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We report the synthesis and characterization of perchlorate salts containing the following three novel complex
cations each with a bidentate thioether ligand: binuclear cis-[Pt(CH3SCH,CH,CH,SCHs)(«-OH)],?*, mononuclear
Cis-[Pt(CH3SCH,CH;CH,SCH3)(H,0),J2*, and mononuclear cis-[Pd(CH;SCH,CH,CH,SCH3)(H20);)%*. Despite their
analogous compositions, the mononuclear Pt(I1) and Pd(Il) complexes differ in the selectivity with which they promote
the hydrolysis of polypeptides. The complex cis-[Pt(CHsSCH,CH,CH,SCH3)(H,0),]** promotes slow but selective
cleavage of Met—Pro peptide bonds at pH 2.0. The selectivity of the complex cis-[Pd(CH3SCH,CH,CH,SCH3)-
(H20),]?* is pH-dependent. At pH 2.0, this Pd(ll) complex promotes residue-selective hydrolysis of the X-Y bond
in X-Y-Met and X-Y-His sequences; the rate is enhanced when residue Y is proline. At pH 7.0, this kinetic preference
becomes sequence-selective in that the Pd(ll) complex exclusively cleaves the X—Pro bond in X-Pro-Met and
X-Pro-His sequences. The enhanced reactivity of the X—Pro amide group is attributed to the high basicity of its
carbonyl oxygen atom. Binding of the metal(ll) atom enhances the electrophilicity of the carbonyl carbon atom and
promotes nucleophilic attack by a solvent water molecule. The bidentate thioether ligand disfavors the formation of
hydrolytically unreactive complexes, allowing the Pd(ll) complex to promote the cleavage reaction.

Introduction Unactivated amide groups are extremely unreactive toward
) i . ) hydrolysis. For instance, the N-acetylated dipeptide AeGly
‘Selective Hydrolysis of Peptides and ProteinsMany Gly at room temperature and in the pH range between 4.0
bioanalytical and biochemical techniques involve the selec- 5,4 8 0 has a half-life of several hundred yearsTo make

tive cleavage of peptide bonds. Proteomic applications i reaction proceed at practical rates and regioselectively
require the digestion of proteins into fragments suitable for is a formidable task.

mass spectrometric analysisn footprinting and folding Proteolytic enzymes, also called peptidases, can catalyze
studies, local protein structures can be determined by thepngelective or selective protein cleavage. Nonselective

regioselective cleavage of peptide bonds in solvent-exposedyocesses are involved in protein degradation, apoptosis, and
segments. In protein semisynthesis, natural proteins are ,niigen processing, while selectivity is necessary in the

selectively hydrolyzed to give long fragments containing reqyiation of the cell cycle, signal transduction, and tran-

terminal amino and carboxylic groups, which are then gqintion. Although some proteolytic enzymes are selective,

reconnected to form new proteins. Site-specific cleavage is g5ct with turnover, and require only mild conditions, they

also needed for the removal of fusion tags from bioengi- 455 have disadvantages: they cleave themselves as well as
the intended substrates, and they remain in digests as

neered fusion proteins!
proteinaceous contaminants. For these reasons, chemical
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reagents for peptide and protein cleavage are much neededa nucleophilic side chain displaces one of the aqua ligands,
The use of cyanogen bromide and other chemical reagentghe metal(ll) atom becomes anchored to the substrate. In the
has been limited by poor selectivity, incomplete cleavage, hydrolytically reactive complexes, the metal(ll) atom acts
toxicity, and the need for harsh reaction conditi®ihese as a Lewis acid and activates a proximate amide group
reagents are usually applied in a large molar excess overtoward nucleophilic attack by a solvent water molecule.
the substrate, and they produce chemically altered proteinMethionine and histidine side chains are anchors for the Pd-
fragments such as covalently modified amino acid side (ll) reagents. The residue-selective cleavage in weakly acidic
chains. solutions occurs at the XY bond in X-Y-Met-Z and X-Y-
New chemical proteases that efficiently and selectively His-Z sequences, provided that residues X, Y, and Z have
hydrolyze peptides and proteins should be capable of bindingnoncoordinating side chaifds.3® Only methionine side
to particular amino acid residues or short sequences andchains act as anchors for the Pt(ll) reagents, and the residue
promoting the hydrolysis of specific peptide bonds under selectivity is different. These reagents cleave Mebonds®
mild conditions. After the reaction, these reagents should Both Pd(ll) and Pt(ll) ions can be removed from the
be easily removable from the cleaved fragments. Certain cleaved fragments by the addition of a strong chelating agent,
transition-metal complexes have the desired properties, butsuch as sodium diethyldithiocarbamate; the pristine fragments
few of them cleave peptides or proteins regioselecti¥ely. can then be further analyzed or ugéd.Because the
Complexes of Palladium(ll) and Platinum(ll) as Syn- combined abundance of histidine and methionine residues
thetic Peptidases.Our laboratory has achieved residue- in proteins is only ca. 5.5%, the fragments are larger than
selective and even sequence-selective hydrolysis of manythose produced by trypsin and therefore more useful in

peptides and various proteins by simple Pd(ll) and Pt(ll) modern biochemical practicé.

complexes containing at least two aqua liga#fd%® When
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In an effort to mimic the multiple functions of an enzyme,
we combined the ability gf-cyclodextrin to recognize and
bind aromatic side chains and the ability of palladium(ll)
aqua complexes to cleave a polypeptide backbone. A reagent
containing these two moieties selectively cleaved thd”Xo
bond in an X-Pro-Y sequence having phenylalanine as
residue Y3 The organic and inorganic moieties in the new
reagent were connected with a bidentate thioether ligand, as
shown below. This new Pd(Hcyclodextrin conjugate
reacted not only sequence-selectively but also relatively fast,
more rapidly than [Pd(O§)4]?*. In this study, we investigate
the possible effects of the bidentate thioether ligand on the
rate and selectivity of hydrolytic cleavage. We compare
analogous thioether complexes of Pd(Il) and Pt(ll) ions
because, surprisingly, these two metal ions show different
selectivities in protein cleavagé.
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Experimental Procedures

