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Abstract: Interactions between cationic and aromatic side chains of amino acid residues, the so-called
cation— interaction, are thought to contribute to the overall stability of the folded structure of peptides and
proteins. The transferred NOE NMR structure of the Ga(340—350) peptide bound to photoactivated
rhodopsin (R*) geometrically suggests a cation—u interaction stabilizing the structure between the e-amine
of Lys341 and the aromatic ring of the C-terminal residue, Phe350. This interaction has been explored by
varying substituents on the phenyl ring to alter the electron density of the aromatic ring of Phe350 and
observing the impact on binding of the peptide to R*. The results suggest that while a cation—u interaction
geometrically exists in the G,a(340—350) peptide when bound to R*, its energetic contribution to the stability
of the receptor-bound structure is relatively insignificant, as it was not observed experimentally. The presence
of an adjacent and competing salt-bridge interaction between the e-amine of Lys341 and the C-terminal
carboxylate of Phe350 effectively shields the charge of the ammonium group. Experimental data supporting
a significant cation—s interaction can be regained through a series of Phe350 analogues where the
C-terminal carboxyl has been converted to the neutral carboxamide, thus eliminating the shielding salt-
bridge. TTNOE NMR experiments confirmed the existence of the cation— interaction in the carboxamide
analogues. Various literature estimates of the strength of cation—u interactions, including some that estimate
strengths in excess of salt-bridges, are compromised by omission of the relevant anion in the calculations.

Introduction studies show that a catienr interaction between a side-chain

Hydrogen bonds, hydrophobic interactions, and salt-bridges Protonated amine (Lys or Arg) and an aromatic ring (Phe, Trp,
are all known to provide stability and specificity to the folded ©F TYr) can stabilize the folded structure of a peptide just as in
structure of proteins. In addition to these traditional noncovalent Proteins. o . .
interactions, the catierr interactiort2 has increasingly been Rhodopsin/transducin is the prototypical and most widely
suggested as important and relevant in protein structure, binding,Studied G protein-coupled receptor (GPCR)/G protein system.
and catalytic function. Extensive studies of the catian Although the crystal structures of various G protéin® and
interaction have been performed involving hegtiest systems, (6) Gallivan, 3. P.; Dougherty, D. /Broc. Natl, Acad. Sci. U.S.A999 96
theoretical studies, and gas-phase experiments, establishing the' * g459-9464. v, B retoe. At R '

i i ; iynifi P (7) Flocco, M. M.; Mowbray, S. LJ. Mol. Biol. 1994 235 709-717.
interaction as a potentially significant force in molecular (8) Fernandez-Recio, J.. Vazquez, A. Civera, C.: Sevilla, P.. Sanchb, J.

recognition [For a recent review, see Meyer ef]alThe Mol. Biol. 1997, 267, 184-197. o
importance of catio interactions to biological systems has ~ (9) Burhard:, T. P.; Juranic, N.; Macura, S.; Ajtai, Biopolymers2002 63,

been demonstrated by mutation studies in proteins and analysig10) Orner, B. P.; Salvatella, X.; Sanchez Quesada, J.; De Mendoza, J.; Giralt,

7 : E.; Hamilton, A. D.Angew. Chem., Int. ER002 41, 117-119.
of crystal structure dat&’ Only recently have cationr (11) Olson, C. A Shi, Z.; Kallenbach. N. R. Am. Chem. So@001, 123

interactions been studied in peptide model syst&rtsThese 6451-6452.
(12) shi, Z.; Olson, C. A.; Kallenbach, N. R. Am. Chem. SoQ002 124,
T Washington University School of Medicine. 3284-3291.

* Saint Louis University School of Medicine. (13) (F:)LeemmevgbcEz'O\O/i; kggdggggé&;.; Fulton, D. B.; Kostic, N. 34.Am.

§Current address: Vertex Pharmaceuticals, Inc., Cambridge, MA 02139. (14) Tsou, L. K.; Tatko, C. D.; Waters, M. L1. Am. Chem. SoQ002 124,

I'Current address: Science Applications International Corporation (SAIC), 14917-14921.
Rockville, MD 20850. (15) Slutsky, M. M.; Marsh, E. NProtein Sci.2004 13, 2244-2251.
(1) Ma, J. C.; Dougherty, D. AChem. Re. 1997, 97, 1303-1324. (16) Tatko, C. D.; Waters, M. LProtein Sci.2003 12, 2443-2452.
(2) Scrutton, N. S.; Raine, A. RBBiochem. J1996 319 (Pt 1), 1-8. (17) Andrew, C. D.; Penel, S.; Jones, G. R.; Doig, APjoteins 2001, 45,
(3) Meyer, E. A.; Castellano, R. K.; Diederich, &ngew. Chem., Int. E2003 449-455.

42, 1210-1250. (18) Andrew, C. D.; Bhattacharjee, S.; Kokkoni, N.; Hirst, J. D.; Jones, G. R,;

(4) Burley, S. K.; Petsko, G. AFEBS Lett.1986 203 139-143. Doig, A. J.J. Am. Chem. So@002 124, 12706-12714.
(5) Singh, J.; Thornton, J. Ml. Mol. Biol. 199Q 211, 595-615. (19) Tatko, C. D.; Waters, M. LJ. Am. Chem. SoQ004 126, 2028-2034.
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Figure 1. Ribbon diagram of R*-bound @(340—-350) based on the
TrNOE structure (PDB 1AQ#&). Prepared with MOLMOL%®

dark-adapted rhodopsin (R), the GPCR in vision, have been
solved?’28 an atomic view of the interaction between photo-
activated rhodopsin (R*) and its G protein transducin) (G
remains undefined. The visual signal transduction cascade is
initiated when the GDP-bound form of the heterotrimeric G
protein transducin (@y) binds to the light-activated Meta Il
(MII) state of R*. The C-terminal eleven residues of transducin’s
a-subunit, 346-350, has been identified as a significant
recognition motif in binding to R*, and a synthetic undecapep-
tide corresponding to @(340-350) (IKENLKDCGLF) can
mimic the effects of transducin, by binding to photoactivated
rhodopsin and stabilizing the Ml stat@3°

The R*-bound structure of the C-terminatpeptide (346
350) of G was determined previously by transferred nuclear
Overhauser effect (TrNOE) NMR spectroscay? Our stud-
ies*2 demonstrated that@&(340-350) binds to photoactivated
rhodopsin, forming a reverse glycine C-cap téfnyith a
prominent hydrophobic cluster of four residues, specifically
K341, L344, L349, and F350 (Figure 1). These residues are
conserved in the majority of G protein subclasses, suggesting
that this motif may be significant in G protein/GPCR interac-
tions, at least for the rhodopsin family of GPCRs (Table 1, all
Ga-subunit sequences with the exception of G, and Gy
have an aromatic residue (phenylalanine (F) or tyrosine (Y)) at
the C-terminal position and a lysine (K) at position 341 with
the additional exception of §a Furthermore, the corresponding
C-terminal region in the crystal structure ofiocGbound to
RGS42 showed a conformation for the C-terminal segment
identical to the TrNOE-derived structdfesuggesting that the

(20) Coleman, D. E.; Sprang, S. Biochemistry1l998 37, 14376-14385.

(21) Lambright, D. G.; Sondek, J.; Bohm, A.; Skiba, N. P.; Hamm, H. E.; Sigler,
P. B. Nature 1996 379, 311-319.

(22) Tesmer, J. J.; Berman, D. M.; Gilman, A. G.; Sprang, SC&1 1997, 89,
251-261.

