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Abstract: a-Helices are key structural components of proteins and important recognition motifs in biology.
Short peptides (<15 residues) corresponding to these helical sequences are rarely helical away from their
stabilizing protein environments. New techniques for stabilizing short peptide helices could be valuable for
studying protein folding, modeling proteins, creating artificial proteins, and may aid the design of inhibitors
or mimics of protein function. This study reports the facile incorporation of 3- and 4-a turns in 10—15 residue
peptides through formation in situ of multiple cyclic metallopeptide modules [Pd(en)(H*XXXH*)]>". The
nonhelical peptides Ac-H*ELTH*H*VTDH*-NH, (1), Ac-H*ELTH*AVTDYH*ELTH*-NH, (2), and Ac-
H*AAAH*H*ELTH*H*VTDH*-NH, (3) (H* is histidine-methylated at imidazole-N3) react in N,N-dimethyl-
formamide (DMF) or water with 2, 2, and 3 molar equivalents, respectively, of [Pd(en)(NOs3);] to form
exclusively [Pda(en)2(Ac-H*ELTH*H*VTDH*-NH,)]** (4), [Pda(en)z(Ac-H*ELTH*AVTDYH*ELTH*-NH,)]** (5),
and [Pds(en)s(Ac-H*AAAH*H*ELTH*H*VTDH*-NH,)]¢" (6), characterized by mass spectrometry, 1D and
2D H- and 1D ®*N-NMR spectroscopy. Despite the presence of multiple histidines and other possible
metal-binding residues in these peptides, 2D *H NMR spectra reveal that Pd(en)?" is remarkably specific
in coordinating to imidazole-N1 of only (i, i + 4) pairs of histidines (i.e., only those separated by three
amino acids), resulting in 4—6 made up of cyclic metallopentapeptide modules ([Pd(en)(H*XXXH*)]?*),,
n= 2, 2, 3, respectively, each cycle being a 22-membered ring. We have previously shown that a single
metallopentapeptide can nucleate a-helicity (Kelso et al., Angew. Chem., Int. Ed. 2003, 42, 421—424.).
We now demonstrate its use as an a-turn-mimicking module for the facile conversion of unstructured short
peptides into helices of macrocycles and provide 1D and 2D NMR spectroscopic data, structure calculations
via XPLOR and NMR analysis of molecular flexibility in solution (NAMFIS), and CD spectra in support of
the a-helical nature of these monomeric metallopeptides in solution.

Introduction transporter proteins (e.g., R&wall contain a shortx-helical
The o-helix is a fundamental structural unit in the fabric of Seduence that mediates function by direct interaction with a

proteins, with 30% of all amino acids in proteins occurring in "€ceptor.

a-helices! When buried in the hydrophobic interiors of proteins, ~ Short peptides €15 amino acids) corresponding to these
helices play crucial structure-stabilizing roles, act as templates helical protein regions are difficult to study because they tend
for folding proteins, and help to create active sites of enzymes. to adopt only random structures in solution when removed from
When partially exposed on the surfaces of proteins, helices aretheir protein environmenfsAttempts to produce shouat-helices
often key functional motifs that are recognized by other proteins, by using helix-capping templatésunnatural amino acids,
RNA, or DNA, interactions that can mediate important biologi- noncovalent side-chain constraints (e.g., salt bridges, hydro-
cal processesFor example, transcriptional activators (e.g., p53,
NF-kBp65, VP16 apoptosis regulators (e.g., Bdiand RNA- (4) Sattler, M.; Liang, H.; Nettesheim, D.; Meadows, R. P.; Harlan, J. E.;

Eberstadt, M.; Yoon, H. S.; Shuker, S. B.; Chang, B. S.; Minn, A. J.;
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Bioscience, University of Queensland. 73, 1031.
* Department of Chemistry, University of Queensland. (6) (a) Zimm, B.; Bragg, JJ. Chem. Phys1959 31, 526. (b) Scholtz, A.;
§ Emory University. Baldwin, R. L. Annu. Re. Biophys. Biomol. Structl992 21, 95.
(1) Barlow, D. J.; Thornton, J. MJ. Mol. Biol. 1988 201, 601. (7) (a) Kemp, D.; Curran, T.; Boyd, J.; Allen, T. Org. Chem.1991, 56,
(2) (a) Fairlie, D.; West, M.; Wong, ACurr. Med. Chem1998 5, 29. (b) 6683. (b) M'Liler, K.; Obrecht, D.; Knierzinger, A.; Stankovic, C.; Spiegler,
Andrews, M. J. |.; Tabor, A. BTetrahedron1999 55, 11711. C.; Bannwarth, W.; Trzeciak, A.; Englert, G.; Labhardt, A. M.; Schoen-
(3) (a) Kussie, P. H.; Gorina, S.; Marechal, V.; Elenbaas, B.; Moreau, J.; Levine, holzer, P Perspect. Med. Chem993 513. (c) Austin, R.; Maplestone, R.
A. J.; Pavletich, N. PSciencel996 274, 948. (b) Burley, S. K.; Roeder, A.; Sefler, A. M.; Liu, K.; Hruzewicz, W. N.; Liu, C.; Cho, H. S.; Wemmer,
R. G.Annu. Re. Biochem 1996 65, 769. (c) Uesugi, M.; Nyaguile, O.; D. E.; Bartlett, P. AJ. Am. Chem. S0d.997 119 6461. (d) Aurora, R;
Lu, H.; Levine, A. J.; Verdine, G. LSciencel997, 277, 1310. Rose, G. DProtein Sci.1998 7, 21.
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phobic interactionsy,covalent side-chain linkers (e.g., disul-
fide 10 hydrazoné} lactam bridge®), or nonpeptidic replace-
ments for the helical scaffolél have met with some success

unusual 22-, 21-, and 21-membered macrocycles. 2D NMR
spectroscopy coupled to simulated annealing for the most
prevalent metallopentapeptide isomer (N1-imidazole of both

for specific peptides, but generic strategies for helix stabilization histidines coordinated to Pt) suggested a helical structure in

remain elusive.

DMF. An alternative conformational analysis did not confirm

Another approach to stabilizing peptide helices is to use metal the presence ai-helix.!® We extended the wotkP to different

ions to “clip” together metal-ligating side chains that reside on
the same face of a helix (e.@,] + 4 positions). This approach

5—15 residue peptides corresponding to the Zn-binding domain
of thermolysin and demonstrated that Pd(ll) coordinates

has received relatively little attention despite nature often using N1-imidazole nitrogens to form a 22-membered [Pd(en)-

metal ions (e.g., Z4") to bind to the imidazole N1-nitrogens
of two (i, i + 4) spaced histidines in protein-helices!* The
reported preference for metals in forming only small (five- and
six-membered) chelate rings when binding to histidines in

(H*ELTH*)] 2" macrocycle that simulated annealing suggested
to be helical in solutiod? This macrocycle acts as a template
in nucleatinga-helicity in both C- and N-terminal directions
within longer sequences in DMFE? In water, however, there

peptides, rather than the larger macrocycles found in proteins,was much lessi-helicity observed, testifying to the difficulty
may explain the paucity of studies in this field, the consensus of fixing intramolecular amide NH-OC H-bonds in a solvent-

being that metal ions interact differently with proteins than with
short peptides®

exposed sequence in competition with the excellent H-bond
donor water.

There are only a few reports where metal ions are purported To expand the utility of [Pd(en)(H*xxxH*f]" as a helix-

to stabilize native or synthetically modified short, usually Ala-
rich, peptides in am-helical conformation. In those cases the

promoting module in solution, we were particularly interested
in discovering: (a) whether such modules could be regioselec-

metals were presumed, though not proven, to form macrocyclic tively created in situ within peptides consisting of multiple
chelates by coordinating to two amino acid side chains separatechotential metal-binding residues, including-@ His residues

by three intervening residues in a sequence (e.g.amadi + 4
positions as in HxxxH}® We previously communicatétthat

a test pentapeptide Ac-HAAAH-NHeacts with [Pd(en)(Ng),]

in N,N-dimethylformamide (DMF); to produce three linkage
isomeric complexes of [Pd(en)(Ac-HAAAH-NH 2T, in which

two His residues are coordinated to Pd(ll) via imidazole
nitrogens N1 and N1, N1 and N3, or N3 and N1, creating the

(8) (a) Rajashankar, K. R.; Ramakumar, S.; Jain, R. M.; Chauhan, V. S.
Am. Chem. S0d995 117, 10129. (b) Karle, . L.; Balaram, Biochemistry
199Q 29, 6747.

(9) (a) Mayne, L.; Englander, S. W.; Qiu, R.; Yang, J.; Gong, Y.; Spek, E. J,;
Kallenbach, N. RJ. Am. Chem. S0d.998 120, 10643. (b) Albert, J. S.;
Hamilton, A. Biochemistryl995 34, 984. (c) Butterfield, S. M.; Patel, P.
R.; Waters, M. LJ. Am. Chem. So002 124, 9751.

(10) Jackson, D. Y.; King, D. S.; Chmielewski, J.; Singh, S.; Schultz, RI.G.
Am. Chem. Socl991 113 9391.

(11) Cabezas, E.; Satterthwait, A. €. Am. Chem. Sod999 121, 3862.

(12) (a) Schievano, E.; Mammi, S.; Bisello, A.; Rosenblatt, M.; Chorev, M.;
Peggion, EJ. Pept. Sci1999 5, 330. (b) Bracken, C.; Gulyas, J.; Taylor,
J. W.; Baum, JJ. Am. Chem. Sod994 116 6431. (c) Phelan, J. C.;
Skelton, N. J.; Braisted, A. C.; McDowell, R. $. Am. Chem. S0d.997,
119 455. (d) Taylor, J. W.; Yu, CBioorg. Med. Chem1999 7, 161. (e)
Yu, C.; Taylor, J. W.Tetrahedron Lett1996 37, 1731. (f) Zhang, M
Wu, B.; Baum, J.; Taylor, J. WJ. Pept. Res200Q 55, 398.