Chemicals.Distilled water was demineralized and purified to a
resistivity higher than 17 I cm. Palladium sponge, N&dCl],
piperidine, diethyldithiocarbamic acid sodium sadt;cyano-4-

(37) Parac, T. N.; KosticN. M. Inorg. Chem.1998 37, 2141-2144.
(38) Doolittle, R. F.Predictions of Protein Structure and the Principles of
Protein ConformationPlenum Press: New York, 1989.
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hydroxycinnamic acid, human angiotensin I, asl-diisopropyl- Mass Spectrometry. The MALDI-TOF experiments were
ethylamine were obtained from Sigma-Aldrich Chemical Co. performed with a Bruker Proflex instrument. The samples were
Methyl phenyl sulfone was obtained from Lancaster Synthesis Inc. prepared by a standard dried-droplet procedure: (1.0of the
Acetonitrile of HPLC grade, dichlorometharé,N-dimethylform- sample of interest was mixed with 9 of a saturated solution
amide (DMF), and diethyl ether were obtained from Fisher of the matrix @-cyano-4-hydroxycinnamic acid) in a 2:1 (v/v)
Scientific Co. Silver perchlorate monohydrate, 1,3-bis(methylthio)- mixture of 0.10% (v/v) trifluoroacetic acid in water and 0.080%
propane, trifluoroacetic acid, ang[RtCl,] were obtained from Alfa (v/v) trifluoroacetic acid in acetonitrile. Each spectrum consisted
Aesar. TheN-a-Fmoc-Ala-Wang resin, 2-(1-benzotriazol-1-yl)-  of 100 scans. For the sake of clarity, molecular masses are reported
1,1,3,3-tetramethyluronium hexafluorophosphate, ld#tg/droxy- only for the peptide fragments free of the Pd(ll) and Pt(Il)
benzotriazole were obtained from Calbiochem-Novabiochem Corp. complexes unless otherwise specified, although the peptide frag-
The N-acetylated peptide Ac-Lys-Ala-Tyr-Asp-Pro-His-Ala-Ala- ments bearing the metal ions were also observed in the MALDI
Arg-Ala, designated as Pro-His peptide, was custom-ordered from spectra. A solution of bradykinin aru-cyano-4-hydroxycinnamic
Sigma Genosys. acid was used as an external standard. The measured molecular

Peptide SynthesisThe N-acetylated peptides Ac-Ala-Lys-Phe- mass of a given fragment was compared with the value calculated
Gly-Met-Ala-Tyr-Arg-Gly (termed Met-Ala peptide), Ac-Ala-Lys- by PAWS software, obtained from ProteoMetrics, LLC. Excellent
Ala-Gly-Met-Pro-Ala-Tyr-Arg-Ala (termed Met-Pro peptide), Ac-  agreement conclusively identified each peptide.
Lys-Ala-Tyr-Asp-Pro-Met-Ala-Ala-Arg-Ala (termed Pro-Met peptide), The presence of Pd(ll) and Pt(Il) ions bound to the peptide or
and Ac-Lys-Gly-Gly-Ala-Ser-Pro-Phe-Ala-Ala-Arg-Ala (termed  its fragment(s) was established not only by the matching molecular
Pro-Phe peptide) were synthesized by a standard manual Fmoamasses of the labeled peptides but also by the isotopic distributions.
solid-phase procedut& and purified by reverse-phase high-  Diagnostic for Pd: 1.094%%Pd, 11.1%'%4Pd, 22.3%'%%Pd, 27.3%
performance liquid chromatography (HPLC) on a C18 preparative 106pd, 26.594°%Pd, and 11.8%!%Pd. Diagnostic for Pt: 0.899%Pt,
column as described previous®.The purity, as examined by  33.0%199Pt, 33.8%9%Pt, 25.29%19Pt, and 7.2%499Pt.
analytical HPLC, was higher than 99.5%. The respective measured  The jnductively coupled plasma mass spectrometry (ICP-MS)
and calculated molecular masses were 1043.16 and 1043.23 Dayperiments were performed with an HP 4500 instrument having
for Met-Ala peptide, 1078.95 and 1078.28 Da for Met-Pro peptide, 5 pabington nebulizer, nickel cones, and a quadrapole mass analyzer
1136.62 and 1136.31 Da for Pro-Met peptide, and 1074.75 and 1o count195Pt atoms. The samples were prepared by dissolving a
1075.21 Da for Pro-Phe peptide. known mass otis-[Pt(CH;SCHCH,CH,SCHy)(u-OH)Jo(ClO4),

NMR Spectroscopy. The *H NMR spectra were recorded in  jn 5 mL of fuming nitric acid. The solution was heated just below
water at 25.0C with a Bruker DRX500 spectrometer and externally  the poiling point for 4 h. The sample was then diluted with water
referenced to the methyl signal of sodium 2,2-dimethyl-2-silapen- o an appropriate concentration for analysis. A blank solution

tane-5-sulfonate in aqueous solutions. Because peptide cleavage igontaining the same concentration of nitric acid was used in
very slow at room temperature, we safely assumed that the sampleyackground comparisons.

composition remained unchanged during the NMR measurements. Synthesis ofcis [PACl(CHsSCH,CH,CH,SCH)]. cis-[PdCh-

TOCSY (total correlation spectroscopy) spectra were acquired in (CH3SCH,CH,CH,SCHg)] was synthesized by a modification of a
aqueous solution for reactions involving Met-Ala peptide. ROESY ublished procedur:#2 To a round-bottomed flask were added

(rotating-frame Overhauser enhancement spectroscopy) resolved th 3-bis(methyithio)propane (1.00 mmol, 13818 and water (0.50

assignment of the two alanine and two glycine residues in the mL) with stirring. A solution of N[PdCL] (1.00 mmol, 294.1 mg)