(23) Wall, M. A.; Coleman, D. E.; Lee, E.; Iniguez-Lluhi, J. A.; Posner, B. A.;
Gilman, A. G.; Sprang, S. RCell 1995 83, 1047-1058.

(24) Noel, J. P.; Hamm, H. E.; Sigler, P. Rature 1993 366, 654-663.

(25) Lambright, D. G.; Noel, J. P.; Hamm, H. E.; Sigler, P.Ngature 1994
369 621-628.

(26) Sondek, J.; Lambright, D. G.; Noel, J. P.; Hamm, H. E.; Sigler, RlidBure
1994 372 276-279.

(27) Palczewski, K. et alScience200Q 289, 739-745.

(28) Teller, D. C.; Okada, T.; Behnke, C. A.; Palczewski, K.; Stenkamp, R. E.
Biochemistry2001, 40, 7761-7772.

(29) Hamm, H. E.; Deretic, D.; Arendt, A.; Hargrave, P. A.; Koenig, B.
Hofmann, K. P.Sciencel988 241, 832-835.

(30) Aris, L.; Gilchrist, A.; Rens-Domiano, S.; Meyer, C.; Schatz, P. J.; Dratz,
E. A.; Hamm, H. E.J. Biol. Chem2001, 276, 2333-2339.

(31) Dratz, E. A.; Furstenau, J. E.; Lambert, C. G.; Thireault, D. L.; Rarick, H.;
Schepers, T.; Pakhlevaniants, S.; Hamm, HNB&ture 1993 363 276—
281.

(32) Kisselev, O. G.; Kao, J.; Ponder, J. W.; Fann, Y. C.; Gautam, N.; Marshall,
G. R.Proc. Natl. Acad. Sci. U.S.A.998 95, 4270-4275.

(33) Schellman, C. IiProtein Folding Jaenicke, R., Ed.; Elsevier/North-Holland
Biomedical Press: Amsterdam, 1980; pp-53.
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Table 1. Sequence Comparison of C-Terminal Peptide Segments
of a-Subunits of Different G Proteins

Protein G AA # AA Sequence?

G, 340-350 I KENLEKDCGTLF
Gee 343-353 I KENLEKDCGTLF
Ggust 344-354 I K ENLEKDCGTLF
G, 344-354 T ANNLRGCGLY
Giy 344-354 I K NNLKDCGLTF
Gy, 345-355 I KNNLEKDCGTLF
Gia 344-354 I K NNLKECGLY
. 345-355 OQONNLEKYIGLC
Gy 384-394 Q RMHLRQYETLTL
Goie 371-381 Q RMHLRQYETLTL

2 Note the high conservation of amino acid residues (I, N, L, C, G) (blue)
suggesting a function role for the C-terminal segment of dhgubunit.
Residues that are identical tqoGare highlighted.

observed TrNOE structure of the R*-bound undecapeptide was
energetically favored in the intact protein in that particular
complex. In addition, a structure determined recently by TrNOE
studied* using an analogue of the@340—350) sequence with
two mutations, K341R and C347S, is in excellent agreement
with our resultd? except for the cations interaction that is
sterically incompatible with the K341R mutation. In a recent
study, Abdulaev and co-workéPshave grafted segments from
the cytoplasmic face of bovine opsin onto a surface loop of a
mutant form of thioredoxin and shown partial transducin
activation. More recently, Barbazon et3lhave studied the
interaction of the @x(340—350) with this R*-mimetic by
TrNOE NMR and showed that only the Gly C-cap backbone
conformation was similar in the thioredoxin model system with
no evidence of a helical structuring of the N-terminal segment
as seen with native R* in the Kissef@wor Koenig* studies
discussed above.

In the TrNOE structure of @(340—350)32 we observed that
the proximity of thee-amine of Lys341 to the aromatic ring of
Phe350 suggests a possible catianinteraction stabilizing the
structure (Figure 2) as well as a salt-bridge between the
C-terminal carboxylate of Phe350 and tek@mino group of
Lys341. Theoretical studies by Gallivan and Dough®&rty
suggested that a catietx interaction in solvent with a protein-
like dielectric (ethyl acetates = 5.99) contribute maximally
—6.2 kcal/mol to the free energ\@) of the system. By their
calculations, the cationr interaction was relatively insensitive
to dielectric since the calculated value in water< 78) was
only reduced to—5.5 kcal/mol. The value for the salt bridge
was—19.7 kcal/mol in ethyl acetate and reduced-t®.2 kcal/
mol in water in agreement with Coulomb’s law. Additional gas-
phase calculations by Mo et.# estimated the intermolecular

(34) Koenig, B. W.; Kontaxis, G.; Mitchell, D. C.; Louis, J. M.; Litman, B. J.;
Bax, A.J. Mol. Biol. 2002 322, 441-461.

(35) Abdulaev, N. G.; Ngo, T.; Chen, R.; Lu, Z.; Ridge, K. D.Biol. Chem.
200Q 275 39354-39363.

(36) Brabazon, D. M.; Abdulaev, N. G.; Marino, J. P.; Ridge, KBiachemistry
2003 42, 302-311.

(37) Gallivan, J. P.; Dougherty, D. A. Am. Chem. So@00Q 122, 870-874.
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or Trp and Lys or Arg in diagonal positions on théhairpin at
between—0.20 and—0.48 kcal/molt
It has been suggested by several grédipstéthat observed
cation— interactions are more hydrophobic in nature than
electrostatic. Slutsky and Marshused a model coitcoil
peptide to estimate the interaction between Arg and Phe/Trp/
_ Tyr. Only the Arg/Phe combination proved more stable than
"""" the control, Lys/Glu, and the authors suggested that hydrophobic
2.9A packing of Arg side-chain methylenes rather than a cation
Salt-bridge? interaction was responsible. Other studies by Andrew £t al
of interactions between Val/lle and Lys/Arg in thandi + 4
positions found helix stabilizations betweei®.14 and—0.32
Figure 2. Proximity of Lys341 side chair-amine to Phe350 showing  Kkcal/mol. In addition, the nonpolar/polar pairs lle-Lys, lle-Arg,
if/z_\\tgg—g %112 Zﬁ\lllgzidg% iigtt;!if:i?grsihlzreepnasr:gq \évliéhol}ﬂgl;ﬁl:grsnvaEBSD . and Val-Lys occur in protein helices more often than expected.
3.1+ 0.05 A for thgcatiOHn interaction and 2.89- 0.2 A for the salt- Phe_.lfy.s’ Lys-Phe, Phe-Arg, Arg-Phe, and Tyr-I._y.s are all
bridge. stabilizing by —0.10 to —0.18 kcal/mol when placed i + 4
on the surface of a helix in aqueous solutiéhe similarity
in the experimental values for helix stabilization between
interaction energy at betweer and—12 kcal/mol for a series  nonaromatic hydrophobic side chains such as Val and lle and
of nonbonded complexes of N-substituted piperidines and aromatic side chains with Arg and Lys suggest that much of
substituted monocyclic aromatics and suggested that the interacthe stabilization energy measured for aromatic residues with
tion had significant polarization and charge-transfer components. |ys/Arg may simply arise from hydrophobic forces rather than
We hypothesized that if the contribution of a cation cation—z stabilization alone. However, in a recent std@yatko
interaction is so energetically favorable, perturbation of the and Waters compared the interaction of norleucine (Nle) and
interaction should be observable by measurement of binding Lys with Phe, Trp, or Chao(-cyclohexylalanine) in the diagonal

F350

3.1A

Cation-n interaction?

affinity in a biological assay. On the other hand, Hunter 8241 positions of a designe@-hairpin and found that interaction
estimated the energy of a pyridinium catiam interaction in energies between Lys and Phe or Trp were betwe@r2 and
chloroform ¢ = ~4-5) at only—2.5+ 0.4 kJ/mol or—0.6 + —0.4 kcal/mol. The interaction energies between Nle and Phe

