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Rapid, Catalytic Hydrolysis of Methionine-Containing Dipeptides by a Dinuclear
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The dinuclear complex (M&),[Pdx(u-SPh}Cl,] is solvolyzed upon reaction with AQClH,0O in acetone. The

X-ray crystal structure of (RIAs)[Pdx(u-SPh}Cl4] showed that this dinuclear complex is bridged by two thiolate
ligands with CI" ions occupying terminal sites on the palladium(ll) atoms. The dinuclear solvolyzed species
[Pdx(u-SPh)(sol)](ClO4)2, in which sol is HO or acetone, binds to methionine side chains in AcMet-X, where
Xis Gly, Ala, Leu, Phe, or Val. It then catalyzes hydrolysis of the amide bond involving the carboxyl group of
methionine. No prior activation of the amide bond is required for hydrolysis. Dipeptides with regular amide
bonds are hydrolyzed in nonaqueous solvents, under mild conditions. The reactions were follo\We MR
spectroscopy. Turnover was achieved with the following N-acetylated dipeptides: AcMet-Gly, AcMet-Val, AcMet-
Phe, and AcMet-Ala. One equivalent of [lRg-SPh)(sol}](ClO4,), cleaves 6-14 equiv of dipeptide. The turnover
number depends on the steric bulk of the leaving amino acid. Hydrolysis kinetics were studied for AcMet-Gly,
AcMet-Ala, AcMet-Val, AcMet-Phe, and AcMet-Leu. The reaction proceeds very rapidly, with a half-life of
less than 7 min for AcMet-Ala at 568C. The half-lives at 40C for most of the dipeptides are shorter than 30
min. Because the rate of the reaction also depends on the volume of the leaving amino acid, the catalyst is
potentially sequence-selective. The effects of temperature on the hydrolysis of AcMet-Ala were also studied.
This study is a step toward the use of transition-metal complexes as reagents for the hydrolysis of lipophillic
peptides and proteins.

Introduction they cleave only the N-terminal amino acidinternal and
terminal amide bonds near histidine and methionine residues
in peptides and proteins can be cleaved with [RA(]?*, cis-
[Pd(en)(OH),]?*, [PACL]?~, and cis-[Pd(OH),(dtco)F, eq
1.16-21 After peptide side-chain coordination to the metal, the
reaction is thought to proceed by attack at a proximate amide
bond by an agua ligand or a solvent water molecule, &f4.
The hydrolysis reactions promoted by metal complexes are
usually stoichiometric, with a few exceptions. The most
significant impediment to catalysis is that the product side chain
ound to the metal atom must be displaced by new substrate
ar turnover to occur. The hydrolysis of histidine-containing

The half-life for the hydrolysis of amide bonds is very long
at room temperature and pH 7. For AcGly-Gly it is 500 years,
and for Gly-Gly, 350 years. Because uncatalyzed hydrolysis
of peptides is extremely slow, artificial cleavage methods are
needed in analytical biochemistry and molecular biology for
studies of unnatural proteins, sequencing of large or blocked
proteins, analysis of protein domains, studies of protein as-
sociation, and synthesis of new drugs, among other tasks.
Enzymes are commonly used as cleavage agebtsspite their
catalytic power and sequence selectivity, proteinases have som
disadvantages as cleavage reagents. For example, the cleava
at numerous sites obtained with enzymes yields relatively short (8) (a) Fife, T. H.Acc. Chem. Re4993 26, 325. (b) Fife, T. HPerspect.
peptide chaind. Because the substrate proteins usually are Bioinorg. Chem1991, 1, 43. _
denatured before proteolytic digestion, the cleavage pattern often ) éas) 1R§5n?é T(b;\ﬂga“rfaea%esm(?',\ﬂ"zgg;s Ngt"JFAAC;d' Cshc‘;.mu 'Ssﬁggé
reveals little about their structure and function. 113 1859. (c) Rana, T. M.; Meares, C. F. Am. Chem. Sod.99Q

The chemical agents in Wi'd.espread use .for peptide cleavage 10) %;1)28204:1567.61“2 A Cuenoud, B Am. Chem. Sod99q 112 3247
cannot approach the selectivity ar]d activity of enZymeS’. .bUt ( (b) Erma(r:Jora, MR Delfino,’J..M.; Cuenoud, B.; Schepartz, A.; i:ox,
they can potentially be very reactive and useful. Transition R. O.Proc. Natl. Acad. Sci. U.S.A992 89, 6383,
metal complexes are beginning to be applied to hydrolytic (11) Hoyer, D.; Cho, H.; Schultz, P. @. Am. Chem. S0299Q 112, 3249.
cleavage of unactivated amide bordd® Several Co(lll) (12) Young, S. D.; Tamburini, P. G. Am. Chem. S0d.989 111, 1933.
complexes coordinate to peptides and facilitate hydrolysis, but 83 $£hﬁ5’Rme,\’,|§ﬁYGf_;Séae%rgfgﬁﬁfﬂggﬁEaevTalyggf éﬁﬁallg’ﬁﬁfs

Chem. Soc., Chem. Commur®92 1167.