_rl)%p(-t:igidesignated Me_lt_-r,]AIa. A TiXiE%.ti?;e of lOOhrr;s was us_e_d N in water (4.0 mL) was added with a dropping funnel, over a period
experiments. The spin-lock field strength during miXing ¢ 3 i The reaction mixture was refluxed for 4 h, cooled to

was 6.0 kHz in TOCSY experiments and 2.5 kHz in ROESY room temperature, and stored overnight &4 The orange solid

experiments. The water signal was suppressed by incorporatingp, o 4 et was filtered off, washed with cold water and ethanol, and
WATERGATE in the pulse sequenc#sThe spectra for character- dried under vacuum Y,ield' 0.27 g, 87%. Mp: 238 UV—vis‘

izing the bid_entate thioether complexes were recorded in the absorption maxima in water. That MALDI mass spectra did not
temperature |nter.val of 27—83.18 K, show the intact dichloro compound is evidence for the lability of
HPLC Separations. The digest components were separated by e chiorg ligands. Molecular masses. Calcd for [PACKSEH-
a Hewlett-Packard 1100 HPLC system containing an autosamplerCHZCstcw)]_ 275.62. 276.63. 277.63. 279.62. and 281.63 Da.
and a multiwavelength detector set at 215, 280, and 350 nM. 1| p: 275,05, 276.00, 277.05, 279.05, and 281.05 Da. Calcd
Absorption at 215 nm is common to all peptides and proteins; ¢ . [PA(CHSCHCH,CH,SCHy)]: 240.18, 241.18, 242.17, 244.16,
absorption at 280 nm results from aromatic residues and boundand 246.17 Da. Measd: 240.30. 241.32. 242.36. 244.30. and 246.20
Pd(ll) or Pt(ll) ions; and absorption at 350 nm is diagnostic of Da. The isotopic distribution was diagnostic of Pd.

Pd(ll) and Pt(ll) ions. In the reverse-phase separations, analytical . .
. . . i Synthe5|s OfCIS-[Pd(CH3SCH2CH2CH28CH3)(H20)2](C|O4)2.
Supelco Discovery Bio Wide Pore C18 and C5 columns (sized 25 A solution of silver perchlorate monohydrate (0.20 mmol, 45.1 mg)

cm x 4.6 mm, bea_ds of 5m)_were_ u_sed. The eluting solvent A in water (3.0 mL) was added tis-[PACh(CHsSCHCH,CH,SCHy)]
was 0.10% (v/v) trifluoroacetic acid in water, and solvent B was . -
0.080% (v/v) trifluoroacetic acid in acetonitrile. In a typical run (0.10 mmol, 31.4 mg), and the mixture was stirred at60or 2
X ) '. hin the dark. The mixture was filtered, and the yellow supernatant

the percentage of solvent B in the eluent was kept at 0% for 5 min L
LY . o, containingcis-[Pd(CHSCH.CH,CH,SCH;)(H,0)2](CIO,), was col-
after the injection of the sample and then raised gradually to 45% lected. UV--vis absorption maxima in water: 365 nm & 1290

over a 35-min period. The flow rate in all analytical runs was 1.0 M1 cm) and 261 nm { ~ 10 640 M- cmY). That MALDI

mL/min. . . . . .
mass spectra did not show the intact diaqua compound is evidence

(39) Fields, G. B., EdSolid-phase peptide synthestecademic Press: San

Diego, 1997; Vol. 289. (41) Djuran, M. I.; Milinkovit, S. U.; Habtemariam, A.; Parsons, S.; Sadler,
(40) Hartley, F. R.; Murray, S. G.; Levason, W.; Soutter, H. E.; McAuliffe, P. J.J. Inorg. Biochem2002 88, 268-273.
C. A. Inorg. Chim. Actal979 35, 265-277. (42) Piotto, M.; Saudek, V.; Sklenar, \J. Biomol. NMR1992 661—-665.
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for the lability of the aqua ligands. MALDI molecular masses.

Calcd: 240.18, 241.18, 242.18, 244.18, and 246.18 Da. Measd:

Stoffregen et al.

trisodium phosphate with stirring. The reaction mixture was kept
in a dry bath at 60t 1 °C. After the reaction was complete, the

240.00, 241.05, 241.99, 244.00, and 246.06 Da. The isotopic pH remained within+0.10 of the initial value. Possible “back-

distribution was diagnostic of PdH NMR (D;0): ¢ 2.360(s),
2.445(s), 2.515(m), 2.575(m), 2.642(m), and 2.829(7Q.NMR
(D20): 6 19.8, 19.9, 22.1, 30.9, and 34.0.

Synthesis oftis-[PtCl(CH3SCH,CH,CH,SCHj)]. cis-[PtCL(CHs-
SCH,CH,CH,SCH;)] was synthesized by a modification of a
published procedur:*2 To a round-bottomed flask were added
1,3-bis(methylthio)propane (1.00 mmol, 13&B) and water (2.0
mL) with stirring. A solution of K[PtCl,] (0.5 mmol, 207.5 mg)
in water (4.0 mL) was added with a dropping funnel over a period
of 30 min. The solution was refluxed for 4 h. A yellow solid was
collected by vacuum filtration, washed with ethanol and cold water,
and recrystalized from acetonitrile. Yield: 0.13 g, 65%. Mp: 38
UV —vis absorption maxima in water. MALDI mass spectrometry

ground” cleavage was ruled out in control experiments in which
the conditions were kept the same except that the Pd(Il) or Pt(ll)
reagent was absent.

For the kinetic measurements, 100-samples were periodically
taken from the reaction mixture, an excess of solid sodium
diethyldithiocarbamate was added to form an insoluble compound
of Pd(ll) or Pt(ll), the precipitate was filtered off, and the clear
solution was immediately subjected to reverse-phase HPLC separa-
tion. Because the cleavage is very slow at room temperature and
the Pd(ll) or Pt(ll) reagent was removed, the species distribution
in the chromatogram matched that in the digest at the time of
sampling. To compensate for a possible error in the injection volume
and evaporation, the areas under the chromatographic peaks were

detected both the dichloro and monochloro species. Molecular integrated and normalized to the peak of methyl phenyl sulfone,

masses. Calcd for [Pt&CH;SCH,CH,CH,SCH;)]: 406.15, 407.15,
408.15, and 409.15 Da. MALDI: 405.96, 406.96, 407.96, and
408.98 Da. Calcd for [PtCI(C$8CH,CH,CH,SCH;)]: 365.69,

the internal standard. The error of this integration was estimated at
5%. The plots of the peak areas of the cleavage fragments versus
time were fitted to a first-order rate law with SigmaPlot, version

366.99, 367.69, and 369.70 Da. Measd: 365.96, 366.97, 367.95,5.0, obtained from SPSS Inc. The stated errors in the rate constants

and 368.93 Da. The isotopic distribution was diagnostic of Pt.
Synthesis OfCiS-[Pt(CH 3SCH2CH2CH28CH3)(H20)2](C|O4)2.