(13) Orner, B. P.; Ernst, J. T.; Hamilton, A. D. Am. Chem. So@001, 123
5382. (b) Horwell, D. C.; Howson, W.; Nolan, W. P.; Ratcliffe, G. S;
Rees, D. C.; Willems, H. M. GTetrahedron1995 51, 203.

(14) (a) Magnus K. A Hazes B.; Ton-That, H.; Bonaventura, C.; Bonaventura,

Hol, W. G. Prote|n51994 19 302. (b) Grelsman H. A; Pabo C. 0.
SC|ence1997 275, 657. (c) Holland, D. R; Hausrath A C Juers, D.;
Matthews, B. W.Protein Sci.1995 4, 1955.

(15) (a) Hahn, M.; Wolters, D.; Sheldrick, W. S.; Hulsbergen, F. B.; Reedijk,
J.J. Biol. Inorg. Chem1999 4, 412. (b) Tsiveriotis, P.; Hadjiliadis, N.;
Savropoulos, Glnorg. Chim. Actal997, 261, 83. (c) Milinkovic, S. U.;
Parac, T. N.; Djuran, M. I.; Kostic, N. MJ. Chem. Soc., Dalton Trans.
1997 2771. (d) Sovago, |. IBiocoordination Chemistry, Coordination
Equilibria in Biologically Actve SystemsEllis Horwood: London, 1990.
(e) Tsiveriotis, P.; Hadjiliadis, NJ. Chem. Soc., Dalton Tran$999 459.

(f) Livera, C. E.; Pettit, L. D.; Battaaille, M.; Perly, B.; Kozlowski, H.;
Radomska, BJ. Chem. Soc., Dalton Tran%987, 661. (g) Agarwal, R. P;
Perrin, D. D.J. Chem. Soc., Dalton Tran&976 89. (h) Ueda, J.; Ikota,
N.; Hanaki, A.; Koga, KlInorg. Chim. Actal987, 135 43. (i) Kozlowski,
H.; Bal, W.; Dyba, M.; Kowalik-Jankowska, TToord. Chem. Re 1999
184, 319. (j) Parac, T. N.; Kostic, N. Mnorg. Chem 1998 37, 2141.

(16) (a) Ghadiri, M. R.; Fernholz, HI. Am. Chem. S0d.99Q 112 9633. (b)
Ghadiri, M. R.; Choi, CJ. Am. Chem. S0d.99Q 112, 1630. (c) Ruan, F.;
Chen, Y.; Hopkins, P. BJ. Am. Chem. Sod.99Q 112 9403. (d) Kohn,
W. D.; Kay, C. M.; Sykes, B. D.; Hodges, R. $ Am. Chem. S0d.998
120, 1124. (e) Kohtani, M.; Kinnear, B. S.; Jarrold, M. F.. Am. Chem.
Soc 200Q 122, 12377.

(17) (a) Kelso, M. J.; Hoang, H. N.; Appleton, T. G.; Fairlie, D.JPAm. Chem.
Soc.200Q 122 10488. (b) Kelso, M. J.; Hoang, H. N.; Oliver, W.;
Sokolenko, N.; March, D. R.; Appleton, T. G.; Fairlie, D.Ahgew. Chem.,
Int. Ed. 2002 42, 421.

and (b) whether multiple units of the helical module [Pd(en)-
(H*xxxH*)] 2+ would further increase-helicity even in water.
For comparison with previous wofk, we chose to study
peptides incorporating the same pentapeptide sequences reported
on before including the test sequet@dH*AAAH*, the zinc-
binding domain H*ELTH* of thermolysid/® and one other
sequence H*VTDH* with sufficiently different residues to
enable signal dispersion in NOESY spectra. The sequence
H*ELTH*AVTDY is a fragment of thermolysin that we have
reported on beforé’® A feature of these sequences was the
replacement of histidine (H) with histidine methylated at
imidazole N3 (H*) to avoid complications from linkage isomers
noted above and encourage coordination through N1 of imida-
zole.

We now report on three sequences involving multiple
potential metal-binding domains composed of residues from the
zinc-binding region of thermolysin, namely Ac-H*ELTH*H*-
VTDH*-NH ; (1), Ac-H*ELTH*AVTDYH*ELTH*-NH , (2),
and Ac-H*AAAH*H*ELTH*H*VTDH*-NH » (3). Each of these
react with multiple equivalents of [Pd(en)(OMg to produce
exclusively4—6, respectively (Chart 1), in both DM#&; and
water (90% HO, 10% 0O). Mass spectrometry, 1BN- and
2D 'H-NMR spectroscopy, and circular dichroism (CD) spectra
were used to characterize the structudes, and their three-
dimensional structures were calculated from NOE érahgle
restraints using simulated annealing protocols as well as NMR
analysis of molecular flexibility in solution (NAMFIS) con-
former deconvolution. Despite disagreement between the latter
two structure analysis methodologies for shorter peptiéigs,
the methods appear to converge in terms of structure prediction
for concatenated peptides such as compodindesults dem-
onstrate (a) that selective coordination of metal ions occurs only
at (i, i + 4) histidine positions in water and DMF, (b) that 2-
and 3e-turn mimicking modules of [Pd(en)(H*XXXH*}" can

(18) Snyder, J. P.; Lakdawala, A. S.; Kelso, M.JJ.Am. Chem. So2003
125,632-633.

(19) As with the single-turme-helix,'® a NAMFIS conformational analysis did
not support helicity for [Pd(en)(H*ELTH*f}" Lakdawala, A.; Snyder, J.
P. 2003, unpublished work.
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be incorporated within 10 and 15 residue peptides, (c) that
unstructured peptides can be converted to 3- and 4ettrelices

of macrocycles in a single step, witl-helicity being well-
defined throughout the peptides including at the N- and
C-termini, and (d) that there is much more structure in an aprotic
solvent (DMF) than in water.

Experimental Section

General. Fmoc-N3-methyl-His-OH was obtained from Bachem AG
(Switzerland). Rink amide methylbenzhydrylamine (MBHA) resin and
other Fmoc=-amino acids, (Fmoc-Ala-OH, Fmoc-Glu(®Bu)-OH,
Fmoc-Asp(@Bu)-OH, Fmoc-Leu-OH, Fmoc-Thr(Bzl)-OH, Fmoc-Val-
OH, and Fmoc-TytBu)-OH), were obtained from Novabiochem
(Melbourne, Australia). 2-f-Benzotriazol-1-yl)-1,1,3,3-tetramethy-
luronium-hexafluorophosphate (HBTU) was obtained from Richelieu
Biotechnologies (Quebec, Canada). DMF€0.7 mL ampules) was
obtained from the Aldrich Chemical Co. (Milwaukee, WI). All other

Compound Synthesis and Purification.Free peptideq, 2, and3
were prepared using manual stepwise solid-phase peptide synthesis
protocols with HBTU/diisopropylethylamine (DIPEA) activation for
Fmoc chemlstry on Rink Amide MBHA resin (substitution 0.72
mmolg~?t, 0.25 mmol scale syntheses, 350 mg of resin). Four
equivalents of Fmoc-protected amino acids, 4 equiv of HBTU, and 2
equiv of DIPEA were employed in each coupling (except for coupling
of Fmoc-N3-Me-His-OH, where only 2 equiv of amino acid and HBTU
were employed). Fmoc-deprotections and resin neutralization were
achieved by 2x 2 min treatments with excess 1:1 piperidine/DMF.
Coupling yields were monitored by quantitative ninhydrin ag8aynd
double couplings were employed for yields below 99.8%. N-terminal
acetylation was achieved by treating the fully assembled and protected
peptide resins (after removal of the N-terminal Fmoc group) with a
solution containing 87@L of acetic anhydride and 474L of DIPEA
in 15 mL of DMF (2 x 5 min treatments with enough solution to cover
the resin beads). The peptides were cleaved from their respective resins,
and protecting groups were simultaneously removed by treatment for

reagents were of peptide synthesis grade and obtained from Auspep, p, 4t room temperature with a solution containing 95% trifluoroacetic

(Melbourne, Australia).

Semipreparative reversed-phase high-performance liquid chroma-

tography (rp-HPLC) purification of the linear peptides was performed
using a Waters Delta 600 chromatograpy system fitted with a Waters

486 tunable absorbance detector with detection at 254 nm. Purification

was performed by eluting with solvents A (0.1% trifluoroacetic acid
(TFA) in water) and B (9:1 CBECN/H;O, 0.1% TFA) on a Vydac G

250 x 22 mm (300 A) steel-jacketed column run at 15 mL/min.
Analytical rp-HPLC analyses were performed using a Waters 600
chromatography system fitted with a Waters 996 photodiode array
detector and processed using Waters Millenium software. Analytical

analyses were performed using gradient elutions with solvents A and

B on a Vydac Gs 250 x 4.6 mm (300 A) peptide and protein column
run at 1.0 mL/min.

4830 J. AM. CHEM. SOC. = VOL. 126, NO. 15, 2004

acid (TFA):2.5% HO:2.5% triisopropylsilane (TIPS) (25 mL of solution
per 1 g ofpeptide resin). The TFA solutions were filtered, concentrated
in vacuo, diluted with 50% A:50% B, lyophilized, and subsequently
purified by semipreparative rp-HPLC.

Ac-H*ELTH*H*VTDH*-NH , (1). Linear gradient from 0 to 15%
B over 30 min. Yield= 25%. R = 20 min.] Anal. rp-HPLC (linear
gradient from 0 to 100% B over 30 minfk = 16.0 min. MS: [obsd
(M + 2H%)/2 950.65; calcd 950.47; obsd (M 3H")/3 634.43; calcd

34.36].