(1) Radzicka, A.; Wolfenden, RI. Am. Chem. Sod996 118 6105. (15) Reddy, K. V.; Jin, S.-J.; Arora, P. K.; Sfeir, D. S.; Maloney, S. C. F;

(2) Croft, L. R.Handbook of Protein Sequence Analy&isd ed.; Wiley: Urbach, F. L.; Sayre L. MJ. Am. Chem. S0d.99Q 112 2332.
Chichester, 1980. (16) Zhu, L.; Qin, L.; Parac, T. N.; KostidN. M. J. Am. Chem. S0d994

(3) Sutton, P. A.; Buckingham, D. A\cc. Chem. Red.987, 20, 357. 116, 8.

(4) Chin, J.Acc. Chem. Red.99], 24, 145 and references therein. (17) Zhu, L.; Kosti¢ N. M. J. Am. Chem. S0d.993 115, 6.

(5) Chin, J.; Banaszczyk, B.; Jubian, B.; Kim, J. H.; Mrejen, K. In  (18) Parac, T. N.; KosticN. M. J. Am. Chem. Sod.996 118 51.
Bioorganic Chemistry FrontiersDugas, H., Ed.; Springer-Verlag: (19) Parac, T. N.; KosticN. M. J. Am. Chem. S0d.996 118 5946.

Berlin, 1991; Vol. 2 and references therein. (20) Zhu, L.; Kosti¢ N. M. Inorg. Chem.1992 31, 3994.
(6) Dixon, N. E.; Sargeson, A. Idinc EnzymesSpiro, T. J., Ed.; John (21) Zhu, L.; Kosti¢ N. M. J. Am. Chem. S0d.993 115, 4566.

Wiley and Sons: New York, 1983; Chapter 7. (22) Korneeva, E. N.; Ovchinnikov, M. V.; KostidN. M. Inorg. Chim.
(7) Suh, JAcc. Chem. Red.992 25, 273 and references therein. Acta 1996 242—-243 1-5.

S0020-1669(97)00461-8 CCC: $15.00 © 1998 American Chemical Society
Published on Web 02/14/1998



1022 Inorganic Chemistry, Vol. 37, No. 5, 1998

£ w7
(C'?HQ)J
S, ,OH,
Hs;C /Pd\
o o]
I H I}
s C—N—C—C—O0OH +HNw~ 1)
(?Hz)z
S. 7
7 Pd
HC "

dipeptides is catalyzed by [Pd(en}B);]?" and [Pd(OH)4)%t.18.19
The BronstedLowry basicity of the imidazole group allows
for breakup of the palladium(ll)-histidine bond by®t ion,
which gives catalytic turnover. Because methionine side chains
cannot be displaced from the coordination sphere by protonation,
catalytic cleavage of methionine-containing peptides is a more
difficult problem. Catalytic hydrolysis of methionine-containing
dipeptides was observed for the first time in the presence of
cis-[Pd(en)(OH),]?, but it is very slow for a large excess of
dipeptide, with a half-life of 8 days for 10 equiv of AcMet-Gly
at pH 1.0 and 40C.2

All the palladium hydrolysis reagents used to date must be
applied in aqueous solution. Unfortunately, this requirement
is incompatible with the cleavage of lipophilic peptides and
proteins, which are insoluble or sparingly soluble in water, for

example, the membrane protein rhodopsin, calsequestrin, the

anion channel of red blood cell membranes, and
glycoproteing4-27 One purpose of the work described here
was to find metal complexes that would cleave these proteins.
During the hydrolysis of methionine-containing dipeptides
the most active mononuclear complexes, [PdfgIA" andcis-
[Pd(en)(OH),]2", form dinuclear active species bridged by
methionine side chain$:1721 An important advantage of
dimerization is the possibility of cooperation between metals,
as was shown for hydrolysis of DNA, RNA, and their models
catalyzed by polynuclear metal complexes and metallo-
enzymegé-33 These considerations suggested to us that poly-

nuclear complexes should be good reagents for peptide hy-

drolysis and prompted the present research.