0.1 kcal/mol by a chemical double-mutant cycle, in agreement or Trp were slightly less favorable-0.1 to —0.2 kcal/mol).
with experimental studies on the modeled system. Bartoli and The NMR and thermal denaturation studies showed that the Lys
Roelen$! showed both experimentally and computationally that side chain interacts in a specific manner with Phe or Trp through
the counteranion has a dramatic effect on the strength of thethe polarized G and Nle does not interact in a specific manner
interaction in a catiorsr interaction in a model lipophilic  with either aromatic side chain. These results indicate that Lys
cyclophane system with a series of tetramethylammonium and Nle interact in fundamentally different ways with aromatic
(TMA) and acetylcholine salts in CD€IThe charge dispersion  residues, arguing that observed cationinteractions are not
on the anion was a major factor in determining the influence of predominately hydrophobic in nature.
the anion on the strength of the catiem interaction. An anion The debate about the strength of catieninteractions and
with a diffuse negative charge such as picrate yieldedGeof their role in protein/peptide folding is ongoing and multifaceted;
approximately—2 kcal/mol for the catiors interaction in  while there is little doubt about the importance of the catian
chloroform, but an anion with a more concentrated charge suchinteraction among noncovalent forces, considerable controversy
as acetate, which corresponds to the C-terminal carboxylate ofexists regarding the relative strengths of interaction. The large
Gia(340-350), limited the AG of the interaction to ap-  differences in energetics predicted by calculations and the
proximately—0.6 kcal/mol in CDC4. question of the relative strengths of catiomversus salt-bridge
Other experimental estimates of the interaction strength of interactions prompted an experimental study of the(&40—
cation—u interactions have come from model peptide studies. 350)/R* system in which both were present (Figure 2). In this
Fernandez-Recio et &lstudied the interaction between tryp- study, two series of peptides were synthesized to perturb the

tophan and histidine pairs in either thandi + 3 ori andi + putative catior-s interaction between the-amine of Lys341
4 positions in ar-helix. Helix stabilization was only seen with  and the aromatic ring of Phe350 and to determine what the
Trp/His" in thei/i + 4 orientation and estimated atl kcal/ relative role of the two interactions is in stabilizing the R*-

mol. Tsou et al* estimated the extent af-helix stabilization bound conformation of @ (340—350).
by the interaction between a protonated amine (lysine, ornithine, \-terials And Methods
and diaminobutyric acid) and the phenyl ring of phenylalanine

g. V\(later asd—.0.4 kgal/mol,dsegn onla/ .m .thet Phe.—Ortn t(;ase. synthesized for this study; the sequences are shown in Table 2. Series
imilar studies using a designef-hairpin to orien e | investigated the role of the catiemr interaction suggested in the

interacting residues measured interaction energies between Phg g structure of the @(340-350) peptide. The peptide analogues
in Series | contain a variety of substitutions at {era position of

(38) Mo, Y.; Subramanian, G.; Gao, J.; Ferguson, D.JMAm. Chem. Soc. . ; i _ i
2002 124 48324837, Phe350: peptides 1 and 4 contain electron-donating groups, Tyr and

Design of Peptide Analogues.Two series of peptides were

(39) Hunter, C. A.; Low, C. M.; Rotger, C.; Vinter, J. G.; Zonta,Roc. Natl. Phep-NHy); peptides 3 and 5 contain electron-withdrawing groups,

Acad. Sci. U.S.A2002 99, 4873-4876. _ Phep-F) and Phg§-NO,); peptide 2 contains Trp (indole ring system)
(40) ggrr;tr%rdn(.:'(é;me%VSb?? ggﬁf_;%?er’ C.; Vinter, J. G.; Zonta, Chem. at position 350, and peptide 6 has Chacfclohexylalanine) at position
(41) Bartoli, S.; Roelens, S. Am. Chem. SoQ002 124, 8307-8315. 350 which lacks ar-system as a further control.
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Table 2. Sequences and Calculated ECsg Values with SE of the Table 3. ESI-MS Results for the Series Il Peptides
Peptide Analogues?
calculated
peptide sequence ECsp + SE” (uM) molecular mass found
Gwa native  IKENLKDCGLF—OH 530 90 peptide formula M+ H1 mass
Series | (Carboxylates) 7 Cs7H9aN16018S 1323.66 1323.7
1 IKENLKDCGLY —OH 840+ 40 8 Cs7HgoFsN150165 1368.63 1368.4
2 IKENLKDCGLW—OH 540+ 50 9 Cs7HosN 150175 1294.67 1294.6
3 IKENLKDCGLF(p-F)—OH 440+ 20 10 GCsgHo7N15017S 1308.69 1308.6
4 IKENLKDCGLF(p-NH2)—OH 16704 70 11 Go1Ho7N150165 1328.70 1328.7
5 IKENLKDCGLF(p-NO,)—OH 420+ 20 12 Go1H10N 150165 1337.74 1334.7
6 IKENLKDCGL (Cha)—OH 200+ 10 13 Gs7H101N150165 1284.73 1284.7
. . 14 Gs7HgsN15016S 1278.68 1278.6
Series Il (Carboxamides) 15 Gs7H04CIN15016S 1312.64 1312.7
7 IKENLKDCGLF(p-NO2)—NH> 980+ 80 16 Gs7HgaN16016S 1323.67 1323.7
8 IKENLKDCGLF(—Fs)—NH; 18304 530
9 IKENLKDCGLY —NH3 730+ 240
10 IKENLKDCGLY(Me)—NH. 490+ 100 . . .
11 IKENLKDCGL(2-Nal)—NH, 2204 70 Diego, CA). Fmoc deprotections were performed by treatment with
12 IKENLKDCGLF(p-tert-butyl) —NH> 110+ 20 20% piperidine iM\,N'-dimethylformamide (DMF) for 20 min at room
13 IKENLKDCGL(Cha)—NH> 190+ 40 temperature. All Fmoc strategy couplings were accomplished with 3
14 IKENLKDCGLF—NH> 320+ 70 equiv each of Fmoc amino acid, HBTU, and DIPEA in DMF (2 mL).
12 :EEmtﬁgggtEg(N:g_)’jnﬁ zgggi ggo Coupling reactions were run for-BB h. The resin was washed with
2 z DMF and DCM. Coupling efficiencies were monitored by a Kaiser
aModifications from the native peptide are indicated in b8Cso values test’ After a positive Kaiser test, the coupling was repeated.
for each peptidet standard error (SE) were calculated using GraphPad  All Fmoc strategy peptides were cleaved from the resin by treatment
Prism. with a mixture of 88.5% TFA, 5% kD, 2.5% EDT, and 4%

triisopropylsilane (TIS) for +2 h at room temperature. After filtration,

The peptides in Series Il were designed subsequent to biological - . .
assay of Series |, to address the possibility that an adjacent salt-bridgeTFA was removed by evaporation and the crude peptides precipitated

: . ) ith diethyl ether.

interaction between the carboxylate of Phe350 andetlaenine of WIP It'd y ; ified by reversed-ph HLPC. Sampl ;
Lys341 shielded and prevented observation of the catioimteraction. ep Idetj V\ée © ?u ' Ieth Y et\'l((ja sed-p ?lei it ) ?Sples \;Vie
These analogues were similar to those in Series |, with the following prepared by dissolving the peplides in a ~.1 mixture of Solven