Ac-H*ELTH*AVTDYH*ELTH*-NH  , (2). Step gradient with 5%

steps every 20 min for 1.5 h starting from 0% A. Yietd15%. R =

(20) Sarin, V.; Kent, S. B. H.; Tan, J. P.; Merrifield, R. Bnal. Biochem1981,
20, 147.
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58 min.] Anal. rp-HPLC (linear gradient from 0 to 100% B over 30
min). R = 18.6 min. MS: [obsd (M+ 2H")/2 661.94; calcd 661.82;
obsd (M+ 3H")/3 441.96; calcd 441.82].

Ac-H*AAAH*H*ELTH*H*VTDH*-NH  ; (3). Linear gradient from
0 to 70% B over 30 min. Yield= 18%. [R = 10.5 min.] Anal. rp-
HPLC (linear gradient from O to 100% B over 30 mif).= 16.4 min.
MS: [obsd (M+ 2H")/2 919.60; calcd 919.46; obsd (M 3H")/3
613.74; calcd 613.67].

[Pd(en)(ONGy),]. [Pd(en)C}] was prepared according to the litera-
ture method! The dichloro complex was then dissolved in water and
stirred with 2.2 equiv of AgN@in the dark at 60°C for 2 h and then
at room temperature for a further 24 h. The AgCl precipitate was
removed by gravity filtration, and the filtrate was concentrated by gentle
heating on a hot plate to yield a residue of [Pd(en)(QM@s a yellow
solid (73%). Anal. Calcd for @sN4O¢Pd: C, 8.27; H, 2.78; N, 19.28.
Found: C, 8.25; H, 2.73; N, 18.72.

NMR Spectroscopy Samples for NMR analysis of metallopeptide
complexes4—6 were prepared by separately dissolving the linear
peptidesl (6.0 mg, 4.54/mol), 2 (6.0 mg, 3.1&mol), and3 (6.0 mg,
3.26umol) in 0.5 mL of DMFd; and titrating (directly into the NMR
tube) the desired number of equivalents (2, 2, and 3 equit,f&rand
3, respectively) of Pd (from a stock solution of Pd(en)(ONO 9.48
mg, 32.6umol in 100 uL of DMF-d;). Titrations in DMF were
monitored by recording 1BH-spectra immediately after Pd addition.
Samples in water were prepared by dissolving the linear pepfides
(4.0 mg, 3.03umol), 2 (4.0 mg, 2.1lumol), and3 (4.0 mg, 2.17«mol)
in 0.5 mL of HO/D,0O (9:1) and titrating (directly into the NMR tube)
the desired number of equivalents (2, 2, and 3 equivlfd, and3,
respectively) of Pd (from a stock solution of Pd(en)(O)OL.5 mg,
5.00umol in 100uL of H,0/D,0 (9:1)). The solutions were adjusted
from pH 2 to pH 4.2-4.4 using 0.01 M NaOH and 0.01 M HNO

1D and 2D*H NMR spectra were recorded on either a Bruker ARX-
500 or Bruker Avance DMX-750 spectrometer. 2B-spectra were
recorded in phase-sensitive mode using time-proportional phase incre
mentation for quadrature detection in tte dimensior??® The 2D
experiments included TOCSY (standard Bruker mlevtp or mlevph pulse

programs) and NOESY (standard Bruker noesytp or noesyph pulse

programs). TOCSY spectra were acquired over 6887 Hz with 4096
complex data points ifF,, 512 increments irF;, and 16 scans per
increment. NOESY spectra were acquired over 6887 Hz with 409
complex data points ifF,, 512 increments irF;, and 48 scans per
increment. TOCSY spectra were acquired with an isotropic mixing time
of 80 ms. For TOCSY and NOESY experiments in 90%0k 0% DO,
water suppression was achieved using a modified WATERGATE
sequencé?® For 1D 'H NMR spectra in water, the water resonance
was suppressed by low-power irradiation during the relaxation delay
(1.5 s). Spectra were processed using XWINNMR (Bruker, Germany)
software. Thel dimensions of all 2D spectra were zero-filled to 1024
real data points with 90phase-shifted QSINE bell window functions
applied in both dimensions followed by Fourier transformation and fifth-
order polynomial baseline correctidii chemical shifts were referenced
to the residual CHO proton in DMHE; (6 8.01 ppm) and to HDO
(6 4.80 ppm) or 1,4-dioxane’(3.70 ppm) in waterdJyscH. coupling
constants were measured from high-resolution 1D spectra.

15N NMR spectra (40.5 MHz) were obtained at 298 K using a DEPT
pulse sequence on a Bruker AMX-400 spectrometer fitted with a 5-mm
broad-band tunable prob®N chemical shifts were referenced to the
15NH4* signal (0.0 ppm) from 5 M (*NH4).SO, in 1 M H,SOy in a
coaxial capillary.

Mass Spectrometry.Positive ion electrospray mass spectra (ESI-
MS) were recorded on a Micromass (Manchester, U.K.) LCT-QTOF

6

(21) McCormack, J. B.; Jaynes, E. N.; Kaplan, Rlrorg. Synth.1972 13,

(22) (a) Marion, D.; Wthrich, K. Biochem. Biophys. Res. Comm(883 113
967. (b) Piotto, M.; Saudek, V.; Sklenar, ¥.Biomol. NMR1992 2, 661—
665.

mass spectrometer. Samples for analysis of the metallopeptide com-
plexes4—6 were prepared in a manner identical to those used for NMR
analysis (see above), except for the use of unlabeled DMF in place of
DMF-d;. The DMF solutions of the complexes were injected directly
into the injector port of the MS and carried to the source by a 1:1
mixture of solvents A and B (solvent & 100% HO with 0.1% formic

acid; solvent B= 90% CHCN:10% HO with 0.1% formic acid) at a
flow rate of 100uL-min~t. The mass spectra were recorded and
processed with Masslynx software (version 3.5). The following isotopic
distribution diagnostic for Pd was used in the analysis: 110%d,
11.1%9Pd, 22.3%'%Pd, 27.3%°%Pd, 26.5%°%d, and 11.8%-

Pd. To simplify the assignment of peaks, thé& values quoted in the

text refer to the average mass of each peak cluster. These average
masses were calculated from the average molecular weights (M) derived
from the molecular formula. For example, in complexhe molecular
formula (G2H103N23017/Ph) produces an average molecular weilyht

= 1655.49 amu. Therefore tima'z = (M/4) peak was assigned a value

of 1655.49/4= 413.9 amu. Thenw'z= (M — H")/3 peak was assigned

a value of (1655.591.00794)/3= 551.5 amu.

NMR Structure Calculations by Simulated Annealing and
Energy Minimization. Structural Restraints. The distance restraints
used in calculating the solution structures b6 in DMF-d; were
derived from NOESY spectra (recorded at 298 K4and5 and 318
K for 6) using mixing times of 250 ms fds or 350 ms for4 and6 in
water, and 300 ms fds and 400 ms fo# and6 in DMF. NOE cross-
peak volumes were classified manually as strong (upper distance
constraint<2.7 A), medium £3.5 A), weak £5.0 A), and very weak
(=6.0 A), and standard pseudoatom distance correéfiorese applied
for nonstereospecifically assigned protons. To address the possibility
of conformational averaging, intensities were classified conservatively,
and only upper distance limits were included in the calculations to allow
the largest possible number of conformers to fit the experimental data.
Backbone dihedral angle restraints were inferred ffémcn, coupling
_constants. FoPJuuche < 6 Hz, ¢ was restrained te-65 + 25°. No
restraints were included for residues withs6p < 8.5 Hz because of
the problem of multiple solutions to the Karplus equation over this
range?* No residues in complexes 5, or 6 displayedIyncra. coupling
constants>8.5 Hz. No evidence for cis-peptide amides (i.e., na,€H
CH, i, i + 1 NOEs) was present in the NOESY spectra for the
complexes, and therefore all-angles were set to trans (= 180°).
Structures were calculated without any explicit hydrogen bond restraints
to prevent structure biasing.

Structure Calculations. Three-dimensional structures of the peptide
backbones in complexds-6 were calculated (without Pd(€t) using
a dynamic simulated annealing and energy minimization protocol in
the program X-PLOR 3.851. Starting structures with randomjzadd
1 angles and extended side chains were generated using an ab initio
simulated annealing protoc#lThe calculations were performed using
the standard force field parameter set (PARALLHDG.PRO) and
topology file (TOPALLHDG.PRO) in X-PLOR, which included in-
house modifications to account for histidine N3-methyl groups.
Refinement of the structures was achieved using the conjugate gradient
Powell algorithm with 1000 cycles of energy minimization and a refined
force field based on the program CHARMAThe final 20 structures
chosen to represent the lowest energy conformation for eadh-6f
contained no distance violations0.2 A and no dihedral violations
>2°. Structures were displayed in Insight Il (version 2000.1, Accelrys,
San Diego, CA).

Deconvolution of the NMR Average Structure by NAMFIS
Analysis. Conformational analysis for tripalladatédvas accomplished

(23) Wikhrich, K.; Billeter, M.; Braun, W.J. Mol. Biol. 1983 169, 949.

(24) Mierke, D. F.; Huber, T.; Kessler, H. Comput.-Aided. Mol. Ded.994
8, 29-40.

(25) Nilges, M.; Gronenborn, A. M.; Bnger, A. T.; Clore, G. MProtein Eng.
1988 2, 27.

(26) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan,
S.; Karplus, M.J. Comput. Cheni983 4, 187.
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by initially breaking the problem into three smaller components. Thus,
each of the cyclic peptides PgH*AAAH*] ( 7), PET[H*ELTH*] ( 8),

and P& [H*VTDH?*] ( 9) was subjected to a 180 000-step Monte Carlo
conformational search with AMBER*/GBSA/H20 dra 7 kcal/mol
energy window in MacroModel 6.5. AMBER* parameters suitable for
planar, tetravalent Pdin the present molecular environment were taken
from our previous work® This provided 1835, 1345, and 1270
AMBER*-optimized conformers for—9, respectively. Each conformer
set was supplemented with two helical conformations. The first was
generated by constrained torsional optimization to give an ideal
o-helical structure with twa, i + 4 hydrogen bonds for each metalated

of hydrogen bonds and a significant variation in backbone torsions
relative toNpzo.