A solution of silver perchlorate monohydrate (0.16 mmol, 36.1 mg)

in water (3.5 mL) was added tis-[PtCL(CH;SCH,CH,CH,SCH)]-

(0.080 mmol, 32.2 mg), and the mixture was stirred at®dor 2

h in the dark. The mixture was filtered, and the yellow supernatant,

containingcis-[Pt(CH;SCHCH,CH,SCH;)(H-0),](ClO.)., was col-

lected. UV-vis maxima in water. That MALDI mass spectra did

not show the intact diaqua compound is evidence for the lability

of the aqua ligands. MALDI molecular masses. Calcd: 330.24,

correspond to 2 standard deviations, i.e., a confidence limit greater
than 95%. This conservative reporting reduces the tendency for
overinterpreting differences among rate constants. Representative
chromatograms are shown in Figure S1 in the Supporting Informa-
tion. Cleaved fragments were collected from analytical HPLC
separations, dried with a stream of air, dissolved in 14.0of
water, and analyzed by MALDI-TOF mass spectrometry.

Results and Discussion
New Bidentate Thioether Complexes of Pd(ll) and Pt-

331.24, 332.24, and 334.24 Da. Measd: 330.02, 331.00, 332.63,(|). The new mononuclear complexes shown below were

and 334.84 Da. The isotopic distribution was diagnostic oft.
NMR (D20): 6 2.289(s), 2.44(s), 2.47(m), 2.56(m), 2.92(m), and
3.01(m).

SyntheSiS OfClS'[Pt(CH 3SCH,CH,CH 2SCH3)(/,{2'OH)] 2(C|O4)2.
A solution of silver perchlorate monohydrate (0.60 mmol, 135.2
mg) in water (2.0 mL) was added tis-[PtCl,(CH;SCH,CH,CH,-
SCH)] (0.30 mmol, 120.7 mg). The mixture was gently heated to
50 °C while stirring fa 2 h in thedark and subsequently filtered.
The yellow supernatant was stored &t@ and yellow crystals of
Cis-[Pt(CH;SCH,CH,CH,SCHs)(12-OH)]2(ClOy), were filtered off
after several days. Yield: 8.1 mg, 6%. Elem anal. Calcd: C, 13.50;

H, 2.95; S, 14.42; Pt, 74.7. Found: C, 13.54; H, 2.86; S, 14.38; Pt,

75.6 (by ICP-MS). UV-vis maximum: 344 nncis-[Pt(CH;SCH,-
CH,CH,SCH;)(12-OH)1x(ClO,), was insoluble in benzene, hexane,
acetone, ethanol, methanol, pyridine, acetonitrile, water, dichlo-
romethane, and nitrobenzene; it was only slightly soluble in DMF
and DMSO, perhaps owing to their coordinating ability. IR (@mn
3450(sh), 3336(b,w), 1416(s).

Study of Hydrolysis. Reactions were carried out in 2.0-mL glass
vials. A 5.0 mM stock solution of each peptide in water was
prepared. In a typical experiment involving 10 mol equiv of the
metal complexed to 1 mol equiv of methionine or histidine residues,
200uL of a 5.0 mM peptide solution was mixed with 2QuQ of
a 500 mM solution of eithercis-[Pd(CHSCH,CH,CH,SCH;)-
(H20),]?* or cis-[Pt(CH;SCH,CH,CH,SCH;)(H,0),]%", 50.0uL of
a solution containing 25.0 mg/mL of phenyl methyl sulfone, and
730uL of water. For reactions in which the pH was in the interval
of 5.0-7.0, phosphate buffer replaced the water.

The pH was measured with a Fisher Accumet instrument and

an Aldrich Ag/AgCl reference electrode and was adjusted by careful
addition of either 1.00 M HCIQ 1.00 M NaOH, or 0.500 M

8902 Inorganic Chemistry, Vol. 44, No. 24, 2005

prepared simply by Atrassisted aquation of the correspond-
ing known chloro complexes (see Figure S2 in the Supporting
Information). Because this one-step reaction is practically
complete, the aqua complexes prepared in situ can be used
immediately as hydrolytic reagents. It is advantageous for
practical applications to avoid isolation. In the absence of
elemental analysis, the composition of these simple com-
plexes is determined by spectroscopy and the well-established
methods of preparation. Binding of the bidentate ligand to
the Pd(Il) and Pt(ll) ions causes downfield shifts of the
NMR methyl signal by 0.245 and 0.174 ppm, respectively.
The proton NMR spectra of both mononuclear diaqua
complexes contained two sets of relatively broad signals:
two singlets, corresponding to the methyl groups, and four
multiplets, corresponding to the methylene groups. As the
temperature was raised from 278 to 318 K, the methyl
singlets began to coalesce for both of the mononuclear diaqua
complexes, indicating that two configurational isomers were
interconverting by inversion at the chiral sulfur atoms as
shown in Figures S3 and S4 in the Supporting Information.
CH3 o

CD

The hydroxo-bridged binuclear complex is formed in low
yield upon concentration of a basic solution of the corre-

2+

H,O OH, HZO OH2

\/\ HC

SRS}

HaC _CHs

\ X/
JAWAN
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Chart 1. Polypeptides Used as Substrates for Cleavage by Metal