We chose the thiolate-bridged complex (Mg[Pd(«-SPh)-
Cly], designatedla, for our studie$* An important factor in
this choice of catalyst was that this binuclear complex is
expected to be stable in solution. The bridging thiolate ligands
in 1ashould not be displaced by methionine side chains or other
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effect of the thiolate sulfur atoms should allow for especially
weak and potentially reversible binding of methionine to
palladium(ll). Indeed, we have found that this complex is an
effective catalyst for rapid cleavage of methionine-containing
dipeptides in nonaqueous solvents.

Experimental Procedures

Caution: Perchlorate salts may be shock-senstiand explosie
when dried

Reagents and Solvents.The solvents and NMR spectroscopic
standards CkCl,, diethyl ether, methanol, D, acetoneds, TMS, and
DSS were obtained from Aldrich and used as received. The complexes
(MesN),[Pd(u-SPh)Cls], 1a, and (PRAS)[Pd(u-SPh)Cl,], 1b, were
synthesized from NFPdCL] (Pressure Chemical Co.), PhSSPH (Al-
drich), and (MeN)CI (Aldrich) or (PhAs)CI (Aldrich) by published
procedure$? The salt AgCIQ-H,O was obtained from Aldrich and
used as received. All of the common chemicals were of reagent grade.
The amino acids and peptides Ala, Gly, Leu, Phe, Met-Gly, Met-Ala,
Met-Leu, and Met-Phe were obtained from Sigma. The terminal amino
group of each dipeptide was acetylated by a standard proc&tftire.

Measurements. Routine®H NMR spectra, in acetonds or D,O
solution and with DSS or TMS as an internal reference, were recorded
with Varian VXR 300 and Bruker XL-400 NMR spectrometers.
Temperatures were kept at 40.0, 50.0, or 2£.0.2°C. The COSY
'H NMR spectrum of [Pg(u-SPh)(sol)](ClO.),, where sol is acetone
or H,O, was recorded with the Bruker XL-400 NMR spectrometer using
a field gradient probe with triple-inverse geometry to improve the signal
intensity.

Crystal Structure of (PhsAs),[Pd.(u-SPh)Cl,] (1b). The structure

was solved by Dr. Leonard Thomas of the lowa State Molecular
Structure Laboratory. Red-orange needles of ABR[Pdx(«-SPh)-

Cl,] were grown by slow diffusion of diethyl ether into a concentrated
solution of (PRAS)[Pd(u-SPh}Cls] in CH.Cl,. A crystal of the
compound was mounted on a glass fiber and placed on an Enraf-Nonius
CAD4 diffractometer. The unit cell constants were determined from
25 reflections in the range 5.6 < 14.10 found by a random search

of reciprocal space. The space grdepwas chosen on the basis of
systematic absences and intensity statistics.

The structure was solved by direct methods, with subsequent
refinements, using SHELXTL-Plus and SHELXL-93 on a Digital
Equipment Corporation Microvax 3100 compuiérLorentz, polariza-
tion, and semiempirical absorption corrections were applied, along with
a nonlinear correction based on the decay of the standard reflections.
All nonhydrogen atoms were refined anisotropically. All hydrogen
atoms were refined isotropically in idealized positions.

Removal of CI~ from (Me 4N),[Pd2(u-SPh)Cl4] (1a). The complex
(MesN),[Pdx(u-SPh)Cl4] (20.5 mg, 0.025 mmol) was converted into
[Pdb(u-SPh)(sol)](ClO4). (sol is HO or acetone) by treatment with
an excess of AgCI®H,0 (64.4 mg, 0.286 mmol) in acetonk-971

donor groups in peptides and proteins. In addition, the trans L) in the dark. The palladium complex was initially only sparingly

(23) Chen, X.; Zhu, L.; KosticN. M. J. Biol. Inorg. Chem199§ 3, 1.

(24) Stryer, L.Biochemistry 2nd ed.; Freeman: San Francisco, 1981.

(25) Steck, T. L.J. Supramol. Structl978 8, 311.

(26) Ashwell, G.; Morell, A. G.Trends Biochem. Scl977, 2, 76.

(27) (a) Cone, R. ANature New Biol1972 236, 39. (b) Poo, M.; Cone,
R. A. Nature 1974 247, 438.

(28) (a) Strger, N.; Lipscomb, W. N.; Kabunde, T.; Krebs, Bngew.
Chem., Int. Ed. Engll996 35, 2024 and references therein. (b) &ra
N.; Kabunde, T.; Tucker, P.; Witzel, H.; Krebs, 8ciencel 995 268
1489. (c) Deitrich, M.; Mmstermann, D.; Suerbaum, H.; Witzel H.
Eur. J. Biochem1991 199 105.