Each of the eight metalated tripeptide structures are depicted with
hydrogen bonds in Figures 11 and 12. This small dataset allows
evaluation of how well the ideal-helix conformation competes against
alternative structures with diminishing helical character in the NAMFIS
framework. The situation is not equivalent to a conformer deconvolution
based on a complete or extensive search of conformational space as
was performed for the individual pentapeptides9. Compoundb is
simply too complex to explore all important aspects of its conforma-
tional surface. However, the approach does bypass the assumption

cyclic pentapeptide. The second conformer was obtained through associated with a single target conformation in the simulated annealing

unconstrained optimization of thehelical structure, resulting in ag
helix for both P@"[H*AAAH*] and Pd?"[H*ELTH*], and a preserva-
tion of an ideala-helical conformation for Pd[H*VTDH*]. The
individual conformational families of 1837, 1347, and 1272 members
were then subjected to a NAMFIS analy$® employing the intrapep-
tide NOEs and three-bond coupling constadfisicr.) applicable to
that peptide in the NMR spectrum 6fin both DMF-ds and D,O. The

exercise.

Circular Dichroism Spectra. CD measurements were performed
using a Jasco model J-710 spectropolarimeter, which was routinely
calibrated with (8)-(+)-10-camphorsulfonic acid. Each metallopeptide
complex was dissolved in water (concentratior-80 M) at different
pH values ranging from 2 to 7. Temperature control was achieved using
a Neslab RTE-111 circulating water bath. Spectra were recorded at

goodness-of-fit is expressed as the sum of square differences (SSD)298 K, with a 0.1-cm Jasco quartz cell over the wavelength range 300
between the measured and modeled variables. A detailed discussion 90 nm at 50 nm/min with a bandwidth of 1.0 nm, response time of 2

of this statistic can be found in previous repdrt$ Tables 2 and 3
summarize the quantities combined by NAMFIS during the various

s, resolution step width of 0.1 nm, and sensitivity of 20 M/deg. Each
spectrum represents the average of five scans with smoothing to reduce

conformational deconvolutions. NMR parameters describing interactions noise.
between the cyclic peptides that are present in the tripalladated peptide

6 were ignored during this stage of analysis.

For analysis of the tripalladated peptieiehe complete set of NMR
observables in the two solvents were employed by NAMFIS, but the
set of conformers was limited to six structures. The first four structures,
which are helical in nature and common to the Di~and DO
analyses, were (1) an ideal-helical conformation constructed by
merging the individuabi-helical Pd-pentapeptides followed by distance
and torsional constrained AMBER* optimization of the trimer to ensure
o-helical structure throughoutHpome and Hp2o, Figure 11a), (2) a
helical conformation in which the individual Pd-pentapeptides are
helical, but the connections between them correspond ta-befix
(H'omr @andH'p20). This structure was obtained by geometry optimiza-
tion with constraints placed only on the cyclic peptides9 and not
on their interconnections (Figure 11K3) a helical conformation from
unconstrained optimization ¢pme/Hpzo to give H' ' pme @andH' pzo,
respectively; these structures are very similaHigys/Hp2o but the
peptide backbone for fragmed{P*[H*VTDH*]) has become a -
helix (Figure 11c), and (4) a conformation derived from unconstrained
optimization ofH'pme/H'p20 to give H'"'pome/H'"'p20, @ mixture ofa.-
and 3,10-helices, but with irregular distribution of the helix types along
the tripeptide length (Figure 11d).

The remaining two tripeptide conformations differ for the two

Results and Discussion

1D ™H NMR Spectroscopy. Formation of complexed—6
was identified by monitoring the reactions of [Pd(en)@D
with 1-3, respectively, in DMFd; at 298 K by 1D'H NMR
spectroscopy. Aliquots of a stock solution of [Pd(en)@¥Pin
DMF-d; were titrated directly into NMR tubes containing
solutions of free peptides—3 in DMF-d;. For peptidesl and
2, addition of <2 equiv of Pd produced complex spectra (Figures
S1 and S2, Supporting Information), consistent with the presence
of multiple species, but upon reaching 2.0 equiv, the complex
myriad of signals rapidly converged to a single set of resonances,
indicating just one thermodynamically stable metallopeptide
product.

Similarly, titration of3 with [Pd(en)(NQ),] in DMF-d; gave
a complex mixture of species (Figure 1) with up to 3.0 equiv
of P+, whereupon a single resonance set for just one species
(6) was observed. However, the temperature needed to be raised
to 318 K to ensure complete reaction after 3.0 equiv f"Pd
During this conversion, resonances 6in the amide/aromatic
region of the spectrum~6.6—9.5 ppm) were broadened and

solvents, since the components are taken from the separate preliminarysignificantly overlapped, but on completion of the reaction

NAMFIS evaluations of7—9 (see below). Thus, conformation 5 is a
combination of the top conformers derived from the three individual
NAMFIS Pd-pentapeptide deconvolutions. In DME-the component
represented by is an idealkt-helix; 8, ay-turn; and9, a loop structure
(Npwmr, Figure 123 In DO, the corresponding fragments arg-&urn,

an idealo-helix, and an alternative loop structumdro, Figure 12h.

In each case, the conformations represent-9®% of the total
population of the peptide in solution. Conformation 6 is the top
NAMFIS conformation from 5 optimized without constraints. For DMF-

(minutes at 318 K), the amide and aromatic resonances of
became sharper and fully resolved (Figure 1).

Mass Spectrometry. Although the 1D- (above) and 2D-
(below)H NMR spectra provided very strong evidence for the
identity and structures of complexéds 6, we sought confirma-
tion for their respective molecular masses from mass spectrom-
etry. Pd contains six naturally occurring isotopes, so that each
Pd species in mass spectra exhibits a complex cluster of isotope

ds, this structure is the least organized of the six and characterized by peaks. The separation between isotopes can be used to establish

only three hydrogen bonds, none of which are found in the HELTH
fragment N'ome, Figure 12c). In RO, the conformer sustains five

the charge state of the parent ion. For-a ibn, the isotopes
are separated by 1 amu, 0.5 amu forfai@n, 0.33 amu for a

hydrogen bonds, one of which is a side-chain backbone interaction 34 jon, etc. Acquiring positive ion electrospray mass spectra

(N'p20, Figure 129. The structure represents a modest reorganization

(27) Cicero, D. O.; Barbato, G.; Bazzo, R.Am. Chem. S04995 117, 1027—
1033.
(28) Nevins, N.; Cicero, D.; Snyder, J. P.0rg. Chem1999 64, 3979-3986.
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of peptides usually involves protonating some basic species,
such as a free amine or amide, to generate a detectable ion.
However, complexed—6 already contain 4, 4+, and 6+
charges due to the presence of 2 or 3'Adns and thus do not
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[Pd(en)3(Ac-H*AAAH*H*ELTH*H*VTDH*-NH,)]%* (6)

Y AR SH?
H*10H2 , ||| D14NH H*1HS o L01S
TONH H*1H2 DMF 1S el
HYNH - HeniNg \ANH \1 l H*10NH l’/ H*6HS  px|5HS |
A2NH A4NH '/ TI3NH /
HIGNH. N W H*15NH
E7NH M
+3.0 eq. Pd (318K) H6HD \
+3.0 eq. Pd (298K) i) | C-Terminal NH,
A — A J

+2.0eq. Pd
+1.0eq. Pd
| 6 x His* imidazole 6 x His* imidazole
/ H2 protons HS protons
Ac-H*AAAH*H*ELTH*H*VTDH*-NH,(3)
T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 ppm

Figure 1. H NMR monitored titration (298 K) of free peptide Ac-H*AAAH*H*ELTH*H*VTDH*-NH, (3) with [Pd(en)(NQ)z] in DMF-d;. Only amide
NH regions are shown for clarity. Adding3.0 equiv of P&" gave multiple species, but 3.0 equiv and an elevated temperature (318 K) produced one

speciesf. See Chart 1 for numbering.

Table 1. Summary of Mass Spectral Data for Complexes 4—6

complexes and observed ions (m/z)

assignments? (m/z) 4 5¢

[M]/4 413.9 (0.24) 558.3 (0.25)
M — H*)/3 551.5 (0.33) 744.0 (0.33)
M — 2H*)/2 826.7(0.50)  1115.6 (0.49)
M — H*)i5 478.1 (0.20)
M — 2H*)/4 584.9 (0.25)
M — 3H+)/3 779.5 (0.34)

a Molecular ions for each charge state corresponding to observed ions.

Numbers in parentheses are average peak separations in clusters and identi

ion charge state$. MW = 1655.49.° MW = 2233.12.9 MW = 2341.61.

The mass spectrum fd@ was different in that the expected
m/z = (M/6) ion was not observed. Only ions resulting from
one, two, and three deprotonations, (MH)/5, (M — 2H)/

4, and (M— 3H")/3, respectively, were observed. When these
three ions were deconvoluted in a molecular mass reconstruction
(Figure 2c inset), the resultant mass and isotope distribution
corresponded to the expected theoreticalrholecular ion for
Cs7H148N34020P s, confirming that all three ions were simply
different charge states @

Two-Dimensional 'H NMR Spectroscopy. TOCSY Spec-

fta. 2D-TOCSY spectra were used to identify spin systems

corresponding to individual amino acids in the products of the
three reactions. The presence of a single peptidic species in

require protonation to be observed. One might therefore expectDPMF-d; was suggested in each @f-6 (Figures S3-S5,

to seem/z = (M/4) ions for4 and5 andm/z = (M/6) ion for 6.
Figure 2a,b (and Table 1) indeed show th& = (M/4) ions
for both4 and5.

