.; Shi, A.; Kallenbach, N. B. Am Chem.
Soc 2001, 123 6451-6452.

(28) (a) Stapley, B. J.; Doig, A. J. Mol. Biol. 1997, 272, 456-464. (b) Prieto,
J.; Serrano, LJ. Mol. Biol. 1997, 274, 276—-288.
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extracted with water and lyophilized. Peptides were purified by reversed (a) F7X11 Ac-YGGKAAFAKAXAAKAAAAK-NH, i,i+4
phase HPLC, using a Vydac C-18 column and a gradient of 0 to 60% F6X11 Ac-YGGKAFAAKAXAAKAAAAK-NH, i,i+5
B in 50 min, where solvent A was 95:5 water:acetonitrile, 0.1% TFA

and solvent B was 95:5 acetonitrile:water, 0.1% TFA. The identity of X =F, hF, bF

each peptide was confirmed by MALDI mass spectrometry. (b) F12X16  Ac-YGGKAAAAKAAFAKAXAAKAAAAK-NH, i,i+4
Determination of eur 275 The extinction coefficient obF at 275 F11X16  Ac-YGGKAAAAKAFAAKAXAAKAAAAK-NH,i,i+5

nm was determined by UV/Vis spectroscopy from tripeptidé®H&- X =fF

K—NH; in 10 mM sodium phosphate, 100 mM sodium chloride, pH (c) cF13X17 Ac-YGGAKAAAAKAAFAKAXA-NH, i,i +4
7.5 buffer. €275 = 11 200 M lcm™3).

CD Measurements.Stock solutions of the purified peptides were
prepared by dissolving in 10 mM sodium phosphate, 100 mM sodium (@ A7X11
chloride, pH 7.5 buffer. The concentration of each peptide was then X = A, F, bF, hF
determinedn 5 M guanidinium hydrochloride using the absorbance gy e 3 peptide sequences used to study aromatic side chain interactions.
of the tyrosine residue at 275 nm= 1450 M-'cm™).2° Concentrations (a) 19-residue sequences with Ph€interactions at an internal position.
of peptides containing biphenylalanine were determined using both (b) The 24-residue sequences for the investigation of thigFFinteraction
tyrosine and biphenylalanine side chain absorbances at 275pap%s( at an internal position. (c) The 18-residue sequence with a C-terminal
= 11200 M-cmY). Pentafluorophenylalanine does not absorb at 275 + 4 aromatic interaction. (d) Sequence used to determine helix propensities.
nm and thus does not interfere with concentration measurements,/oPreviations: A= alanine, F= phenylalanine, G= glycine, = tyrosine,

- - . . . . K = lysine, hF = homophenylalaninepF = biphenylalanine fsF =
Peptides were diluted with buffer to give a known final concentration pentafluorophenylalanine, As acetyl.
in the range of 76120 uM. Three samples were prepared for each
peptide to enable an error determination for fraction helicities caused

by errors in the concentration measurements. CD spectra were acquire ropensity of alanine supblies the pebtides with a tendency to
on an Aviv 60DS spectropolarimeter and scans were taken from 250 prop y PP Pep y

to 190 nm at 6-1 °C. Helical contents were determined for three form a helix, and the, i + 5 spaced Lys residues allow for

samples of each peptide from the mean residue ellipticity at 222 nm, Water solubility and prevent peptide aggregation. THet 4
[0]222,0133 and were Ca|cu|ated according to fraction ha]m (: ([9]222,0135 Spaced I:F, F_hF, and F‘bF Intel’aCtlonS were |nVeSt|gated

— [0]2220/([0] 222.100— [0]222,9. Values used for 0% and 100% helicity,  in the host sequencé7X11. Thei, i + 4 F—fsF interaction