0, i 0, 0, I
modifications. First, the charged C-terminal carboxylate was changed (0'05/0. TFA in HO) and Solvent B (0'.038/0 TFA, 10@28 n-o
P : ) acetonitrile). The samples were then monitored at 220 nm with a Rainin
to a carboxamide in all compounds to neutralize the negative charge . -
L . ; . . . HPXL solvent delivery system and a Rainin Dynamax UV-1 absorbance
and eliminate the salt-bridge interaction with te@mino group of

Lys341. Second, the number of peptides in the series was increased todetector (Varian, Palo Alto, CA). A preparative Rainin Dynamay C

provide better sampling of the variability in the electronic perturbation column (Varian, Palo Alto, CA) was used with a linear gradient of

e . Solvent A to Solvent B, 16100% B over 25 min, flow rate 15 mL/
of the aromatic ring at Phe 350. Namely, we substituted pentafluoro- ™~ Pentide identit firmed by elect ; t
Phe (PhefFs)) for the p-F—Phe used in Series |, omitted Trp, added min. Fepide Identity was confirmed by eleclrospray mass spectrometry

2-naphthylalanine (2-Nal) as an extendedystem, and added two at the Protein and Nucleic Acid Chemistry Laboratory, Washington

ortho-substituted Phe analogues Phe(2-Cl) and Phe(2-B©well as University School of Medicine, St. Louis. Table 3 lists the calculated

two analogues with increased hydrophobicity and modest electron- and found mass peaks for the Series Il peptides. L
donating ability (Tyr(Me) and Phag-tert-butyl)). “Extra” Meta Il Assay. The absorbance spectra of rhodopsin in

Peptide SynthesisAll reagents were obtained from commercial rod_outer segments were measured iq the presence of varying concen-
suppliers and used without further purification. Analogue peptides were rations of Ga(340-350) analogues using a Cary50 spectrophotometer
synthesized with standard solid-phase methodology by manual Fmoc(Varian, Palo Alto, CA), essentially as described previodsiff: The
or Boc strategy. Peptidesand?2 of Series | were synthesized by Boc ~ 2SS@y samples contained 2a9mL (~5 «M) of rhodopsin in rod outer-
strategy on Pam Resin preloaded with Boc-Tyr(2-Br-Z) (0.70 mmol/ S€gment membranes, prepared as descfitiédnd analogue peptides
g) and Boc-Trp(CHO) (0.84 mmollg), respectively. Boc strategy N Buffer A (pH 8.0, 20 mM Tris/HCI, 130 mM NaCl, 1 mM Mgé|
couplings were achieved with 4 equiv of Boc-amino acids, 3.8 equiv L #M EDTA, 2 mM dithiothreitol (DTT)). The samples were kept on
of 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro- €€ &t 0°C and prepared under dim red light to avoid premature
phosphate (HBTU), and 6 equiv of diisopropylethylamine (DIPEA). bleachln.g of rhodopsin. The abs_orptlon spectrum of dark'-adapted
The Boc groups were deprotected by treatment with 50% trifluoroacetic 'Nedopsin was taken, and rhodopsin was activated by24stm light
acid (TFA) in dichloromethane (DCM). The crude peptideand 2 for 20 s, followed by a scan acquiring the second spectrum. The cuvette
were cleaved from the resin by hydrofluoric acid (HF) and scavengers SOmpartment was maintained at@, and the path length was 10 mm.
(5% anisol, 2.5% 1,2-ethanedithiol (EDT)). Formy! protection of Trp The_ measurements were _repeated in triplicate with increasing concen-
in peptide2 was removed by treating with piperidine (10% in DMF) ~ tration of analogue peptides from AM to 5 mM. As a control,
at 0°C before HF cleavage. The remaining peptides in Series | were rhodppsm was bleached overnlght at@ and added to an aliquot of
synthesized by Fmoc strategy on Wang resin (0.58 mmol/g). For each peptld_e at each c_oncentratlon followed by absorbance spectrum
peptide, the C-terminal amino acid (2 equiv) was first coupled to Wang collection as described above. The amount of “extra” Meta Il was
resin catalyzed by 2,6-dichlorobenzyl chloride (2 equiv) and pyridine
(3 equiv) in DMF#? followed by capping excess reactive groups on

(43) Kaiser, E.; Colescott, R. L.; Bossinger, C. D.; Cook, RArial. Biochem.
. . . R N . 197Q 34, 595-598.
the resin with benzoyl chloride. Subsequent Fmoc-amino acids (4 equiv) (44) Kisselev, O. G.; Ermolaeva, M. V.; Gautam, N .Biol. Chem1994 269,

in peptides3—6 were coupled to resin with HBTU (4 equiv), 21399-21402.

N-hydroxybenzotriazole (HOBT) (4 equiv), and DIPEA (8 equiv). (45 Sr'g?lﬁ\gﬂ'oA'gé.“gi{e[jlgﬁgégggmgﬂggﬂggg_O' P-; Hofmann, K. P.

)
)
)
The peptides in Series Il were synthesized by Fmoc strategy on Rink (46) 2A(;i(;r]110éci, Igé;sléris;gg%v, 0. G.; Makara, G. M.; Marshall, G.Bophys. J.
Amide-MBHA resin (0.73 mmol/g) obtained from NovaBiochem (San (47) Paperm:,ister' D.S. 'Dreyer’ W.Blochemistryl974 13, 2438-2444.

(48) Yamazaki, A.; Bartucca, F.; Ting, A.; Bitensky, M. \Rroc. Natl. Acad.
(42) Sieber, PTetrahedron Lett1987 28, 6147-6150. Sci. U.S.A1982 79, 3702-3706.
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calculated af\Assonm — AAs17nm WhereAA is the absorbance change
before and after light activation (380 nm Amax Of MIl, 417 nm =

with 16 transients. The final data matrix size after zero filling was 1024
x 2,048 complex points. Spectra with mixing times of 100, 200, and
isobestic point of MI/MII). 350 ms were collected wita 3 spostacquisition delay to assess NOE
Dose-response curves for thad§340—350) peptide analogues were  buildup and spin diffusion. For structure calculations, the 200 ms spectra
analyzed by nonlinear regression with GraphPad Prism (Version 3.03 were used. Data processing and analysis of all the NMR spectra were
for Windows, GraphPad Software, San Diego California USA, ww- performed using the VNMR [version 6.1 (Varian Associates)] and Felix

w.graphpad.com) using the following equation to obtainsE&@lues
+ SE.

Meta Il = Baselinet+ Range [Peptide] (1)
= X —
98¢\ [Peptidel+ ECy,

Baseline is the asymptotic minimum absorbancRange is the
asymptotic maximum absorbance minus Beseling [Peptide]is the

2001 (Accelrys, Inc) software packages on Silicon Graphics Indy/R5000
and Sun workstations.