Complexes

abbreviation sequence

Met-Ala Ac-Ala-Lys-Phe-Gly-Met-Ala-Tyr-Arg-Gly
Pro-Met Ac-Lys-Ala-Tyr-Asp-Pro-Met-Ala-Ala-Arg-Ala
Met-Pro Ac-Ala-Lys-Ala-Gly-Met-Pro-Ala-Tyr-Arg-Ala
Pro-Phe Ac-Lys-Gly-Gly-Ala-Ser-Pro-Phe-Ala-Ala-Arg-Ala
Pro-His Ac-Lys-Ala-Tyr-Asp-Pro-His-Ala-Ala-Arg-Ala
His-Pro Val-Tyr-Ile-His-Pro-Phe

sponding mononuclear complex. An infrared spectrum

showed three bands corresponding to the bending and
stretching modes of the hydroxo ligands. This evidence for
the doubly bridging hydroxo ligands agrees with the pub-

lished spectra of similar complexés?*”

Polypeptide Substrates and Hydrolytic Reaction Con-
ditions. The substrates to be cleaved include five synthetic
polypeptides and the bioactive polypeptide angiotensin II,
designated as His-Pro, shown in Chart 1. With the exception
of the control peptide Pro-Phe, all of the sequences contained
a methionine or histidine anchoring residue in a position
appropriate for MALDI mass spectrometric analysis. All
peptides except human angiotensin |l were acetylated at the
N terminus, to prevent binding of the Pd(Il) or Pt(ll) atom
and to render the polypeptides more similar to proteins.

Coordinating anions, such as acetate and chloride, can inhibit

cleavage by Pd(Il) and Pt(ll) reagents and were therefore

eXCIUde.d from all reaction§.The pH was _carefully Chose_n. Figure 1. TOCSY 'H NMR spectra of the NH-to-aliphatic region of the
to avoid both background cleavage in strongly acidic polypeptide designated as Met-Ala at pH 2.0 and room temperature (a)
solutions and the formation of hydroxo-bridged species in fr_eepfing (bs)caﬁ?:eréS so(f: incu:(’gior;atT ?‘@ Witth al ﬁO-fglddixcesrf of
basic solutions. Control experiments ruled out significant f,'g[présgﬁcegﬁthé e Sigﬁ)&(ﬂ 2 %ﬂmél e m'”;af]e?‘g_s
background cleavage at pH values between 1.8 and 7.2.

Initial Binding of cis[Pt(CH3SCH,CH,CH>SCH)- protons within methionine, evidence for the binding of the
(H,0);]%* to a Methionine-Containing Polypeptide in Pt(ll) atom to the deprotonated amide nitrogen in methionine.
Acidic Solution. Because Pt(ll) reagents anchor to the The predominant species at pH 2.0 is therefore compjex
thioether group of methionine, we chose the nonapeptidei_” which the anchoring methionine residue. acts as a bidentate
Met-Ala to study the initial binding ofis-[Pt(CH,SCHCH,- ligand (see Scheme 1). The&kpfor the first NH group
CH,SCH)(H.0),]2* to substrates. ROES¥ NMR spectra “upstream” (toward the amino terminus) of the methionine
of this nonapeptide (see Figure S5 in the Supporting residue bearing a Pt(ll) atom was estimated at 1.8, consistent
Information) allowed the unambiguous assignment of the two With the NMR results showing the presence of mostly
glycine residues and the two alanine residues. A mixture of COmplex 2 in the reaction mixturé? The two bidentate
the Met-Ala peptide and a 10-fold excess aé-[Pt(CHs- ligands are inert to substitution and render compx
SCHCH,CH,SCH)(H,0),]>* was incubated at 60C for unreactive toward hydrolysis. Indeed, an HPLC analysis of
24 h and examined b{H NMR spectroscopy. In this and @ 10:1 mixture o€is-[Pt(CH;SCHCH,CH,SCH)(Hz0),]*"
other studies, an excess of the metal complex was used tNd Met-Ala peptide showed a persistent peak corresponding
ensure its complete binding to the peptide. The aliphatic 10 the Pt(ll) complex with the intact peptide and no
region in the one-dimensional spectrum and a part of the @Ppearance of the peptide fragments. A MALDI mass
amide-to-aliphatic region in the TOCSY spectrum are shown SPectrum of the reaction mixture after 1 week of incubation
in Figure 1. A comparison of the free peptide (Figure 1a) &t 60°C confirmed this composition (see Table 1).
and the reaction mixture (Figure 1b) shows the disappearance Methionine-Guided Sequence-Selective Polypeptide

of the cross-peaks between the amide NH and the side-chairf-l€avage bycis-[Pt(CHsSCH,CH>CH,SCHz)(H20)2]*" in
Acidic Solution. The decapeptide Met-Pro contains a tertiary

(43) Faggiani, R.; Lippert, B.; Lock, C. J. L.; Rosenberg,JBAm. Chem. amide group in the salient part of its sequence. When a

S0c.1977, 99, 777-781. i - i - i .
(44) Bandini, A. L.; Banditelli, G.; Demartin, F.; Manassero, M.; Minghetti, mixture of Met-Pro peptide am;ra 10-fold excesist[Pt

G. Gazz. Chim. 1tal1993 123 417—423. (CH3SCH,CH,CH,SCH;)(H20),]*" was kept at pH 2.0 and
(45) ?gggﬁé Lovauist, K.; Oskarsson, AActa Crystallogr.1994 C50, 60 °C for 7 days, HPLC and MALDI analyses showed an
(46) Fekl, U. van Eldik, RInorg. Chem 2001, 40, 3247-3251. incomplete cleavage of the MePro bond (see Table 1).
(47) Zhu, L.; Kostic N. M. Inorg. Chem.1992 31, 3994-4001. The Pt(ll) reagent formed mostly the unreactive comgex
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Table 1. MALDI Mass Spectrometric ldentification of Fragments of

the Polypeptide Designated as Met-Ala and the Polypeptide Designated
as Met-Pro upon Hydrolytic Cleavage by
Cis-[Pt(CHsSCH,CH,CH,SCH)(H20),]%+ at pH 2.0

+ H30 2-unreactive

molecular mass (Da)

peptide

substrate polypeptide fragment obsd calcd

Met-Ala  AKFGMAYRG 1042.84 1043.23
AKFGMAYRG + Pt(ll) reagent ~ 1370.09 1371.48

Met-Pro  AKAGM 519.61 519.64
PAYRA 578.39 577.66

at pH 2.0, but a small amount of the hydrolytically reactive
complex1 was responsible for the cleavage (see Scheme
1). At pH values higher than 2.0is-[Pt(CH;SCHCH,CH,-
SCH;)(H-0),]2" formed only unreactive complexes with
either Met-Ala peptide or Met-Pro peptide, and neither
polypeptide was detectably cleaved.