X =F,fF
Ac-YGGKAAAAKAXAAKAAAAK-NH,

&he general host sequence (AAKALKP where the high helix

[0]222.0and ] 222,100 Were+640 deg cri’fdmol and—40000(12.5h), was studied in a longer host seque®de®X16 because of the
respectively, whera is the number of residue units. helix-breaking character of tHeF residue. The corresponding
Concentration Dependence StudiesConcentration dependence j | + 5 control peptides were also synthesized for each

studies were carried out for the peptides to determine their aggregationinteraction studied in which the aromatic side chains are located
state. Solgtlons of the peptide in buffer were prepared at several on opposite sides of the helix, preventing an interaction. The
concentrations between 5 and Gad. [6]222 was determined for each C-terminali, i + 4 F—F and F-fsF interactions were investi-

luti D h ith i . ’ .
solution by CD, and no change with concentration was observed, gated in host sequencE13X17. PeptideA7X11 was used to

indicating that the peptides are monomeric. d . he heli ities for th | . id
Determination of Interaction Energies. Analysis of the free-energy etermine the helix propensities for the unnatural amino acids.

contribution of the side chairside chain interactions was determined Al peptide sequences displayed characteristibelical CD
using the most recent version of the program AGABiRhe AGADIR spectra, with minima near 208 and 222 nm. CD concentration

helix-coil transition model uses two basic parameters to describe helix dependence studies between 5 and gBDindicate that these

nucleation and propagation. Helix propensities are expresséd By peptides are monomeric.

exp—(AGini/RT) whereAGiy is the intrinsic helix forming free energy Determination of Intrinsic Helix Propensities for the

for a specified residue. The mean residue enthalpic contribution for Unnatural Amino Acids. To quantify the side chainside chain

a-helix formation ishe = exp—(AGrbondRT), whereAGupon IS an interactions by AGADIR, the helix propensities of the unnatural

energy term for the formation of an intramolecular hydrogen bond. . . . . .
amino acids were determined. This allowed for the separation

Helix-coil cooperativity is modeled by assuming each residue either . . . - . o
nucleating or elongating the helix is associated with a paranigter of differences in helix stability arising from intrinsic structural

and only those elongating the helix (all residues but those forming the Properties of the individual side chains from those resulting from
first turn) hold an additional parametes. AGADIR also accounts for ~ Side chain-side chain interactions. With the exceptionfeff,

any stabilizing side chain interactions that may be present within the the helix propensities of the unnatural amino acids were
host sequence. To determine the free energy of a specified sidechain determined from the change in helicity resulting from an Ala
side chain interaction, the helicity of the sequence is predicted by to X substitution in peptid&7X11 (Figure 3d), where X is the
AGADIR, initially setting the desired side chaiside chain interaction unnatural residue. This change was fit by AGADIR theory to
energy to zero. If any additional helix stability is experimentally give a helix propensityAGiyyi) reported in kcal/mol (Table 1).
observed in the sequence, that stability is attributed to the side ChainBecause the helicity oA7fsF11 was below 15%, the helix
interaction energy. The side chaiside chain interaction energy is then propensity forfsF was determined directly from t’Hei +5

varied until the predicted AGADIR helicity for the i + 4 peptide . . -
matches the experimental values. As a control, the helicities afithe control peptidef11fsF16. The helix propensities were converted

+ 5 peptides were also determined by AGADIR and shown to O their corresponding ZimmBraggs-values for comparison.
correspond with the experimentally determined helicities. The s-values in Table 1 correlate well with previously deter-

mined helix propensities for aromatic residd&3he order of
helix propensities for the aromatic residuedsfs < bF < F <
Peptide DesignThe peptide sequences used for investigating hF, with fsF being the most helix-breaking residue. This ordering
aromatic interactions are shown in Figure 3. Each peptide hasis reasonable as bulky, branched side chains typically have lower
. —— helix propensitied? These helix propensities were shown to
(29) éi&gggf?g?gﬁdﬁgﬁggﬁgﬁgj;%ﬁﬁ'g‘_’”'ﬁ; R e S o, r, @ccurately predict the helicities of tigi + 5 control peptides
L. J. Mol. Biol 1996 257, 726-734. by AGADIR.