Structure Determination. Sequence-specific and stereospecific
assignments were established in a computer-assisted manner by
analyzing appropriate regions of the TOCSY and NOESY spectra of
free peptide and peptide in the presence of R (dark-adapted) by using
standard proceduré3interproton distance restraints were obtained from
the NOESY spectra in a semiautomatic manner using the software

concentration of peptide, ardCs, is the concentration that gives a
response halfway betwedaselineand Baseline+ Rangg. This software protocol integrates automated NOE assignment processes
Calculation of Hammett Substituent Constants.To estimate the with structure calculation. It assigns ambiguous NOEs during the
electron density of the benzene ring on the side chain at position 350 structure calculation using a combination of unambiguous distance
we used the Hammett equatith, restraints and an iterative assignment strategy. Additionally, ARIA also

mitigates the problem of underestimation of distance restraints that may
result from longer mixing times by simulating spin-diffusion networks.
) The NOE intensities are calculated from a gi i
given structure using
numerical integration of differential equations that govern the relaxation
whereK’® is the ionization constant of benzoic acid in water af@5 process. Selected structures of an iteration serve as a template to
Ka is the ionization constant of the corresponding substituted benzoic calculate the NOE intensities, and these calculated NOE intensities are
acid, p is a constant for the specific reaction and equal to 1 for the used to calibrate the distance restraints for the subsequent iteration.
ionization of benzoic acids, andis the substituent constant, dependent This process diminishes the inaccuracies of the target distances incurred
on the substituent. The equation can be rewritten to solve for the by spin diffusion. The computational algorithm employed torsion angle
o-constant of the substituents on the benzene ring as simulated annealing followed by torsion angle and then Cartesian
molecular dynamics cooling stages. Structural refinement was completed
Z o= (pK, = pPK)/p 3) in a water shell.
The semiautomatic assignment of the distance restraints was
This form of the equation allowsky values to be used to calculate  performed using the assignment possibility output of the first iteration
o-constants for substituents that have not previously been determinedof the structure calculation. The chemical shift tolerances were set to
such as pentafluorobenzene (peptiBle and the ortho-substituted 0.025 ppm for the proton dimensions. With each iteration, the 10 lowest
benzene rings in peptidekd and 16. The o-constant is written as a  epergy structures were used as templates for the next iteration, and the
sum to represent multiple substituents on the same benzene ring as inseven best structures were used for restraint violation analysis. This
peptides. process was repeated 3 times until no additional assignment was

Calculation of log P Values. To measure the hydrophobicity of  gpserved as the iterations progressed. The stereochemical quality and
the substituents at position 350, the IBgor octanol/water partition  gtryctural statistics of the final ensemble were determined using
coefficient was calculated using ACD/PhysChem Batch (version 8.14, prOCHECK5 and PROCHECK NMF?

Advanced Chemistry Development, Inc. (ACD/Labs), Toronto, ON,  gatistical Analysis. Correlations between R*-binding affinity and
Canada, www.acdlabs.com, 2004) software. The corresponding sub-peptide properties were determined using linear regression and cor-
stituted benzene molecule for each peptide analogue was used tqg|ation analysis in GraphPad Prismvalues were calculated, and a
calculate the log® values. The error for the calculated values-i3.20. significance level of 0.05 (alpha value) was used.

NMR Sample Preparation. Rhodopsin was obtained from bovine
retinae as reported previousThe NMR samples contained peptide
(5 mg/mL), R at 2 mg/mL, Buffer K (20 mM sodium phosphate (pH
7.5), 100 mM KCl, 0.1 mM EDTA, 1 mM DTT), and 10%:D. Control
samples without R contained just peptide and buffer. The total volume . R
in the NMR sample tube was 50f.. R was photoactivated by 490- amount of MIl present after light activation in the presence of
nm light produced by a 150-W Fiber Lite for 30 s. the peptide. This is calculated as the amount of “extra” MiIl.

NMR Spectroscopy.One- and two-dimensional proton spectra were Light activation of rhodopsin creates an equilibrium between
collected at 4.0°C using a Varian Unity INOVA-700 MHz NMR the MI and MII photointermediate states of the receptor. The
spectrometer, 7400-Hz spectral width. Phase-sensitive two-dimensionalM| intermediate dominates, but the presence of C-terminal G
spectra were obtained with the hypercomplex method. The sequencepeptides, or the entire G protein transducin itself, shifts the
specific backbone and side chain proton resonance assignments wergqilibrium so the MII intermediate dominates. This “extra”

performed using a combination of 2D 1H-TOCSYand 2D 1H- MIl was measured as described in Materials and Methods, and
NOESY*! NMR experiments that implement a WATERGATE sequence

for solvent water suppression. The TOCSY experiment implemented (52) Withrich, K. NMR of proteins and nucleic acidé/iley: New York, 1986.
a DIPSI spin lock for polarization transfer and utilized mixing times  (53) Lingéed J. P.; O’'Donoghue, S. I.; Nilges, Mlethods EnzymoR001, 339,
. 71-90.

up to 100 ms. The NOESY spectra used a 280 x 1248 datamalrix 5 Brnger, A. T. et alActa Crystallogr., Sect. 1998 54 (Pt 5) 905-921.

(55) Nilges, M.; Macias, M. J.; O’'Donoghue, S. I.; OschkinatJHMol. Biol.
1997, 269 408-422.

(56) Laskowski, R. A.; MacArthur, M. W.; Moss, D. S.; Thornton, J. Murnal
of Applied Crystallography993 26, 283—-291.

(57) Laskowski, R. A.; Rullmannn, J. A.; MacArthur, M. W.; Kaptein, R;
Thornton, J. M.J. Biomol. NMR1996 8, 477—486.

ARIA (Ambiguous Restraints for Iterative Assignment, version 3325

| K
0G < = po
Ka

Results and Discussion

Peptide Binding Studies.The binding of C-terminal ¢
peptides can be monitored by observing the increase in the

(49) Hammett, L. PJ. Am. Chem. S0d.937 59, 96—103.

(50) Braunschweiler, L.; Ernst, R. Rournal of Magnetic Resonance (1969
1992)1983 53, 521-528.

(51) Kumar, A.; Ernst, R. R.; Wuthrich, KBiochem. Biophys. Res. Commun.
198Q 95, 1-6.
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Figure 3. Dose responses of Meta |l stabilization for the Series | peptides N S PP SRR
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and Go.(340-350) (Meta Il is in arbitrary units). Measurements were fitted
with the equation: Meta I Baseline+ Rangex ([Peptide]/[Peptide}-
EGso) (Baseline= 0, Range= 1.0) to obtain EG values of the peptides.
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Figure 4. EGCso values of Series | peptides plotted as a function of the
effective Hammett-substituent constant for the substituent on the aromatic
ring at position 350. Best-fit line is calculated by linear regression (slope
= —0.3780; intercept= 0.6067).
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Figure 5. Dose responses of Meta Il stabilization for the Series Il peptides
and Go.(340-350) (Meta Il in arbitrary units). Measurements were fitted
as described in Figure 3 (Baselire0.05, Range= 0.75).
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Figure 6. ECso values of Series Il peptides plotted as a function of the
effective Hammett-substituent constant for the substituent on the aromatic
ring at position 350. Best-fit line is calculated by linear regression (slope
= 0.5298; intercept= 0.4652).

the apparent binding affinities expressed asfg@lues were
calculated by fitting a doseresponse curve of the Meta Il values
relative to peptide concentration with eq 1.

The fitted doseresponse curves for Series | peptides are
shown in Figure 3. Table 2 lists the calculatedsE@alues for
all peptides. Figure 4 is a plot of the Efalues of native -

Carboxylate Peptides (Series I)Previous structureactivity
studies using synthetic peptides and expression métaftsve
shown that the carboxylate at the C-terminus @f (S important
(340-350) and peptided—6 as a function of the effective  for maintaining binding affinity. As seen in the peptides of Series
Hammett substituent constant)(of the substituent on the 1, the electronic character (measured by Hammett-substituent
aromatic ring at position 350. The electron density of the constantsg) of the side chain at position 350 has no correlation
aromatic ring decreases as the Hammett substituent constan{P > 0.05) with the binding affinity of the-peptide analogues
increases. The substituent constant for Cha (pefjdeas (Figure 4,R? = 0.16); the EGo values actually decrease as the
calculated by using theiy value of cyclohexanoic acid (4.91).  electron density of ther-system decreases. If the catiam
Using eq 3 we get a-value of —0.71, indicating the relative  interaction were helping to stabilize the receptor-bound con-
electron density of the ring is higher than benzeme=(0.00). formatiorf® of Gio(340—350), one would expect to see thedgC
The substituent constant for Trp (pepti#lewas calculated in values increase as the electron density oftisystem decreases.

a similar manner; thely, of 1H-indole-3-carboxylic acid is 4.06, The peptides in Series | showed a good correlafior 0.05)
giving ac-value of—0.14. between the hydrophobicity (calculated |&gvalues) of the

Figure 5 shows the fitted doseesponse curves for the  suybstituents and binding affinity of the peptidé® & 0.74,
peptides in Series Il. The plot of E@values as a function of  Figure 7A). If peptide5 is left out of the linear regression
the Hammett-substituent constant for Series Il peptides is shownanalysis, the correlation improves slightff2(= 0.80,P < 0.05)
in Figure 6; the Hammett constants for these peptides were (Figure 7A). The nitro substituent on this peptide appears to be
calculated as described for Figure 4. Correlation plots of binding involved in some unknown interactions that cannot be com-
affinity versus hydrophobicity of the substituents at position 350
(expressed as loB) are shown in Figure 7.