The difference in reactivity between the two peptides at
pH 2.0 can be attributed to the greater reactivity of the tertiary
amide group (in Met-Pro) than the secondary amide group
(in Met-Ala). Because proline residues have the most basic
carbonyl oxygen atom in proteins, this atom preferentially
binds to the Pt(ll) atom. Thus activated by the Lewis acid,
the X—Pro group is especially susceptible to nucleophilic
attack by a solvent water molecule, resulting in hydrolyis.

This study with the Pt(Il) reagent at pH 2.0 shows an
increased hydrolytic reactivity of XPro groups. Although
the lower reactivity of the Pt(ll) complexes in comparison
with Pd(ll) complexes makes the rate and yield of cleavage
relatively low, the reaction is sequence-selective in that the
cleavage site depends not only on the location of the
anchoring residue (methionine) but also on the residue
following it (proline).

Initial Binding of cis-[Pd(CH3SCH,CH,CH,SCHs)-
(H20),]?" to a Methionine-Containing Polypeptide in
Acidic Solution. A mixture of the polypeptide Met-Ala and
a 10-fold excess afis-[Pd(CHSCHCH,CH,SCH;)(H,0)]2*
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Figure 2. TOCSY H NMR spectra of the NH-to-aliphatic region of
polypeptide designated as Met-Ala at pH 2.0 and room temperature (a)
free, (b) immediately after the addition of a 10-fold excessis{Pd(CHs-
SCHCH,CH,SCHs)(H,0),]2", and (c) after 24 h of incubation at 6C

with a 10-fold excess dfis-[Pd(CHSCHCH,CH,;SCH)(H20);]2*. Vertical
dashed lines connect amide-to-side chain cross-peaks of residues within
each panel and clearly distinguish the shifts of signals.

was prepared at pH 2.0. The modes of binding were studied
by *H NMR spectroscopy at room temperature immediately
after mixing and after 24 h of incubation at 8C. The
aliphatic region in the one-dimensional spectrum and a part
of the amide-to-aliphatic region in the TOCSY spectrum are
shown in Figure 2. Upon addition ofs-[Pd(CHSCHCH,-
CH,SCH)(H20);]?* to the Met-Ala peptide, the methionine
amide NH signal at 8.14 ppm shifted to 8.32 ppm, evidence
for binding of the Pd(Il) atom to the methionine thioether
side chain (see Figure 2a,b). Furthermore, the amide NH
signals of the two glycine residues at 8.30 ppm and the two
alanine residues at 8.30 ppm, which overlap in the TOCSY
spectrum of the free peptide, each split into multiple signals
upon binding of the Pd(ll) atom to the methionine side chain.
TOCSY evidence shows this binding to occur immediately
upon mixing of cis-[Pd(CHSCH,CH,CH,SCH)(H,0),]%*

and the substrate, before heating. Because the subsequent
cleavage reaction occurs in hours, the initial binding can
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Scheme 2
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justifiably be neglected in fitting the cleavage kinetics to a
first-order rate law.
After incubation of the reaction mixture for 24 h at 60

°C, the TOCSY spectrum showed a minor decrease in the

Table 2. HPLC Separation and MALDI Mass Spectrometric
Identification of the Fragments of the Polypeptide Designated as
Met-Ala and the Polypeptide Designated as Pro-Met upon Hydrolytic
Cleavage bycis-[Pd(CHSCHCH,CH,SCHs)(H20),]2" at pH 2.0

peptide elution polypeptide molecular mass (Da)
substrate  time (min) fragment obsd calcd
Met-Ala 21.3 AKF 407.49 407.42
18.3 GMAYRG 654.76 655.16
Pro-Met 16.2 KAYD 538.58 539.07
18.4 PMAARA 616.60 616.76

Table 3. HPLC Separation and MALDI Mass Spectrometric
Identification of the Fragments of the Polypeptide Designated as Pro-His
and Angiotensin Il (the Polypeptide Designated as His-Pro) upon
Hydrolytic Cleavage byis-[Pd(CHSCH,CH,CH,SCH)(H20),]2" at

pH 2.0

peptide  elution peptide molecular mass (Da)
substrate time (min) fragment obsd calcd
Pro-His 15.2 KAYD 538.58 539.07
13.7 PHAARA 623.71 622.70
His-Pro a VY + Pd(ll) reagent 387.11 387.75
18.4 IHPF+ Pd(Il) reagent ~ 620.01 620.04

aFragment VY is insoluble in water and acetonitrile and could not be
separated from the reaction mixture and was therefore analyzed without
separation.

ppm signal over time showed that the bidentate thioether
ligand remained bound to the Pd(Il) ion throughout the
cleavage reaction. Furthermore, MALDI spectra at the end
of the cleavage reaction showed only the mass of the [Pd-
(CH3sSCH,CH,CH,SCH;)(H20);]?* species. The free thio-
ether was not observed in the MALDI mass spectra, although
its detection was possible.