Results and Discussion

J. AM. CHEM. SOC. = VOL. 124, NO. 33, 2002 9753
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Table 1. Helix Propensities for Unnatural Aromatic Amino Acids? 5000
X [60]222° (deg-cm?/dmol) i  AGADIR AGy (kcal/mol)  Zimm-Bragg s-value?
A —18900 .55 0 o
hF —15900 47 0.96 87 . oooooogﬁﬁ“m =
bF —10400 31 1.41 .38 } B, (080T00000000000
fsF —11100 .32 1.49 .33 B b e, o Ll 7
F ~11000 33 1.38 40 s g ot
& . K
S -10000 |- i
aThe helix propensities were determined frém X11 with the exception g " _.'
of fsF, which was determined frof11X16 P In 10 mM sodium phosphate, = u
100 mM sodium chloride, pH 7.5 buffer at-@ °C. ¢ Helical contents were = 15000 | N
calculated according tfy = ([0]222 — [0]222,0/([0]222,100— [0]222,0 Where
[0]222,0 and [P]222,100 represent §]222 for 0 and 100% helical contents, © FeF11
respectively. §]2220 = +640 degcn?/dmol and Pl222.100= —40000(1 -20000 : : : L .
2.5h) degcm?/dmol wheren is the number of residue units. The error in 200 210 Wavel::‘:h om 20 240 250
helical contents i£=3% (see Experimental Section for error determination). ) bl
d The relationship between AGADIRGii and Zimm-Braggs-values is 5000
s = exXp—[(AGinti + AGhbond/RT] where AGppondis —0.882 kcal/mol in T T T T T
AGADIR for this series of peptide®d o Lo l
B gaanesniy
Table 2. Circular Dichroism Data, Fractional Helicities, and AG's : oozﬁﬁn‘
for i, i + 4 Interactions . S0 o .
<] ° [ ]
peptide spacing [0]22* deg-cm?/dmol fu AG keal/mol 5§ 10000 |- " £09%00 °°°° .l .
~ O, O
F7F11 ii+4 —6800 21 -0.27 § ¢ 00000
F6F11 ii+5 —3400 11 § 715000 | F 000000 . ]
F7hF11 i,it+4 —13500 .40 —0.18 = " L]
F6hF11 ii+5 ~9700 29 S R000 | e, T 1
F7bF11P ii+4 —6700 21 -0.10 . "uas
FebF11° i,i+5 —5700 18 25000 - [
F12fsF16 i,i+4 —20500 .58 —0.27 = F1215F15
F11fsF16 i,i+5 —11100 .32 -30000 705 310 320 730 240 250
cF13F17 i,i+4 —9400 .29 —0.80 b) Wavelength, nm
CF13:F17 i,i+4 —5800 .19 —0.55

Figure 4. Overlaid circular dichroism spectra of peptides. @)F11
aThe conditions are the same as in Table The concentration of (squares) an86F11 (diamonds) and (bF12fsF16 (squares) an&11fsF16

peptides containingF were calculated by accounting for the absorbance (diamonds) in 10 mM phosphate buffer, 100 mM sodium chloride, pH 7.5
at 275 nm z7spr = 11 200 Mt cm™?). ©In AGADIR, there is a favorable at 0—1 °C. Peptide concentrations were7020uM as determined by Tyr
i, i + 3 Phe-Lys interaction when Phe is N-termin&k absorbance at 275 nm.

Aromatic Interactions at Internal Positions in the o-Helix.
All of the i, i + 4 peptides incorporating aromatic interactions
at internal positions showed higher helical contents than their
respective, i + 5 controls by CD (Table 2 In particular, the

to interact in a repulsive manner in the edge-face geometry,
and there is some experimental evidence for this in model
systems’! However, pentafluorophenyl amides have been
observed to interact with phenylamides in the offset-stacked

I, i +4 F—F and F-fsF peptides were twice as helical as their - oo, mery in the solid state, suggesting that this is likely the
corresponding controls, suggesting that aromatic side ehain - oientation of the rings in this system that gives rise to helix
side chain interactions have a significant influence on the stabilization3!