Supporting Information), since only 10 spin systems were
present ford and 15 spin systems f& and6. Chemical shift
assignments fod—6 are recorded in Tables S®5 of the

These were not the only species; two additional peaks were Supporting Information.
observed in each spectrum. The isotope separations within these NOESY Spectra. The presence of a single product in each

extra peaks corresponded tér &nd 2+ ions (Table 1), and for
both complexes, thewz ratios for the two extra peaks
corresponded to (M- H™)/3) and (M — 2H™)/2) ions. When

reaction was confirmed by employing the sequence-specific
resonance assignment method of tfich2° In the 750 MHz
NOESY spectra of putative reaction produétst, connectivity

the three ions in each spectrum were deconvoluted, thecould be traced throughout only a single network of alternating
reconstructed molecular mass (using Masslynx software, insetsintraresidue NH-Ha. cross-peaks and sequentiakHNH (i, i

to Figure 2a,b) and isotope distribution corresponded to the
theoretical #+ molecular ion mass and distribution calculated
for the molecular formulas of and5. This confirmed that all

+ 1) and HN-HN (i, i + 1) cross-peaks. No other sequential
connectivities were observed, and all of the other cross-peaks
in each spectrum could be assigned to just one species.

three ions corresponded to the expected different charge statesmportantly, long range cross-peaks were observed between the

for each of the two complexesand5. We suspect that thet3
and 2+ ions arose from deprotonation of the Glu and Asp side
chains in the mass spectrometer.

imidazole protons of metal-bound His* residue pairs in each

(29) Withrich, K.NMR of Proteins and Nucleic Acigd¢/iley-Interscience: New
York, 1986.
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1-3 in DMF-d; (Figures S8-S10, Supporting Information)
showed only intraresidue and sequential cross-peaks, with no
medium or long-range cross-peaks, suggesting k& pre-
dominantly adopt randomly extended conformations in this
solvent. Chemical shifts for CHprotons of free peptides—3
therefore approximate random coil values for the constituent
413.9 amino acids in DMFd7 and can be compared directly with those

(M) 8268 _of the _corres_pondlng complexds-6 as a measure of structure

: induction. Figure 4 shows that GHhemical shifts ford—6
(M-2H")/2 (except A3 and A4 of6) are >0.1 ppm upfield of those for
corresponding free peptidés-3, supportingx-helical structures
for 4—6. Upfield shifts of <0.1 ppm for A3 and A4 o6 may

) “ hL o L reflect some helicity within the AAA segment & a feature
400 500 600 700 800 supported byJyncha coupling constant data below, as the helix-
(b) =440 ;tab|l|2|ng propensity of AIa-coptammg.and pply-AIa sequences

‘ 22329 is well-known3! Importantly, this helix induction is not due to
2231.9| 22339 aggregation as reflected by the fact that the upfield, @kbton
chemical shifts are independent of concentration, as shown for
4 versusl in DMF-d7 at 0.1, 0.5, 1.0, and 10 mM concentrations
(Figure S12, Supporting Information), and CD spectra were also
unchanged for 10@M and 30uM for 4 in water.

3JNHcHa Coupling Constants. The magnitude of th&yncHe
coupling constants observed for each residue in peptides (and
proteins) is dependent upon tleangles (according to the
Karplus equatiorff-32and therefore on local conformations in
1115.5 the polypeptide chains. Residues involved in secondary struc-
1 (M-2H")2 1 tures includings-sheets andi-helices can be identified from
500 600 200 300 900 1000 1100 these coupling constants, sintancre Values fall in the range
(©) 849 of 4—6 Hz (=70 < ¢ < —30) fora-helic_:es, 8-10 Hz (—15C

(M-2H")/4 < ¢ < —90°) for S-sheet conformations, and-® Hz for
random coil conformation® A series of three or more coupling
constants<6 Hz is usually taken as evidence for helical
structure®*

Free peptide4 and2 are almost devoid of coupling constants
indicative of structure (Figure 5 and Table S1 of Supporting
Information), supporting their assigned random coil conforma-
tions. Upon complexation with 2 equiv of Pd(Il) to fordnand
5, respectively, th8Jyncre coupling constants for every residue
except H*10 ofd were lowered ta<6 Hz, consistent with these
metallopeptides adopting.-helical conformations. The free
‘ ‘ : peptide3 exhibited only random coil values for most residues,
460 T 630 T E— T but the AAA residues displayed low coupling constants (sug-
Figure 2. Electrospray mass spectra for complexesip) 5, and (c)6. gestin'g some helicity within this segment). Upon complexation
Insets show deconvoliuted W ions and isotopic distributions calculated ~ Of 3 with 3 equiv of Pd(ll) to gives, all residues (except H*15)
for each complex from observed ions. Each deconvoluted ion cluster displayed lowBInHcha Values consistent with helical induction.
g?r;engrrués to the theoretical cluster calculated from the molecular formula Amide Proton Temperature Coefficients. The magnitude

R of temperature dependence of the chemical shift for an amide
complex, unambiguously revealing the Pd binding sites. None NH i generally accepted as a measure of the degree to which
of these NOESs were present in the respective free peptides. Alt IS protected from solvation, most often due to hydrogen
NOESY spectrum highlighting these important NOEs 6dn bonding®* For peptides, temperature coefficients)(T) <3—4
DMF-d; is shown in Figure 3, while NOESY spectra fband ppb/K are consistent with involvement in an intrachain hydrogen

5 (Figures S6 and S7) and free peptides3 (Figures S& bond such as in an-helix or g-sheet. Non-hydrogen-bonded

S10) in DMF4dy are presented in the Supporting Information. (30) (a) Wishart, D. S.; Sykes, B. D.. Richards, F. 3Mol. Biol, 1091, 222
. . . . a) Wishart, D. S.; es, B. D.; Richards, F. ol. Biol.
CHq Chemical Shifts. The CH, proton chemical shifts for 311 (b) Wishart, D. sy Sykes, B. D.; Richards, F. Blochemistryl992
i i i i i iti 31, 1647.
residues in pep.tldes e_md proteins are highly sensitive to structural(3 1) Woicik. J.: Altmann, K.-H.: Scheraga, H. Biopolymers1990 30, 121.
effects. For residues involved fitstrand or extended conforma-  (32) Karplus, M. J.J. Am. Chem. Sod.963 85, 2870.
i i i i (33) Pardi, A.; Billeter, M.; Wuthrich, K. .JJ. Mol. Biol. 1984 180, 741.
tlonS., these Che.mlcal shifts ten(,j to appee'tro.l ppm downfleld (34) Dyson, H. J.; Wright, P. EAnnual Reiew of Biophysics and Biophysical
relative to their shifts when involved in random coils. For Chemistry1991, 20, 519.
residues involved imi-helices, the CHi shifts move upfield by (3% (@ Kessler S'Aﬁgoi"éhfeﬁeg" ANt £d. Endlog2 21, 512, @t'ag’jfgé?-
similar amount$? NOESY spectra (500 MHz) for free peptides 318 480, T T '

(a) 551.5
(M-H"*)/3

(M-H"Y/3

558.3
(M/4)

468.1
(M-H*)/5

779.5
(M-3H")/3
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Figure 3. Sections of 750 MHz NOESY spectrum f6(DMF-d7, 318 K, mixing time 400 ms). Cross-peaks are labeled by one-letter amino acid codes and
by residue numbers iB. Top: Sequential connectivity fo8 (solid line) showing intraresidue NHCH, cross-peaks. Bottom: Amide NHNH region.
Cross-peaks also labeled for specific proton (e.g., H*5H5/H*EHBlis*5-H5 to His*1-H2 and A2NH/A3NH= Ala2-NH to Ala3-NH). Long-range cross-
peaks between imidazole protons of metal-bound H* residues are highlighted with boxes. See Chart 1 for numbering.

peptide NHs exposed to solvent tend to display highéfT most convincing evidence of structure in solution, since they
values. Free peptide$—3 hardly show any amide proton are the least subject to factors that often complicate the
temperature coefficientss3—4 (Figure 5 and Supporting interpretation of other spectral dafalmportantly, they allow
Information), consistent with their assigned random conforma- conformational analysis on a per residue basis. Summaries of
tions. In contrast, the majority of amide protons in the the sequential and medium range NOE information for metal-
metallopeptided—6 display values in this range, consistent with  lopeptide complexed—6 in DMF are presented in Figure 5.
their involvement in multiple €&0O(i) — NH(i + 4) hydrogen Residues involved ini-helices are connected throughout by
bonds that stabilizet-helices. : : :

NOE istance Inormation. The presence of NOE cross: 9 (icn  Oeem, b Sav 12 Mo PRLIsea o0 T, |
peaks in 2D-NOESY spectra of peptides usually provides the D. J. Mol. Biol. 199Q 215, 607.
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Figure 4. Upfield CH, chemical shifts in DMFd; for (a) 4 relative to1, (b) 5 relative to2, and (c)6 relative to3. NegativeAd values are typical of
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Figure 5. Summary of coupling constan®8yncr. (<6 Hz shown byl), amide NH temperature coefficientsd/T (<4 ppb/K shown by®), and NOE
correlations (sequential and medium range, gray bars indicate spectral overlap) for metallopgepide DMF-d;. Coupling constants and temperature
coefficients for corresponding free peptidds-@B) are shown above peptide sequences for comparison.