In cleavage reactions with theis-[Pd(en)(HO),]*" re-

intensity of the cross-peaks between the amide NH and theagent, the ethylenediamine ligand detaches from the Pd(ll)

a-CH, 5-CH, andy-CH side-chain resonances in methionine

ion in the formation of a hydrolytically reactive complex

(see Figure 2c). Evidently, there are multiple binding modes because the hard and relatively strong Brgnsted base amine
during the reaction at pH 2.0. The decrease in intensity of has only a moderate affinity for the relatively soft Pd(ll)
the cross-peaks corresponds to an increase in the ratio ofacid and because protonation by kbns in solution assists

complex4 to complex3 (see Scheme 2). Our previously
reported reagenisis-[Pd(en)(HO),]*" and [Pd(HO)]*" at

detachment of the amirféIn contrast, the soft and very weak
Brgnsted base thioether has an affinity for the Pd(ll) ion and

pH 2.0 predominantly bind to the thioether group and the cannot be protonated under the reaction conditions, and it
deprotonated amide nitrogen of methionine residues, with therefore remains bound. This chelating liganccis:[Pd-

the loss of both aqua ligands. The new reagénfPd(CHs-
SCH,CH,CH,SCH;)(H,0),]2", however, binds only to the
thioether group, with the loss of one aqua ligand, to form
complex3. This difference in the initial anchoring can be

attributed to the steric bulk of the bidentate thioether ligand,

which disfavors bidentate coordination of the methionine

(CH3SCH,CH,CH,SCH;)(H,0),]>" ensures the predomi-
nance of the hydrolytically reactive compl8jn the reaction
conditions at pH 2.0. The ancillary ligands thus control the
cleavage reactivity of the Pd(Il) complex.
Methionine-Guided and Residue-Selective Polypeptide
Cleavage bycis-[Pd(CH3SCH,CH2CH,SCHs)(H20),]2" in

residue. Evidently, the anchoring mode of Pd(Il) reagents Acidic Solution. The results in Tables 2 and 3 show that

can be controlled by the choice of ancillary ligands.

the new reagent selectively cleaved the P&y bond in

To determine whether the bidentate thioether ligand the polypeptide designated as Met-Ala, the File bond in
remains coordinated to the Pd(ll) ion during the cleavage angiotensin Il (designated as His-Pro), the Ao bond

reaction, we compared théH NMR spectra of free
CH3;SCH,CH,CH,SCH;, cis-[Pd(CHSCH.CH,CH,SCH)-

(H20),)?", and the reaction mixture with the Met-Ala
polypeptide after 24 h at 60C (see the Supporting

in the polypeptide Pro-His, and the Aspro bond in the
polypeptide Pro-Met, while the polypeptide designated as
Pro-Phe remained intact because it lacks anchoring methion-
ine or histidine residues. Evidently, the selectivity of Pd(ll)

Information, Figure S6). The methyl singlet occurred at 2.115 reagents for the XY bond in X-Y-Met and X-Y-His

ppm in the free thioether ligand and at 2.360 ppm in the sequences is unaffected by the ancillary ligands. Because
Pd(Il)-bound ligand. The spectrum of the reaction mixture binding of the Pd(Il) atom to the methionine side chain is
showed only the singlet at 2.360 ppm, unaffected by binding very fast, a first-order fitting in Figure 3 is justified. The

of the Pd(Il) atom to the peptide. The absence of the 2.115 decrease of the rate constant with increasing pH, seen in
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T Table 4. HPLC Separation and MALDI Mass Spectrometric

. Identification of the Fragments of the Polypeptide Designated as
Pro-Met and the Polypeptide Designated as Pro-His upon Hydrolytic
Cleavage bycis-[Pd(CHSCH.CH,CH,SCHs)(H20),]2" at pH 7.0 and

§ the Rate Constants for the Disappearance of the Polypeptide at pH 2.0

g

a elution rate

p peptide  time peptide ~ Molecular mass (Da)  constant
g : substrate (min)  fragment obsd calcd (min—1)
2 Pro-Met 15.6 KAYD 539.07 539.07 4.37 1073
.§ 21.3 PMAARA 618.15 616.76

< ) Pro-His 15.4 KAYD 538.99 539.07 221103

13.9 PHAARA 623.20 622.70

L hydrolysis decreases. Because thg @f the first NH group
0 800 1600 2400 .3200.4000 48005600 6400 “upstream” of a histidine-anchored Pd(Il) atom has been
Time (min) estimated at ca. 2.0, an increase in the pH is expected to

Figure 3. Kinetics of the cleavage of the polypeptide designated as Met- ; 51-57
Ala by cis [PA(CHSCHCH,CH,SCH)(H:0)1>", where# indicate the  |avO" the unreactive complek>™ ™' As Table 4 shows, the
disappearance of the substraeindicate the appearance of the fragment ~ cleavage byis-[Pd(CHSCHCH,CH,SCH)(H20),]*" at pH

GMAYRG, andv indicate the appearance of the fragment AKF. The error - 2.0 is significantly accelerated when the anchoring residue
H H 9 imi 0, . . . ..
bars indicate a confidence limit greater than 95%. is preceded by a proline residue. In that case, hydrolysis is

completed in less than 1 day.

1210° T T T T T T
Methionine-Guided and Histidine-Guided Sequence-
1010% F % g Selective Polypeptide Cleavage bgis-[Pd(CH3SCH,CH»-
CH,SCHs3)(H20),]?" in Neutral Solution. Remarkably, the
2 so104f _ selectivity ofcis-[Pd(CHSCH,CH,CH,SCH;)(H,0),]>* de-
'g pends on the pH of the reaction mixture. At pH 2.0, the
E 6010 ¢ 4 cleavage is residue-selective as explained in the preceding
B % subsection. At pH 7.0, however, the cleavage becomes
S 4010° i sequence-selective in that it occurs only at thePfo bonds
g in X-Pro-Met and X-Pro-His sequences. The substrates
= 2010% - | lacking a Pro-Met or Pro-His, namely, angiotensin Il and
' ® the polypeptides designated as Pro-Phe and Met-Ala, re-
0010 - e o | mained intact in the presence @§-[Pd(CHSCH.CH,CH,-
' , , , , , , SCH)(H,0),]2* at pH 7.0. For residue-selective cleavage
2 3 4 5 6 7 in weakly acidic solutions, it is enough that the substrate

contains methionine or histidine as an anchor. For sequence-

. selective cleavage in neutral solutions, it is necessary that
Figure 4. Dependence on the pH of the rate constant for the cleavage of h hori id b ded b i
the polypeptide designated as Met-Ala by the compliePd(CHSCH,- the qnc oring resi ue_ e prec_e _e y pro me_-
CH,CH,SCHg)(H20),]2*. The error bars indicate a confidence limit greater This useful change in selectivity can be attributed to the
than 95%. effect of pH on the predominant species in solution. At pH