(29) Wilcox, D. E.Chem. Re. 1996 96, 2435.

(30) Aquino, M. A,; Lim, J.; Sykes A. GJ. Chem. Soc., Dalton Trans.
1992 2135.

(31) Hough, E.; Hansen, L. K.; Birknes, B.; Jynge, K.; Hansen, S.; Hordvik,
A.; Little, C.; Dodson, E.; Derewenda, Rlature 1989 338 357.

(32) Volbeda, A.; Lahm, A.; Sakiyama, F.; Suck, BMBO J.1991 10,
1607.

(33) Kim, E. E.; Wyckoff, H. W.J. Mol. Biol. 1991, 218, 449.

(34) Boschi, T.; Crociani, B.; Toniolo, L.; Belluco, Uhorg. Chem197Q
9,532,

soluble in acetone but dissolved aft® h of stirring, giving a red-
orange solution. A white precipitate of AgCl was removed by
centrifugation. The resulting solution of [Fd-SPh)(sol)](ClO4). (2)
in DO was stable for a few days at°€, but was prepared shortly
before hydrolysis experiments. BecausgODvas later added in the
hydrolysis reactions? as used was a mixture of the proteated and
deuterated aqua complex. THe NMR chemical shifts, reported for
2 in ppm from TMS, in acetones solution at 25°C are as follows:
8.46 (t), 8.16 (d), 7.53 (m), 7.32 (m), 7.13 (1).

Background Cleavage of AcMet-Ala. An acetoneds/D,O solution
that was 7.14 mM in AcMet-Ala and 50 mM in DClQvas prepared
in an NMR tube. The concentration of,© was approximately 1.0
M. The total volume was 70QL. The tube was kept at 4%C in a
heating block for several weeks. The reaction was monitored periodi-
cally by *H NMR spectroscopy.

(35) Burgeson, I. E.; KostjdN. M. Inorg. Chem.1991, 30, 4299.
(36) (a) SHELXTL-PIlus Siemens Analytical X-ray, Inc.: Madison, WI.
(b) SHELXL-93 Sheldrick, G. MJ. Appl. Crystallogr, in preparation.
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Measurement of Turnover Numbers. In an NMR tube were mixed
112uL of a 100 mM AcMet-X solution (16 equiv, X is Gly, Ala, Val,
Phe) in a 4:1 acetongs and DO mixture, 24.1uL of a 30 mM [Pd-
(4-SPh}(s0l)](ClO4), solution (1 equiv) in acetonds, 56 uL of a 100
mM TMS solution in acetonek, and 6.0uL of a 68% w/v solution of
DCIO, in D;O. The volume was adjusted with acetafigto 800uL,
giving the following final concentrations: 14 mM peptide, 0.88 mM
[Pdb(u-SPh)(sol)y](ClO4)2, 90 mM DCIQ, and 1.5 M BO. The
solution was kept at 50°C, and *H NMR spectra were taken
periodically. The concentrations of AcMet-X and X were determined
on the basis of the intensities of their resonances relative to the TMS
internal standard and the initial concentrations. The reaction was

followed until appearance of the leaving amino acid and disappearance A\ \\
of the dipeptide virtually ceased. \) ~ /C\j\%”‘

Kinetics of Hydrolysis of Dipeptides by [Pd(u-SPh)(solu]- CU3) = Y cIn
(ClOy)2. The following solutions in acetonds, DO, or a mixture of q@%
acetoneds and DO were mixed in an NMR tube: 16&. of a 30 mM N/
Solution 0f2 in aCetOnaﬂe, 49#'. Of a 100 mM SO|Uti0n Of AcMet-X Figure 1. ORTEP representation of the dinuclear anion ofm_
(X'is Gly, Ala, Phe, Val, or Leu) in 1:4 BD and acetones, 49 uL of [Pdx(u-SPhYCl,]. The thermal ellipsoids encompass 50% of the
a 100 mM solution of TMS, and a variable amount of DEI® D0. probability. Selected bond distances (in A): Pd{Pd(2), 3.417;
The volume was adjusted to 700 with acetoneds. The final mixture Pd(1)-S(1), 2.288(2); Pd(1)S(2), 2.290(2); Pd(HCI(1), 2.352(3);
was 7.1 mM in both the complex and the peptide. The concentration Pd(1)-Cl(2), 2.356(2); Pd(2yS(1), 2.292(2); Pd(2)S(2), 2.292(2);
of added DO was 1.2 M. Acquisition ofH NMR spectra began as  Pd(2)-Cl(4), 2.334(2); Pd(2)CI(3), 2.355. Selected bond angles (in
soon as possible after mixing, and-482 scans were taken each time.  deg): S(1)-Pd(1)-S(2), 82.67(9); S(yPd(2)-S(2), 82.63(9); Pd(2)
A typical kinetic plot consisted of 30 points taken overBhalf-lives. S(1)-Pd(1), 96.59(10); Pd(£)S(2)-Pd(2), 96.43(9). Data collection
The concentrations of the dipeptide and of the hydrolysis products were parameters: space groupl; a = 9.924(2) A;b = 13.135(3) A;c =
determined, with an estimated error 6%, from the known initial 22.036(4) Ao, 94.62(3); f, 91.16(3}; 7, 103.66(3); V = 2779.8-
concentrations of dipeptide and from the integrated resonances of the(10) A% R = 0.0696.