(58) Osawa, S.; Weiss, E. R. Biol. Chem.1995 270, 31052-31058.
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Figure 7. Correlation between binding affinity and Idgfor peptide analogues. EBgvalues of Series | peptides plotted as a function of theRaxf the
side chain at position 350. Best-fit line is calculated by linear regression (GraphPad Prism). (A) Series | Peptides, black live<{616889; intercept
1.7680); gray line (slope= —0.5472; intercept= 1.842). (B) Series Il Peptides, black line (slope—0.5291; intercept= 2.0764); gray line (slope=
—0.2255; intercept= 0.9890).

pletely described by the hydrophobic character of the substituent. Carboxamide Peptides (Series Il)Based on the study by
As the logP increased, the binding affinity similarly increased Bartoli and Roelen$! we hypothesized that if the negative
suggesting, as does structwactivity data’® that increased charge of the adjacent C-terminal carboxylate was eliminated,
hydrophobicity at the side chain of position 350 improves the cation-s interaction might be less shielded and more easily
binding affinity. This is represented by peptiglevhich contains observed. To investigate this hypothesis, a series of peptides
the very hydrophobic Cha substituent and has the begt, EC (Series Il in Table 2) with the C-terminal carboxylate of Phe350
by a factor of 2, of any other peptide in the series. modified to a carboxamide were synthesized, thereby eliminating
Counterion Effect on Cation-x Interaction. In studies the localized charge of the carboxylate adjacent to the cation
published after the binding affinities of the peptides of Series | interaction, but obviously with another effective anion of
were evaluated, Bartoli and Roeléhshowed that the coun-  undetermined type and location present experimentally.
teranion in a catioftor interaction has a dramatic effect on the The dose-response curves for this series of peptides (Figure
estimated strength of the catiem interaction. As conveyed in  5) show the expected response to the change in electron density
the Introduction, the study showed that anions with a diffuse of the 7-system of Phe350. Analogues with an electron-rich
charge (i.e., picrate) do not impact interaction strength as z-system (e.g.11 and12) have lower EG, values indicating
dramatically as anions with localized charge (i.e., acetate). In tighter binding, and the analogues with electron-pesystems
the Go peptide, the C-terminal carboxylate is the counteranion (e.g., 8 and 16) have higher E, values indicating weaker
for the adjacent catiorr interaction between the-amine of binding to the receptor. Plotting the E§values as a function
Lys341 and the aromatic ring of Phe350. If the carboxylate of of the Hammett-substituent constants yields a very good linear
Phe350 reduced the energy contribution of the cation  correlation P < 0.05) withR? = 0.75 (Figure 6). This positive
interaction to the level observed by Bartoli and Roetéiisr correlation indicates that the catiem interaction is observable
the acetate anion0.6 kcal/mol in chloroform, and obviously by changes in the relative binding affinities and contributes to
less in a binding site with a larger effective dielectric), then it the stability of the R*-bound conformation of the peptides, but
should be no surprise that a correlation was not observedthe absolute strength of its contribution remains undetermined.
between the experimental binding affinity and perturbations to |t is interesting to point out that peptidet, which only differs
the electronic density of the aromatic ring at position 350 in from the native peptide by the carboxamide at the C-terminus,
the Series | peptides. The salt-bridge formed between the Phe35Ginds and stabilizes MIl better than the native peptide. This
carboxylate and the-amine of Lys341 is a stronger interaction  suggests that any loss of binding interaction by removal of the

than the cation interaction in the native @(340-350) carboxylate’s negative charge is balanced by restoration of the
peptide. This is essentially a restatement of simple Coulombic cation—s interaction.
electrostatics; the energy of a salt-bridds is NMR Studies and Structure of Peptide 14 Bound to R*.
_ At first glance, one may question these conclusions, by assertin
Esb - Qanion X Qcation (4) 9 ya y 9

that the receptor-bound conformations of the peptides in Series
I and Il may differ. To address this issue, we determined a
receptor-bound structure for peptitlé (Series 1) using TrINOE
NMR experiments. First, we repeated the experiments with the
native peptide (Series 1) and R* in membranes and have
Ecationr = 0Q; X Qcation (5) confirmed the structure of Kisselev et®IThen we used the
same procedures to analyze peptlde The sequential correla-
wheredQ, is the partial charge of the aromatic ring. Therefore, tions between neighboring backbone amide and alpha protons
Ecaion-» Must be less tharks, when scaled by the same used to help assign the peptide are illustrated in a NOESY walk
environmental factors related to the effective dielectric constant in Figure 8A. The complete sequence-spechit resonance
and distances between the charges. assignments for peptide4 are reported in Table 4. Note that

whereQanion is the charge of the anion a@asionis the charge
of the cation (1 * 1= 1), while the energy of a catiefi
interaction Ecation-») IS Simply
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F2 ] Table 4. Proton Resonance Assignments (ppm) for Peptide 14 at
(ppm) ] 349@ — 4 °C and pH 7.5
3.2—: - - residue NH  oH pH yH OH others
] lle-340 3.90 2.00 1.51 yCHz1.24,yCH3 1.03,
— S50 5CH,0.95
] - Lys-341 8.76 4.36 1.86,1.80 1.46 1.%NH37.65,6CH,3.03
] Glu-342 8.77 4.26 2.03,1.95 2.29
8.4 346 347 Asn-343 8.74 4.71 2.88,2.77 yNH,7.75, 7.03
] = - Leu-344 8.47 4.35 1.70 1.63 0CH30.95,6'CH3 0.89
S J Lys-345 8.39 4.29 1.85,1.81 1.46,1.41 1.6BIH37.65,eCH,3.01
e Asp-346 8.44 4.64 2.80,2.70
] Cys-347 8.44 4.54 3.00
ael] Gly-348 8.64 3.95
] P v £ 348 Leu-349 8.17 4.23 1.34 1.46 0CH30.88,0'CH3 0.82
] - - Phe-350 8.31 4.64 3.27,3.02 0(2,6)7.30,(3,5) 7.38,
8.7 £(4)7.33,
C-terminal CONH
a.s—: 340 7.24,7.45
A4S A7 48 A5 A4 43 42 441 40 38 | activated state shows NOEs between Phe350 and residues at
B F1 (ppm) the other end of the peptide sequence: 11e340, Lys341/345, and
F2 I «oatp  Lsaay  Ladey Ladgp i (e Leu344. These wegker, long-range NOEs were reproducible and
(prg:Jl: K3asp ) ()< r3s0526) > Al? observed for two different sets of samples collected 4 months
7321 ' - Fasu.,{;) L E YRS apart. For the dark-adapted state, there were no indications of
;g‘; ; any such long-range NOE cross-peaks. These NOEs indicate
798 ] ~F350:35) > () © ' (= ) that the receptor-bound conformation of peptidemust adopt
;v:g- - 1340y a structure that brings the N- and C-terminal residues into close
! -... L L L L L A R g LN RN LR | H B H H . H
c 19 1.8 17 16 15 14 13 12 11 10 09 08 proximity, similar to that of native peptlde_. ) _
F2 1349, L3495 La405 ~The R*-bound NMR structure of peptide4 is shown in
(ppm) ) ) Figure 9. Independent calculations gave 20 structures with a
7.30 1 ( | <F3505(26)> (-0 k )
7.321 § | Fasor) > N high degree of convergence (Table 5 and Figures 9A, 10). The
;g;- ) structure is almost identical to that of the native peptide as
728 1 (0 [0) «F3505(3,5)> ;_‘T‘w{ i reproduced in the present study and originally observed by
;‘:g: = ) Kisselev et aP? It consists of a helical turn in the middle of the