shortdgn(i, i + 1), dun(i, | + 1), doni, |+ 3), den(i, i@ + 4), data may not necessarily reflect the overall solution structure,
andd,g(i, i + 3) distances and to a lesser extentdap(i, i + unless that conformation exists with a highly predominant
2) distances® Figure 5 shows that NOE cross-peaks corre- statistical weigh$®

sponding to these short distances dominate the NOESY spectra As always, there are population-weighted averages of con-

of complexes4—6, the (, i + 3), and especiallyi{i + 4) formations for metallopeptide$—6 but additional constraints,

correlations, providing very strong evidence ofhelical imposed by the two (fod and5) and three (fol6) modules of

structures fod—®6. [Pd(en)(H*XXXH*)] 2+, which adopt stable helical turns on their
Solution Structures in DMF-d; by Simulated Annealing. ownl!” are expected to significantly limit conformational

Calculating 3D solution structures for short peptides from NMR- freedom compared with free peptides, leading to only one or a
derived interproton distances and torsion angle restraints is oftenfew stable conformations. Indeed, the combined NMR data,(CH
perilous because it assumes the existence of a single set ofhemical shifts2JuncHo coupling constants, VT-NMR data,
related conformations. Single conformations are normal for NOE observations) overwhelmingly point to a predominance
globular proteins because numerous electrostatic, hydrophobic0f a-helical conformations fod—6, and therefore, the calcula-
and hydrogen-bonding interactions provide extensive confor- tion of NMR-derived solution structures is well-justified here.
mational stabilization; therefore, standard simulated annéaling Structures for4—6 in DMF-d; were calculated from the
and distance geome#ff protocols are ideal methods for following NMR-derived restraints. Fo4, 234 NOE distance
revealing their structure. Short peptides, on the other hand, haverestraints (105 intraresidue, 60 sequential, 69 medium range
few of these stabilizing interactions and consequently tend to —~ i + 2,i —i + 3, ori —i + 4) and 9 backbone-dihedral
exist as ensembles of rapidly interconverting, low-energy angle restraints inferred frofdnncHe coupling constants were
conformers. Because NMR parameters are collected as time-used. For5, 291 NOEs (109 intraresidue, 75 sequential, 107
and ensemble-averaged quantities, the NOEJazmliplings for medium range) and 14-dihedral angles were used. F&r279
most peptides tend to correspond only to population-weighted NOEs (124 intraresidue, 72 sequential, 83 medium range) and

averaged values, and single conformations calculated from such
(39) (a) Jardetsky, iochim. Biophys. Acta98Q 621, 227. (b) Van Gunsteren,
W. F.; Brunne, R. M.; Gros, P.; van Schaik, R. C.; Schieffer, C.; Torda, A.

(37) Nilges, M.; Clore, M.; Gronenborn, AEBS Lett.1998 239, 129. E. Methods Enzymoll994 239, 619. (c) Nikiforovich, G. V.; Kwér, K.
(38) (a) Havel, T. F.; Wthrich, K. Bull. Math. Biol.1984 46, 673. (b) Braun, E.; Zhang, W.-J.; Marshall, G. R.. Am. Chem. SoQ00Q 122 3262
W.; Go, N.J. Mol. Biol. 1985 186, 611. 3273.
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Figure 6. Backbone superimposition of the 20 lowest energy calculated

solution structures for (&) (av backbone pairwise rmsd 0.37 A), )av

backbone pairwise rmsd 0.46 A), and @)av backbone pairwise rmsd (b)
0.73 A); N-termini at base of figure. Only side chains of Pd-bound His*

residues are displayed, and lowest energy conformers are indicated (purple

ribbon).

14 ¢-dihedral angles were used (see Table S7, Supporting
Information). The structures were calculated in XPLO&sing

a dynamic simulated annealing protocol in a geometric force
field and were energy-minimized using a modified CHARRAmM
force field. No explicit hydrogen bond restraints were included
in the structure calculations, even though the temperature- \)v

independent amide NHs strongly support multiple H-bonds, to
prevent exclusion of any nom-helical H-bonded conformers (c)
(e.g., 3o-helices) should they fit the data.

The resulting structures (calculated without Pdfenglearly . T . T . T . T
identified whichi, i + 4 His* residue pairs in each ¢f—6 —14 16 -18 ppm
were correctly oriented for coordination to Pd(ll). In the final

calculations, the N1 nitrogens of these metal-bound His* residue Figure 7. >N NMR spectra (40.5 MHz) for reactions inz8/D;0 (9:1,

: - s - pH 4.2) between [PNH.CH,CH2°NH)(ONGy);] and peptides (a) (+2
pairs were con_stralned to within an upper c_ilstance of 2.7 A of equiv Pd), (b2 (+2 equiv Pd). and (c3 (+3 equiv Pd), showing respective
each other, which was the expected separation between nitrogengprmation of4 (On —16.22,—16.22,—16.52,—16.66 ppm)5 (ox —16.28,

in a square planar complex with P8l bond lengths of 1.90  —16.28,~16.63,—16.71 ppm), ané (6n —16.33,—16.33,—16.75,—16.92,
A.%1 The calculated solution structures 66 in DMF are —17.34,~17.40 ppm).
displayed in Figure 6 and are all clearly very close to idealized

a-helices along their entire lengths with little fraying even at —16-2,~16.5,—16.7 ppm) and (oy —16.3,-16.3, ~16.6,
their N- and C-termini. —16.7 ppm) in which two Pd(efi) moieties are each bound to

Solution Structures for 4—6 in Water. Peptides1—3 two His* residues through imidazole N1. The locations of these
dissolved in HO/D,O (9:1), were also reacted in NMR tubes resonances are consistent with inequivalent (peptide) nitrogen

at 298 K with aliquots of [PAfNH,CH,CHyNH,)(NOs)] in donor ligands trans to r_]itro_gens_ for each of two (#015) or
H,0/D,0O (9:1) appropriate for anticipated conversion to com- three (for 6) eth_ylenedmmme Ilgand_s. None of the amide
plexes4—6. The solutions were adjusted to pH 424, using nitrogens of pept|de$—_3 can be coordinated to Pd(ll) because
0.01 M NaOH and 0.01 M HN@andH NMR spectra revealed €Y @ll bear a proton in théd NMR spectra. _
formation of a single species in each case. Unlike DMF solutions, circular dichroism spectra (Figure 8)
could be measured for the peptides in water to corroborate our

5N NMR spectra (Figure 7) were also recorded for these

solutions and verify the formation of a single speciss( or assertion of highe_r structure f@ than _for4, aIth_ough there
6) from each reaction. Figure 7c showed six resonance§ for was some absorption by the metal moiety. Peptides longer than

(On —16.3 (two overlapped signals);16.8, —16.9, —17.1 15 residues that are-helical typically give prominent double

—17.4 ppm) corresponding to three Pd@éninoieties bound minima (222, 208 nm) and a large positive molar ellipticity at

to six His* imidazole N1 nitrogen atoms from a single peptide 190 nm. The relative pgrcent helicity can thgoretica.lly. k,’e
3. Figure 7a,b, respectively, show four signals4dpy —16.2, quantitated for long peptides by the mean residue ellipticity
(MRE) at 222 nnt2 Although shorter peptides do not usually

(40) Bringer, A. T.X-PLOR Manualversion 3.1; Yale University: New Haven,

CT, 1992. (42) (a) Chen, Y.-H.; Yang, J. T.; Chau, K. Biochemistryl974 13, 3350~
(41) Wienken, M.; Zangrando, E.; Randaccio, L.; Menzer, S.; Lippert).B. 3359. (b) Lyu, P. C.; Sherman, J. C.; Chen, A.; Kallenbach, NPRCc.
Chem. Soc., Dalton Tran§993 3349. Natl. Acad. Sci. U.S.A199], 88, 5317.
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Figure 8. CD spectra for peptideband3 + [Pd(en)(ONQ);] in aqueous
phosphate buffer at pH 6.9. (a) 10-mr(b) 1 + 2 equiv Pd (i.e.4), (c)
15-mer3, (d) 3 + 3 equiv Pd (i.e.f). CD spectra are similar at pH 4.2.

conform well to this relationship, we considered it worthwhile
to calculate helicity at 222 nm for free and metal-bound peptides
to give a rough guide as to their rank order of helicity. Using
the mean residue elipticity (MRE) at 222 nm and recognizing
that this method of quantifying helicity probably gives an
underestimate for short peptides, we calcut&pdptide helicity
as1-3 (<5%), 4 (21%), and6 (41%).

Thus, the free peptides have negligible structurec%
helicity) in water, consistent also with their minimal95—

200 nm, which is typical of random structures in water. The
10-residue peptidé and 15-residue peptidg possessing “back
to back” metal clips, exhibited spectra expected for helical
peptides. The MRE ratiof]222[0].0s is sometimes a useful
indicator of the nature of the helix, beinrgd.7—1 for a-helicity

but lower (~0.4—0.7) for 3p-helicity.*® We find [0]204[0]20s
~0.99 for 6 and ~0.53 for 4, suggesting possibly a greater
proportion of 3¢-helix in the conformational mix fo4 compared
with a highero-helix content foré.

Figure 9 summarizes coupling constatlgycr, (<6 Hz),
amide NH temperature coefficiemts)/T (<4 ppb/K), and NOE
correlations (sequential and medium range) for the in situ
reaction productg—6 in H,O/D,O (9:1). For all three com-
pounds there are fewer low coupling constants and small
temperature coefficients (Table S2, Supporting Information) than
observed in DMF (Figure 5), and in particular, there are fewer
i — i+ 3andi — i + 4 NOE correlations. Also, the GH
chemical shift differences betwednr-3 and4—6 (Supporting

(43) Zhou, N. E.; Kay, C. M.; Hodges, R. 8iochemistry1992 31, 5739
5746. (b) Garcia-Echeverria, @. Am. Chem. S04994 116, 6031-6032.
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Figure 9. Summary of coupling constan®8nnche (<6 Hz shown by),
amide NH temperature coefficientso/T (<4 ppb/K shown by®), and

NOE correlations (sequential and medium range, gray bars indicate spectral
overlap) for metallopeptide$ (top), 5 (middle), 6 (bottom) in HO/D,0O

(9:1).