ste_lrbr:hty .?jf a—f;}el_lx S.(terCtEre. (I_:lgure A.')' . d Although bothF7hF11 and F7bF11 are also more helical
€ side chaimside chain interaction energies were deter- ., theiri, i + 5 controls, the FhF and F-bF interactions

hmllr]ed b_lytﬂttln% the Fpr:;]lmegtfi:IhzllCI_lt_lﬁs W'thltthz AGADtht provide less stability to the helix than the-F and FfsF
elix-coll transition algorithm (Table 2). The results demonstrate interactions. The FhF interaction may experience a greater

that.t'h.el, ' +. 4 .F_F ar.'d. I‘—f5'F Interactions are equally. entropic cost to confine the residues in the optimal geometry
stabilizing, Wh'Ch.'S surprising since the preferred geometrles for an interaction. The larger surface areabbf may actually

of the two _aromatl_c pairs differ greatly. Two phenyl rings form disfavor an aromatic side chaiiside chain interaction by
favorable mte_ractlons in both the offset-stacked an_d edge'to'favoring a rotamer that allows the biphenyl to pack against the
face geometries, whereas a phengéntafluorophenyl interac- helix backbone

tion prefers the fully stacked conformation to maximize the Aromatic Interactions at the C-terminus of the a-Helix.

?,Siaﬂ)r/eef)liea,lz(? %ZESE Srltric? du;%ruﬁ?zsmF:;ié”:ﬁ;?iﬂgn Previous work on a PheHis™ interaction ina-helical peptides
9 ) 9 99 has indicated a position dependence for the strength of the

+ 4 F—F interaction can access both offset-stacked and edge-. . }
. interaction. It has been suggested that the optimal geometry of
to-face geometries but not the face-to-face geometry (data not_ . . L - L . .
. . ani, i + 4 Phe-His" interaction within ana-helix requires
shown). We expect that thefF interaction shows no : .
LI . ! that the Phe side chain adopts the trans rotamer=(180)
enhanced stabilization over the-F interaction because of an

i L .
inability to access the ideal fully stacked geometry indHeelix. and thei - 4 His" side chain adopts the gaucheotamer g

= _ 25e i i i i i i
On the basis of an electrostatic model, Phe fgRdre expected 60°). T'h|s combination orients the S.'de chains toward
one another in an edge-to-face conformation, where the edge

(30) Since the N-terminal YGG residues likely do not contribute to the helix, NH or CH of His" ring is directed to the face of the phenyl
F7 is at the fourth position in the helix. However, hydrophobic residues in - ring. This geometry has been observed in the crystal structure
this position have been shown to behave equivalently to an internal position.
See (a) Petukhov, M.; Munoz, V.; Yumoto, N.; Yoshikawa, S.; Serrano,
L. J. Mol. Biol. 1998 278 279-289. (b) Penel, S.; Hughes, E.; Doig, A. (31) Adams, H.; Blanco, J. L. J.; Chessari, G.; Hunter, C. A,; Low, C. M. R;
J. J. Mol. Biol. 1999 287, 127-143. Sanderson, J. M.; Vinter, J. @hem. Eur. J2001, 7, 3494-3503.
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Table 3. Experimental Energies for Side Chain Interactions in Comparison to Previous StudiesOur results demonstrate
a-Helices that the naturally occurrin i + 4 F—F interaction is the most
entry interaction (N to C) AG kcalfmol algorithm reference effective aromatic side chain interaction for promotingelical
1 Leu—Tyr -1.0 Lifson—Roig 8 structure in this study. We have shown that theHHnteraction
2 Phe-Met —0.65 AGADIR 5 can contribute as much a0.8 kcal/mol to the stability of an
2 ?:‘pfmzi :8:;5 k”éggso'g ng a-helix. Experimental free energies for other side chasie
5 GIn—Asn —-0.4t0-0.7  Lifson—Roig 1 chain interactions are reported in Table 3 for comparison. The
6 Lys*—Asp —0.58 Lifson-Roig 4 C-terminal F-F interaction is comparable in energy to Phe
g ?;ﬁ:ﬁig :8'25 k‘ésgg‘lgo'g de Met56 and Leu-Tyré hydrophobic interactions and a Frplis*
9 Tro—Arg* 04 Zimm Bragg 27a amino—aromatic interactiod® The F—F interaction appears to
10 Glu—Phe —0.55 Zimm Bragg 27b slightly surpass the energies of a Glssn hydrogen bonfdand
the strongest salt bridges reported by Scholtz et al. (entries 6
aInteraction energy is correct when Higs at position C1 or Ccap. and 7) in 0.01 M sodium chloridkInterestingly, the FF
of the C-terminal PheHis" interaction in Ribonuclease %2 interaction is significantly more stabilizing than the C-terminal