o5 qias i ik s F1k: T 10 5% 9D 06 BE: OF sequence spanning residues.‘/:}followed by an open reverse
F1 (ppm) turn (Figure 9). A representative structure of the ensemble was
; i . . NOL
Figure 8. Selected regions from the 2D NOESY spectra of pepiidien determm_ed by calculating the mean coordinates in MOL
the presence of rhodopsin. (A) The ﬁngerprint region showing the and p|Ck|ng the structure from the ensemble that was C|OS€St to
intraresidue and sequential correlations used to help establish sequencethe mean coordinates of the ensemble. Superposition of the
specific resonance assignments. The path over the sequehiaNHi» yepresentative structure of peptidel to the representative
connectivities is shown as a continuous black line. (B and C) A region truct f nati 340-350) qi RMSD of 1.4 A f
showing aromatic (F2)- aliphatic (F1) NOE cross-peaks for the light- structure of native @L(. .o ) gives an o 9 T or
activated (panel B) and dark-adapted (panel C) states. Note the light-inducedthe backbone atoms, indicating an overall similarity (Figure 9C
additional cross-peaks correlating the ring protons of Phe350 with those in and D). The hydrophobic cluster of residues, Lys341, Leu344,
residues at the other end of the peptide. These additional NOEs were notLeu349 and Phe350. first observed in the native structure. is
observed in the spectra of the dark-adapted samples, even at lower contour_ .~ "7’ . ’ . . '
levels. A one letter code is used for amino acid annotations. maintained in the structure of peptided. One important
difference between the structures of peptitié and native
) ) o ) peptide is the rotation about the*€N bond of Phe350 that
the C-terminal carboxamide modification gave rise t0 & New regylts in the carboxamide being oriented away from the peptide
pair of correlated Nkiresonances at 7.24 and 7.45 ppm. Also, grface. This is most likely due to van der Waals violations
the side-chain ammonium groups for Lys341/345 were visible that would occur if the carboxamide maintained the position
in some spectra at 7.65 ppm, although these peaks wereang orientation observed in the native structure. Unlike the
exchange broadened. Most importantly, the aromatic ring gromatic ring protons of Phe350, no long-range NOEs were
protons of Phe350 were completely resolved from all other gpserved between the carboxamide protons of Phe350 and
proton resonances. This enabled the aromatic protons to Serv%rotons more than three residues away in the peptide sequence,
as probes of local/global structure and to detect the presence ofonsistent with the carboxamide’s orientation away from the
a cation-z Interaction. o surface of the structure.

Two-dlm(?nﬁo:al NOESYhspecFraFfor peg:)tuAjel 'S thef h Most importantly, the proximity of the-NH of Lys341 to
Présence ol rnodopsin are shown in Figure . A su set.o € the aromatic ring of Phe350 indicates the presence of a eation
aromatic-aliphatic NOE correlations are illustrated for the light- interaction. The distance from tleamine nitrogen of Lys341
activated (Figure 8B) and dark-adapted states (Figure 8C). Both,[0 the centroid of the aromatic ring of Phe350 is 3:07.05
spectra show strong NOEs resulting from the close proximity
between the aromatic ring protons of Phe350 and the neighbor- o i & - Billeter, M.; wuthrich, KJ. Mol. Graph. 1996 14, 51-55,
ing side chain protons of Leu349. However, only the light- 29-32.
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Figure 9. NMR structure of peptidd4 bound to R*. (A) Ensemble of 20 R*-bound structures computed independently. Backbone is in gray. Side chains
are color-coded. (B) Ribbon diagram of R*-bound peptideshowing the hydrophobic cluster of residues and Lys345. Side-chain colors: Lys341, light
purple; Leu344, green; K345, violet; Leu349, blue; Phe350, yellow. The carboxamide at the C-terminus is indicated, and the atoms are colorgpeby atom t
Note that the proximity of the Lys341 amino group to the aromatic ring of Phe350 indicates the presence of-arcetieraction. (C and D) Ribbon
diagram of the representative structure of pepfidépurple) aligned with the representative structure of native(810—-350) (green). Side view (C) and

top view (D) of the molecules. (D) Note that the aromatic ring of Phe350 in pepfidecupies the same space as the carboxylate group of Phe350 in native
peptide. The C-terminal groups of each peptide are colored by atom type. Structural images prepared with MOLMOL.

A. The NMR structure confirms the conclusion based on data results in the C-terminal two residues appearing rotated and
from the MII stabilization assay showing the presence of a flipped relative to peptidéd4 following the helix-capping motif
cation—u interaction in peptidel4. centered at Gly348 (Figure 11). The correlation between binding
Hydrophobicity and Binding Affinity in Series Il Peptides. affinity and logP values of the substituents at position 350 for
It is necessary to address the binding affinity data for peptides the Series Il peptides was examined thoroughly. When data for
12 and13in the context of the other peptides. We know from all the peptides are used in the analysis, there is a marginal
the Series | peptides that the receptor favors peptides with correlation R2 = 0.39,P = 0.052), but when the peptides with
hydrophobic residues at position 350. Tteet-butyl group in large electron-withdrawing substituents (peptide8, and16)
peptide12is slightly electron donating and would be expected are excluded, the correlation is very apparéft£ 0.81,P =
to improve binding if the cations interaction helps stabilize  0.006) (Figure 7B). These data lead us to speculate that the
the bound conformation of the peptide. However, the degree to steric bulk of these peptides and/or the hydrogen bonding
which we observe improved binding of peptid2 cannot be capability of the nitro groups of peptidésand16is influencing
simply explained by the electron-donating character of the the R*-bound structure of the peptides. These unidentified
substituent; it is more likely that the hydrophobic nature of the interactions prevent the use of the hydrophobicity of the side
tert-butyl group is largely responsible for the dramatic increase chain of residue 350 as a simple predictor of R*-binding affinity
in affinity observed. The same can be said for pepfi8g3- for these three peptide analogues. However, one can conclude
fold increase in affinity) that contains Cha at position 350; the from the correlation for the other peptides in Series Il that the
cyclohexyl group is more hydrophobic than the benzene ring hydrophobic nature of the residues influences binding affinity
of Phe (logP of 3.44 vs 2.13). The NMR studies of peptiti@ in addition to the “catiorr” and/or “salt-bridge” interactions.
reveal a structure that is almost identical to that of peptide Calculation of Cation—ax Interaction Strength. Once a
and Go(340—-350), except that the C-terminus does not fold structure had been obtained of a peptide analogue, in which we
back onto the helix. As might be expected, the inability to form had observed a catienr interaction, we used the web-based
a cation-zr interaction leads to a more extended structure at version of the CaPTURE prograhifhttp://capture.caltech.edu)
the N- and C-termini. They angle of Gly348 inl13 is rotated to detect any cations interactions and determine their strength-
—81.7 from its position in14, the¢ angle of Leu349 irl3is (s). First, we ran the program on the original Kisselev e€al.
rotated—117.7 from its position in14, and they angle of TrNOE structure, and the program detected one energetically
Leu349 is rotated-168.4 from its position inl14. This rotation significant catior- interaction between a Lys/Phe pair (Lys341-
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Table 5. Statistics of the NMR Structure and Stereochemical
Quality of Peptide 14