Information) are consistenA\¢ < 0 to —0.1 ppm) with more
helical structure ir6 > 4 > 5, and this seems to suggest that
the intervening residues mbetween the metal clips (AVTDY)
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Figure 10. Backbone superimposition of (a) 20 lowest energy calculated
structures fo6 in 9:1 HO/D,0 (av backbone pairwise rmsd 1.16 A). Only
side chains of Pd-bound His* residues are displayed along with lowest
energy conformer (orange) and (b) lowest energy conforme&ifobMF
(pink) and HO (orange) (backbone rmsd 1.43 A). N-Termini at base of
figure.

are not highly helix-favoring in water. We concluded from all
these data that there is much less structure4fe6 in water
than in DMF, with possibly sufficient structure i alone in
water to permit a structure calculation.

Chemical shifts for amide NH resonances in com@exere
most dispersed at 303 K (Table S8, Supporting Information);
thus, 2D NMR data at this temperature (Figure 9) were used
for easier characterization. The helical nature of compa&ind
was supported by (a) upfield shifts of the ¢Bignals relative
to the free peptide (Figure S1lc, Supporting Information),
(b) nine coupling constants whefdyncra < 6 Hz,(C) seven
amide-NH chemical shifts with low temperature dependence
(ASIT < 4 ppb/K™1), consistent with the presence of hydrogen
bonds, and (d) some characteristic nonsequential cross-peak
in the NOESY spectrading,i+3), dun,i+4), Jugiij+3)). A structure
was calculated for compoungl in H,O/D,O (9:1) using 251
NOE distance restraints (119 intraresidue, 68 sequential, 64
medium range) and 9 backbopengles derived fromMIyncHa
values (Table S8, Supporting Information), using a dynamic
simulated-annealing and energy-minimization protocol in X-
PLOR without explicit hydrogen bond or [Pd(&h) restraints
to minimize structure biasing. The N1 atoms of the His* residues
spaced andi + 4 residues apart were constrained to 2.7 A as
above.

The calculated lowest energy solution structure$fiorwater
are displayed in Figure 10a and compared with the lowest energy

S,

structure in each family (Figure 10b), the water structure is
clearly skewed relative to the DMF structure due to elongation
and kinking. The NOE summary diagrams (Figures 5 and 9)
show a smaller ratio ofi(— i + 4)/(i — i + 2) NOEs in the
protic solvent water than in the aprotic solvent DMF, consistent
with less peptide structure because of greater competition from
water for the backbone amide carbonyls. In other words, there
are fewer intramolecular helix-defining H-bonds and less
character in water than DMF, reflecting greater contributions
to the overall structure by more heavily populated alternate
conformations such as thgehelix. This agrees with the CD
spectral results above.

Solution Structures by NAMFIS Analysis. A second
approach to determination of structure in solution is NAMFIS.
Unlike the simulated annealing method which focuses all NMR
variables (NOE distances arid-related dihedral angles) on
calculating the averaged lowest energy structures, NAMFIS
parses the same variables among the members of a collection
of conformations in rapid equilibriurf:28 The method decon-
volutes an averaged NMR spectrum into contributing compo-
nents, identifies individual conformational minima, and assigns
weights to the participating conformers. Thus, the burden of
accommodating the complete set of averaged data is shared
among 5-20 unstrained, low-energy conformers. This assumes,
of course, that a mixture of conformers, and not a single
structure, properly describes the problem in question. However,
were a single unique conformation the only one present in
solution, NAMFIS would assign a particularly high weight to
it. For compoundb, we are dealing with three concatenated 22-
membered ring cyclic pentapeptides, each of which is character-
ized by considerable conformational mobility (see below). It is
expected that 1815-mers such agl—6 exist as a small
collection of mobile forms despite the three locally rigid Pd
clips. Accordingly, we have examined the solution structure of
the metalated peptid@with NAMFIS, an approach belonging
to a family of methods designed to address the multiple-
conformation problem?

NAMFIS Analysis of Pentapeptides Pd*[H*AAAH*] (7),
Pd>*[H*ELTH*] (8), and Pd 2T[H*VTDH*] (9). The confor-
mational hypersurface of tripalladated peptide exceptionally
complex. Each of the 22-membered rings contains 14 easily
rotated ring bonds. Four additional single bonds link the cyclic
units, while eight extended side chains contribute numerous
torsions to the mix. There are essentially two extreme assump-
tions that can be made about the level of conformational
complexity for such molecules. The first is that the 15-rGer
adopts a single backbone conformation in solution, and the
second is tha6 explores all possible conformational families
as a rapidly equilibrating mixture. The present NAMFIS analysis
attempts to address whether the original design motif focusing
on a-helical properties limits the conformational space to just
a few structures in equilibrium.

Given that there are a total of 46 backbone bond6 that
define its overall secondary structure, we are unable to explore

average structure @ in DMF (Figure 10b). The calculated
structure isa-helical, consistent with the characteristic NMR
paramaters and CD spectra described above, with four helical
turns in evidence. However, the family of lowest energy
structures is less superimposable for water (Figure 10a) than
for DMF (Figure 5c), and in comparing the lowest energy

(44) (a) Landis, C.; Allured, V. SJ. Am. Chem. S0d.991, 113 9493-9499.
(b) Landis, C. R.; Luck, L. L.; Wright, J. MJ. Magn. Reson., Ser B995
109 44-59. (c) Wright, J. M.; Landis, C. R.; Ros M. A. M. P.; Horton, A.
D. Organometallics1998 17, 5031-5040. (d) Nikiforovich, G. V.;
Vesterman, B. G.; Betins, Biophys. Chent988 31, 101—-106. (e) Mierke,
D. F.; Kurz, M.; Kessler, HJ. Am. Chem. S0d994 116, 1042-1049. (f)
Cuniasse, P.; Raynal, I.; Yiotakis, 8. Am. Chem. S04997, 119, 5239
5248.

J. AM. CHEM. SOC. = VOL. 126, NO. 15, 2004 4839



ARTICLES Kelso et al.

Table 2. NAMFIS Analysis of Pentapeptide Fragments 7—9 from Table 3. NAMFIS Analysis of Pentapeptide Fragments 7—9 from
the NMR Spectrum of Metalated Peptide 6 in DMF-d; the NMR Spectrum of Metalated Peptide 6 in D,O
% pop structural % pop structural
peptide (SSD) conformation in solution classification peptide (SSD) conformation in solution classification
7(176) 1 Ace-CO---HN-A4; 45 constrained 7(234) 1 A2-NH- - -OC-H*5; 59 p-turn
1H*-CO- - -HN—H*5 o-helix A2-CO- - -HN—H*5
2 Ace-CO- - -HNter 20 loop 2 Ace-CO- - -HN-A3 14 3,10 helix
3 1H*-NH- - -OC—H*5; 7 mixed 3 1H*-NH- - -OC—H*5 7 a-helix
1H*-CO- - -HN-A3; 4 Ace-CO- - -HN-L3; 5 3,10 helix
A3-CO- - -HNter H*1-CO- - -HN-T5;
4 A2-CO- - -HN-A4, 5 doubley-turn L3-CO- - -HN—H*6
A3-CO- - -HN—H*5 5 no backbone H-bonds 5 loop
5  A2-NH- - -OC—H*5; 5 p-turn 6  H*1-NH- - -OC—H*5; 4 mixed
A2-CO- - -HN—H*5 H*1-CO- - -HN-A3
6 Ace-CO- - -HN-AS3; 4 mixed 7  Ace-CO- - -HN-A4 2 o-helix
H*1-CO- - -HN—H*5 8(320) 1  Ace-CO---HN-T4; 96 a-helix
7  H*1-NH- - -OC—H*5; 4 o-helix H1-CO- - -HN—H*5;
H*1-CO- - -HN—H*5 E2-CO- - -HNter
8  no backbone H-bonds 3 loop 2 T4-CO- - -HNter 4 loop
9  A2-HN- - -OC—H*5; 3 S-turn 9 (403) 1 no backbone H-bonds 77 loop
A2-CO- - -HN—H*5 2 V2—CO- - -HN-D4 5 y-turn
8(369) 1 H*1-CO- - -Hnter; 42 y-turn 3 no backbone H-bonds 3 loop
L3-NH- - -OC—H*5 4 H*1-CO- - -HN-T3 2 y-turn
2 Ace-CO- - -HN-L3; 25 3,10 helix 5 no backbone H-bonds 2 loop
H*1-CO- - -HN-T5; 6 H*1-CO- - -HN-T3; 2 mixed
L3-CO- - -HN—H*6 H*1-NH- - -OC-D4
3 H*1-NH- - -OC—H*6; 10 |00p 7 V2—CO- - -HN-D4 2 y-turn
H*1-CO- - -HNter
4 no backbone H-bonds 7 loop . . .
5  2E-CO---HN-5T 7 y-turn provides seven conformers, the most populated of which is a
6  3L-NH---OC-H*6 5 loop y-turn (42%). The Zrhelix is the second most populated
7 no backbone H-bonds 4 loop conformation (25%), while the remaining solution forms are
9(270) 1 no backbone H-bonds 45 loop . . . 0 d
2 Ace-CO- - -HNter 25 loop posited to incorporate loops (total population of 26%) and a
3 no backbone H-bonds 17 loop y-turn (7%). Finally, the 1272 conformers of PfH*VTDH*|
4 no backbone H-bonds 4 loop deliver five NAMFIS selections with populations in solution
5 no backbone H-bonds 4 loop

ranging from 45 to 4%. All are distinguished by loops with no
defined secondary structure.