However, the preferred rotamer orientation for aromatic residues Phe-His" interaction as well as the cation{Trp—Arg®) and

is trans in a-helical regions of proteiR& and approaches anionst (Glu~—Phe) interactions recently reported by Kallen-
gauché at C-terminal and C-capping regions @fhelices?®® bach et af” The fact that the C-terminal-F interaction is
Lacroix et al. have found that the PhBlis* interaction reported ~ More stabilizing at the solvent-exposed face obalnelix than

by Baldwin and co-worke?&is three times stronger when His these related nonclassical noncovalent interactions is likely the
is located at position C1 or Ccap, where it can attain its optimal result of the lower desolvathn penalty for aromataromatic
rotamer orientation for interaction with PR&.Recently, there  interactions. Although there is expected to be a larger electro-
has been some debate over whether this effect is truly due toStatic component for anion-and cationz interactions, there
rotamer preferences, or if it is simply the result of the greater IS @lso a greater tendency for the charged side chains to be
accessibility of the His residue to solvent at the C-termintis. ~ Solvated by water.

A more solvent-exposed Hisresidue is more likely to be  conclusions

protonated, thus strengthening the Phist aromatic-amino . _ . )
We have presented the first quantitative experimental inves-

interaction. We expected that if the result reported by Lacroix = " ~E" - )
tigation of the fundamental role of aromatic interactions in

et al. was due to rotamer preferences and not solvation effects, ico-helical o its h h h
we would see a similar increase in strength for a C-terminal Monomerica-helical structure. Our results have shown that a

F—F interaction. Thus, we investigated the helix-stabilizing F=F inFeraction can stabilize aa-helix, t_)ut the strgngth is_
properties ofi, i + 4 F—F and F-fsF interactions at the largely influenced by the rotamer populations of the interacting
C-terminus (Fi’gure 3¢) side chains, resulting in a much stronger interaction at the

Positioning the F-F interaction at the C-terminus @F13F17 C-terminus than at the center of arhelix. These results, along

. : . . -
does indeed raise the interaction energy by a factor of 3, With those obtained from earlier studies on the PHes
indicating that preferred rotamer populations significantly limit Interaction, |r1d|cate th_at aromatic _|ntera_ct|on§ may Pr_ese”t a
the energetic contribution of aromatic interactions at internal gen_era_lla-hellx C-capping method |nvaV|ng side ,Cha_'B'de .
positions ofa-helices (Table 2§ This result also strongly chain interactions, where the C-terminal aromatic side chain

suggests that thie | + 4 F—F interaction, like the PheHis~  Nas the proper rotameric freedom to engage in a stabilizing
interaction in Ribonuclease A, interacts via an edge-to-face INteraction with anothei-4 aromatic side chaiff. Even at an

geometry. In contrast, the-HsF interaction increased by a factor internal position, however, we have found that an aromatic

of 2 at the C-terminus in peptideF13sF17. This may be the interaction can have a dramatic effect on the extent of folding,

result of different rotamer population distributions for thE increazing ovelra[l helici% by a factc()jr szf relativeitd + 5

side chain. It is also likely that the-HsF interaction requires a ~ SPaced controls in peptidés/F11 and F12fsF16. We expect

different rotamer geometry than the-F interactior® In any that these results will allow a deeper understanding of aromatic
case, the fact that any stabilization results from thefsF interactions as an additional force that influences helix formation

interaction is surprising since it appears that a fully stacked in water and will be applicable to the field of de novo protein

interaction cannot be accessed within the context af-fuelix. design.
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