reference value

for X-ray
structures
ensemble RMSD values all residues (2.0 A)
average pairwise CRMSD, A 0.34+ 0.16 N/A
average main-chain RMSD 0.60+ 0.37 N/A
from mean coordinates, A
reference value
for X-ray
structures
statistics ensemble (2.0 )
Ramachandran plot statistics
residues in most favored regions 62.5 (5) 75+ 10
[A,B,L], % (#)
residues in additionally allowed regions 37.5 (3)
[a,b,l,p], % (#)
residues in generously allowed regions 0.0 (0)
[~ar~b,~1,~p], % (#)
residues in disallowed regions, % (#) 0.0 (0)
main-chain statistics
SD ofw angle, degrees 2.3 603.0
bad contacts/100 residues /A 4210
Ca chirality, SD of¢ angle, degrees 1.2 3#41.6
H-bond energy, kcal/mol 0.7 0£60.2
side-chain statistics
-1 gauche minus, degrees 17.8 18.6.5 g A14(Gly)
x-1 trans, degrees 7.9 19405.3 _&
x-1 gauche plus, degrees 10.3 1#£%.9 by
x-1 pooled, degrees 15.7 18124.8 a
x-2 trans, degrees 29.5 20445.0
A
90 - 13 (Gly)
35
-135
30
v 25 - 180 135 90 45 45 90 135 180
L Phi {degrees)
g 20 Figure 11. Comparison of NMR structures of peptidéd and 13. (A)
- Representative structure of peptitieé(gold) superimposed on the structure
o of peptide14 (black). Ribbon corresponds to structure of peptide Phi
o 151 and Psi angles are indicated for the labeled residuesaons are indicated
Q with red dots. Carboxamide groups are colored by atom type. (B)
g 10 - Ramachandran plot of Gly348 and Leu349 in peptitiesnd14. Shaded
zZ areas represent the various regions of torsional space: mostly favored (dark
5 gray), additionally allowed (gray), generously allowed (light gray), disal-
lowed (white). Plot generated with PROCHECK NMR.
0- halogen ion, the ion with the strongest effect on catian

I K E N L K D C G L F . . . {rstudi
Figure 10. Distribution of distance restraints used for the calculation of interaction strength from the Bartoli and Roe udies had

the final ensemble of structures of R*-bound peptideSolid bars represent & Measured interaction strength-et.1 kcal/mol compared to
medium- and long-range interactions; open bars represent short-range NOEs—0.6 kcal/mol for the acetate ion. Assuming the correlation is
accurate, the calculated interaction strength for the cation
Phe350), and the calculated interaction strength-was0 kcal/ interaction in peptidel4 should be about—15 kcal/mol.
mol (Ee9 (electrostatic energy component) an.85 kcal/mol Obviously, the CaPTURE program is not considering the
(Evaw) (van der Waals energy component). It was interesting to influence of the adjacent counterion when calculating interaction
see that the interaction was so strong, yet unobservable byenergies. We acknowledge that the CaPTURE program is an
biological assay. Next, we ran the program on the structure of effective tool for detecting caticsrr interaction in peptides and
peptidel4. The program again detected only one energetically proteins, but it does not calculate biologically relevant interaction
significant interacting pair; a Lys/Phe pair (Lys2-Phell, which energies, because there is always a counterion present in nature.
corresponds to Lys341 and Phe350 in native peptide). The Relative Strengths of Cation-a Interactions versus Salt-
electrostatic energy componerti.) was calculated as7.95 Bridges. Decomposition of the impact of the salt-bridge on the
kcal/mol, and the van der Waals energy componEpt,j was cation— interaction, versus other issues such as the desolvation
calculated as-0.36 kcal/mol. The calculated electrostatic energy of the ion pair in the salt-bridge, which probably accounts for
difference between these two peptides is very small; this is the enhanced affinity of the carboxamide analoddeover
curious considering the counterion in each system has to benative peptide, is not straightforward. The significant differences
different. Even if we say the counterion in peptibéis a simple found in the literature on the relative strengths of catiarvs
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salt-bridge interactions are troublesome. In the native peptide that neutralization of the C-terminal carboxylate anion as the
and Series | peptides the salt-bridge is the dominating interac-carboxamide in Series Il peptide analogues revealed the
tion. This trend was predicted by the studies of Gallivan and cation— interaction in binding-affinity measurements. Ad-
Dougherty3” but the interaction energies calculated for the ditionally, our NMR experiments have shown that peptidie
cation—s (—6.2 kcal/mol) and salt-bridge<19.7 kcal/mol)  adopts the same overall conformation upon binding R* as the
interactions in a proteinlike solvent environment were signifi- G,0(340-350) peptide and the catienr interaction between
cantly higher than what has been observed experimentally. The| ys341 and Phe350 was preserved in the structure. Although
consensus of numerous experiments in widely varying systemsye did not quantitate the absolute strength of the cation
and solvents has been that a cationinteraction only contrib- - jnteraction, these studies provide experimental evidence that the
utes—0.2 to—2.4 keal/mol to substrate binding and/or peptide/ (g|ative strength of the catienr interaction is sharply impacted
_proteln_ stability? One probable gxplanatlon for_th|_s dlscre_pancy by the adjacent counteranion. In addition, the salt-bridge
is the |m|c()jac;t of the (l:_oun;eranmlréhon tI;ebcaﬂomnteract;(l)w dominates energetically over the catiem interaction in the
s(,)ug_ge_ste fy Bartcln_l_tan ) R?[e sant byl Hunterh et ; th native peptide. Although this dominance has been predicted in
rlmslsfimno G;nM?:p ')t' sglgrr]n %ggu“i\?rna igcg c E;rgret?;n € the literature?’ the interaction energies calculated in theoretical
caicuiations o s ouxa potioatiivan a ougherty., model systems lacking a counterion are inflated and not relevant
and Mo et aP® may well explain the much higher (ap- . .
. . . . to most experimental results. A probable explanation for the
proximately 3- to 10-fold depending on the anion) estimate on . : . .
. g Co . . . discrepancy between theoretical calculations and experimental
the interaction energy of catiefr interactions in their calcula- determination of the strenath of th tiam interaction i
tions regardless of the solvent environment. cte ation ot the strength ot the catiam Interaction 1s,
therefore, lack of explicit consideration of the anion associated
Conclusions with the cation.

In this study, we synthesized two series of peptides to explore
the role of an observed catiemr interaction between the
e-amine of Lys341 and the aromatic ring of Phe350 in the
C-terminal region of transducin’s--subunit. While there is
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the salt-bridge was present. As a result, the hydrophobic j,5zoz137
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(61) Sha, W.; Arimoto, R.; Marshall, G. R. Bnd International/17th American
Peptide SymposiuntHoughton, R. A., Lebl, M., Eds.; American Peptide
(60) Minoux, H.; Chipot, CJ. Am. Chem. Sod.999 121, 10366-10372. Society: San Diego, CA, 2001.

J. AM. CHEM. SOC. = VOL. 128, NO. 23, 2006 7541