. . . . 2.0, the predominant species is the hydrolytically reactive
Figure 4, is caused by the progressive conversion of thecomplex 3. At pH 7.0, the predominant species is the

pH

:ﬁac(:jtwe ctomptle(;e to .ghe gtnreactlye comdple«ik, ('jnt Wtrr]]'d;d " hydrolytically unreactive comple#, and complex3 is only
the Tehpro Ogl"?‘ﬁ dam| elm rogfetrr]] IS c?cirdmae Oncie ( )a minor species. Its low concentration is sufficient for
lon. The published i, values of the related compounds- cleavage only at the most reactive peptide bonds, namely,

[Pt(CHgCHgSCl‘bCHQCHzSCHgCHg)(HzO)Q]2+, Cis-[Pd(en)— X—P . he X-Pro-Hi X-Pro-M
(H,0),]2", andcis [Pt(en)(HO),]2* are >3.0, 5.6, and 5.8, ro bonds in the ro-His and ro-Met sequences.
respectively’®5° The values of 5.6 and 5.8 suggest that Pd- conclusions

(1) and Pt(Il) complexes of the same composition will have i
Complexesis-[Pt(CH;SCHCH,CH,SCH)(H,0),]%" and

similar pK, values. Therefore, tha<q of cis-[Pd(CHSCH,- )
CH.CH,SCHy)(H,0),]2* can be estimated at 3.0, indicating €15 [Pd(CHSCHCH,CH,SCHy;)(H;0)o]*" are new reagents

that within the pH range in the hydrolysis experiments both for the selective hydrolysis of peptides. These complexes

Cis[Pd(CHSCHCH,CHSCH)(H,0),]*" andcis [Pd(CH- (51) Sigel, H.; Martin, R. BChem. Re. 1982 82, 385-426
SCHCH,CH;SCH;)(H,0)(OH)]" are present. As the pH is (25} Appleton, T. GCoord. Ghem. Re 1997 166 313-350,

raised, the more labile aqua complex is converted into the (53) Agoston, C. G.; Jankowska, T. K.; Sovaga).IChem. Soc., Dalton,
i Trans.1999 3295-3302.
less labile hydoxo complex, and the rate constant for (54) Rabenstein, D. L.: Isab, A. A.: Shoukry, M. Mhorg. Chem 1982

21, 3234-3236.

(48) Lim, M. C.; Martin, R. B.J. Inorg. Nucl. Chem1976 38, 1911~ (55) Wienken, M.; Zangrando, E.; Randaccio, L.; Menzer, S.; Lippert, B.
1914. J. Chem. Soc., Dalton Tran$993 3349-3357.
(49) Kukushkin, Y. N.; Krylova, G. S.; Kirillova, M. AKoord. Khim.1976 (56) Pettit, L. D.; Bezer, MCoord. Chem. Re 1985 61, 97—114.
2, 350-352. (57) Kasselouri, S.; Garoufis, A.; Lamera-Hadjiliadis, M.; Hadjiliadis, N.
(50) Hohmann, H.; Van Eldik, Rinorg. Chim. Actal99Q 174, 87—92. Coord. Chem. Re 1990 104, 1-12.
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are prepared in situ by two straightforward ligand substitution conjugaté® sequence-selectively cleave peptides at pH 7.0,
reactions. The simplicity of this synthetic method lends to and both require the presence of a proline residue near the
the practicality of usingcis-[Pd(CHSCH.CH,CH,SCH)- site of cleavage. The two reagents, however, differ in
(H20)2]2* andcis-[Pt(CHsSCH,CH,CH,SCH)(H.0);]?* as sequence-selectivity; the Pd@yclodextrin conjugate cleaves
reagents for the cleavage of peptides. Although thesethe X—Pro bond of X-Pro-Y sequences, where Y is phenyl-
complexes are structurally similar to the established reagentsalanine, while cis-[Pd(CHSCHCH,CH,SCH)(H,0),]**
cis[Pt(en)(HO),]?" andcis-[Pd(en)(H0).]?", the thioether-  cleaves the %Pro bond of X-Pro-Met and X-Pro-His
containing reagents differ in reactivity from the ethylenedi- sequences. Although their selectivity is different, the two
amine-containing reagents. The new reagasPt(CHs- reagents show similar rates of hydrolysis at pH 7.0, with
SCHCH,CH,SCH;)(H:0),]*" cleaves with the same selectivity cleavage being nearly complete after 48 h.
ascis-[Pt(en)(HO),]?" in a weakly acidic solution but more
slowly because of the steric bulk of the thioether ligand. The
new reagentis-[Pd(CHSCHCH,CH,SCH)(H:0);]** cleaves
with the same selectivity ags-[Pd(en)(HO),]2" in a weakly
acidic solution but more slowly, again for steric reasons.
Unlike cis-[Pd(en)(HO),]?", however, the new reagent also
cleaves in neutral solution. The difference in hydrolytic
activity at pH 7 results from a difference in the mode of  sypporting Information Available: Six figures showing the
Pd(Il)—substrate binding. Whileis-[Pd(en)(HO).]?* loses HPLC chromatograms of a hydrolytic reaction mixture, the synthetic
its ethylenediamine ligand and forms unreactive multidentate reaction scheme for the Pd(ll) and Pt(ll) mononuclear complexes,
complexes with the substratejs-[Pd(CHSCH.CH,CH,- theH NMR spectra of the mononuclear Pd(Il) and Pt(Il) complexes
SCH)(H20),]%" retains its thioether ligand at pH 7.0 and at different temperatures, a ROESY NMR spectrum of a peptide,
forms a reactive as well as an unreactive complex with the and the'H NMR spectra of the thioether ligand and its complexes.
substrate. The substrate in the reactive complex then becomeghis material is available free of charge via the Internet at
selectively cleaved. Bothis-[Pd(CHSCHCH,CH,SCH;)- hitp://pubs.acs.org.

(H20),]?" and our previously reported Pd#Hyyclodextrin IC0506613
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