the reaches of conformational space. Consequently, each of the For analysis of tri-Pd peptidé in DMF-ds, all NMR
constituent metalated pentapeptide$ PP [H*AAAH*] ( 7), parameters (279 NOEs and 18yncho'S) were used by
P [H*ELTH*] ( 8), and P& [H*VTDH*]) ( 9) was separately =~ NAMFIS, with the set of conformers limited to six structures:
subjected to an extensive conformational search and subsethe ideala-helix, Hpve, thea- and (3,10)-mixed heliced'pye,
quently analyzed by NAMFIS using the NOEs aflflHcha'S H"bmr, andH""'pwe (Figure 11), and ideal NAMFIS conformers
recorded for that section & (Tables 2 and 3). Precedence for Npyr and N'pye (Figure 12a,b). NAMFIS matching of the
such a technique is found in the NMR-based conformational NMR-determined variables against the set of six conformations
analysis of a 13-residue peptide with an 8-residue loop reporteddelivers one main contributor to the solution ensemHBlé&;ve
simultaneously with the initial presentation of the NAMFIS (92%). The remaining 8% is composedtf'pme, Npwr, and
approact¥’ Thus, the three Pd cyclic peptides were each  N'pyr. Thus, the major form predicted f@rin DMF-ds is the
subjected to a 180 000-step Monte Carlo conformational searchoptimized ideabi-helix with backbone, i + 4 hydrogen bonds
with AMBER*/GBSA/H20 ard a 7 kcal/mol energy window  extending the length of the helix, except for peptide fragment
in MacroModel 6.5 to obtain conformational datasets of 1835, 9, which presents as aghelix. Accordingly, the predominant
1345, and 1270 conformers f@r-9, respectively. As noted in  structure obtained from NAMFIS treatment of the DMF data
the Experimental Section, each set was supplemented with two(Figure 11 Hpwg) is in very close agreement with the simulated
helical conformations: the idealizexthelical conformer and annealing derived structure fé depicted in Figures 6¢ and
the corresponding;g-helix derived by unconstrained optimiza-  10.

tion of thea-helix form. Results from conformer deconvolution NAMFIS Analysis of 6 in D;O. Treatment of the pentapep-

in DMF-ds and D;O are presented below. tide componentg—9 using the heavy water data for trimetalated
NAMFIS Analysis of [Pds(en)(Ac-H*AAAH*H*- 6 was identical to that utilized for the DM#&; data (Table 3).

ELTH*H*VTDH*-NH ]** (6) in DMF-d;. The 62 local NOEs PF#H*AAAH*] ( 7) yielded seven conformations in water,

and 53Jypche’s of pentapeptider (P [H*AAAH*]) were with populations ranging from 59 to 2%, two less than in DMF,

NAMFIS-adapted to 1837 AMBER*-optimized conformers. The although the fit is slightly poorer. Significantly, the most
“pest fit” of the data provides an ensemble of nine conformations populated conformer is@turn exhibiting two hydrogen bonds
with populations ranging from 45 to 3% (Table 2). The most between A2-NH--OC—H*5 and A2-CO--HN—H*5, while the
populated conformer is the ideat-helix. The remaining second largest structural class is the-[3elix comprising 21%
structures are characterized by loops grdirns, with the 3o of the population. Unlike the results in DMF, thehelical forms
helical form not appearing among them. The corresponding that may be present in solution f@rare estimated to amount
analysis for the 1347 conformers of PEH*ELTH*] ( 8) to only 9% of the population.
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NDMF ND20
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Hllwﬁlelm HI“DWrHI“mQ N DMF
Figure 11. Representative helical structures®&mployed in NAMFIS Figure 12. Representative structures of the top conformers derived from
deconvolution.Hpumr/Hp2o is a constrained ideak-helix, H'pue/H'p20 the individual NAMFIS analysis o—9 in DMF and DO (Nowr; Nb2o)
constitutes constrained ideal-helical fragments for7—9 with (3,10) and unconstrained minimization dipwr and Np2o (N'omr; N'p2o,

connectors, andH''pme/H''p20 and H"'pwe/H"'p20 are unconstrained respectively).
optimized forms ofHpme/Hp20 andH'pme/H'p20, repectively.

in that both methods predict a high degree of helicity for the
molecule in both DMF and ED. However, the result from both
methods should be considered to be more qualitative than

Pentapeptid®, P[H*ELTH*], delivers only two confor-
mations from the 1347 conformer dataset. Remarkably, the ideal

-heli i +_
a-helix makes up 96% of the population. FragménPc quantitative. A measure of the accuracy of the fit between NMR-

[H*V-:—D.H*]’ _resultls ina sev_en-c;onfor7m7er “bZe;t f'IIEh with derived geometry parameters and conformation is given by the
populations in solution ranging from to 2%. The most ggp giatisti@ 28 Generally, this value falls below 200, and

populated form (77%) is a loop structure with a single hydrogen occasionally below 108%27.2845Tables 2 and 3, summarizing

bond,ffom the threonine side chaln_ (D4-NHOH-T3). The the NAMFIS results for pentapeptid@s-9, record SSD values
remaining structures are gharactenzed by loops, with the from 176 to 403, slightly outside the range normally observed.
exce_ptlon_ of the 9% population composed;»(?m_rns. More significant, however, is that the SSDs from the analysis
. Tr|p(_e|?t|de6 shows 251 NOEs and Plncra's in D2O. The of 15-mer6 in DMF and DO are 1679 and 1570, respectively.
best fit" of the data against the six conformers noted above In the present work, there are two main sources reflecting the

result’s in the contribution of two main forms'nao (73%) less-than-optimal fit of the force field structures and the NMR
andN'pzo (27%). The idealized-helix contributes a diminutive geometrics. The first concerns the rather large number of weak
0'50? to the equmbrlu(;n ]E)(;F())l/gfr?n[‘ ;ﬂonﬁtTelessr],_lthT] lead NOEs employed in the analysis. The corresponding explicit but
conformer '.Sf cpmpose 0 . e ');310' e_|x, while the long distances required as input to NAMFIS carry a considerable
second equilibrium partner sustains-ZD%o.-helical character. degree of uncertainty. Second, because of the expansiveness of

Th(_a com]l?matkllon Al,i ;elmlqlljantltitlvelyé confS|stent .\gnthhtrll.e,CD the actual conformational surface &rwe have employed only
estimate fo6 that 01S alower ogn ary for peptide e.|C|ty. a limited number of conformations, albeit a number of ideal
It furthermore supports the conclusion above that there is more

helicity in DMF than in BO. (45) (a) Monteagudo, E.; Cicero, D. O.; Cornett, B.; Myles, D. C.; Snyder, J. P.
; ; Hac i J. Am. Chem. So@001, 123 6929-6930 (SI). (b) Baroni, L.; Lambertucci,
That the NAMFIS analysis for tripalladated peptigs in C.; Appendino, G.; Vander Velde, D. G.; Himes, R. H.; Bombardelli, E.;

agreement with the simulated annealing approach is satisfying ~ wang, M.; Snyder, J. Rl. Med. Chem2001, 44, 1576-1587.
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and near-ideal helical structures. The large SSDs for the with the few other reports in this field, where metal ions induced
molecule suggest that the weights recorded above represent ahelicity in already fairly helical peptides.

upper limit on the presence of the helical conformations. Were  The observations of much greater helical structure in the
we able to have used a more representative and diversified sehprotic dipolar solvent DMF than in the protic solvent water
of conformations for6, the SSDs and the populations of the  may pe very relevant for proteins, where this and other HxxxH
helical e_ntities would Iikel_y _diminish. Nevertheless, we_believe sequences tend to be buried in quite hydrophobic environments
the relative degree of helicity from DMF to D to be reliable  5iher than located on water-exposed protein surfaces. Our use
and supportive of both the NMR and CD interpretations. of the N3-methy! histidines here, to simplify NMR analysis,
Conclusions does not detract from the fact that the species we see are also
accessible by unsubstituted His residues as previously regétted.
The HxxxH signature is extremely common both in metallo-
proteins and in proteins not previously associated with metal
ions. This work supports the possibility that metal ions could
have important templating roles during protein folding. It is
conceivable that even transient coordination of labile (first row
transition) metal ions could template helix-folding. Once helices
become sulfficiently long, or when helix-stabilizing hydrophobic
protein environments become created through folding, the metal
template may no longer be required to preserve the thermo-
dynamic stability of a helix and could be displaced from some
proteins by other metal-binding ligands. Roles for metal-induced
helix formation in peptides and proteins should certainly be

The electrophilic Pd(eAy has been found to be a remarkably
regioselective peptide-binding probe or “metal clip” that is also
helix-inducing. Coordination to three 15 residue peptides
possessing a number of potential metal-binding donors, includ-
ing 4—6 histidines in a variety of positions, was highly
regioselective, with the thermodynamically stable products
bearing 22-membered metal chelate rings each involving
(i, i + 4) histidines coordinated via imidazole N1 to Pd(lI).
This stable macrocycle [Pden(HxxxRl]is closely analogous
to metal-bound regions in metalloproteins, but quite unlike
reported short peptide binding modes in small inorganic
complexes, where five- and six-membered rings predominate.
We attribute the regioselectivg ( + 4) coordination and the ' .
resultant stability of the 22-membered ring to unique presenta- iNvestigated further.
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o-turn-mimicking module to build short, otherwise unstable,
peptide helices. Multiple ( = 2, 3) units of ([Pd(en)-
(H*XXXH*)] 2%), could be formed in situ in one step within
10—-15 residue peptides. This modular strategy induced non-
helical peptides to become highky-helical metallopeptide
sequences. We deliberately chose to use free peptides tha
displayed no helicity at all in solution, as verified by CD spectra
in water and NOESY spectra in DMF and water. This contrasts JA037980I

Supporting Information Available: Figures S+S10 and
Tables StS7 provide extensive additional multinuclear and
multidimensional NMR data for peptides—6 (PDF). This

aterial is available free of charge via the Internet at

ttp://pubs.acs.org.
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