leaving group and the TMS internal standard. Because the proton ith deviations from the plane of less that 0.10 A for all the

chemical shift of HDO in acetonds varies with temperature, this atoms. The phenyl rings protrude out of this plane. The
resonance and that of free glycine (a product of AcMet-Gly cleavage) idealiz.ed symmetry of the anion &, '

may overlap at temperatures above°Zh . . L .
Hydrolysis of AcMet-Ala by [PdCl 2. The following DO The bond distances and angles give further insight into the

solutions were mixed in an NMR tube: 1(Q of 100 mM AcMet- properties of [Pg(u-SPh)Cl,]>~. The Pd-Pd distance of 3.42

Ala, 1004L of 100 mM DSS, 10QuL of 100 mM Ko[PtCL], and 400 A is too long for metat-metal bonding. A typical Pd(ItyPd(ll)
uL of D;O. The mixture was kept at 5TC in a probe of an NMR bond is shorter than 3.0 &. Dinuclear complexes with

spectrometer. Acquisition of spectra began as soon as possible aftedistances shorter than that in @PR[Pd(«-SPh}Cl,], such as
mixing, and 48 scans were taken each time. A typical plot consisted [Pdy(St-Bu){ S;CS¢-Bu)} 2] (3.16 A), lack metat-metal bond$8
of about 30 points taken over 5 half-lives. The concentrations of the The S-S distance of 3.02 A also is nonbonding. As Figure 1
reactants and hydrolysis products were determined, with an estimatedshows. the dinuclear complex has a rhombic structure. The
error of £5%, from the known initial concentrations of the dipeptide nearly’identical PdS distances of ca. 2.29 A show that the
and from the integrated resonances of the leaving group and the Dssthiolate ligands bridge symmetrically and confirm the rhombic
Results and Discussion core stru_cture. The PeB and Pe-Cl distances are comparable
. ” ) to those in other palladium(ll) complexes. The complex(Bd

SyntheS|sz_of [Pd(u-SPhYCl4]*". In the published proce- gy),fs,CS¢-Bu)},] has Pd-S distances of 2.31 and 2.3234.
dure, [PdCJ)*" is treated with PhSSPh, and the polymer{Rel The Pd-Cl distances in [P4CsH16NS),Cl,] are 2.37 and 2.36
SPh)Cl;], is formed3* Reaction of PRASCI or MeNCI with A.3The Pd-S—Pd (96.4 to 96.§ and S-Pd—S (82.7 t0 82.9)
the polymer causes fragmentation of the polymer into dinuclear angles inlb also show that the B8, core is a rhombus and
complexes via displacement of the bridging"Gigands, as  not a square. The phenyl rings are fairly close to each other;

shown in eqs 2 and 3. the carbon atoms attached to the sulfur atoms are 4.06(2) A
NeoH apart. Weak electronic stacking interactions are common for
Na;PdCl; + PhSSPh ——— [Pd,Cly(SPh),], @ aromatic rings, and the small tipping of the rings may be a sign
of them.
Ph Bridged dinuclear complexes of palladium(ll) have been
()l cl g ol known for over forty year8® Many of these contain bridging
[Pd,CL(SPh)l, — = C,| Pd Pd 3) halide ligand$® Although complexes with thiolate and thioether
c” s ¢ bridges are less common, some have been prepared. Among
éh these are [Pdedty], [Pdx(CgH16NSHCl,], [Pd(SMey)oCl4], and
[PA(SGsFs)g]2~.39742 The anion oflb is similar to these other
C" is Me.N' (1a) or Ph,As’ (1b) complexes.
Crystal Structure of (PhsAs),[Pd,(u-SPh)Cl4] (1b). The (37) (a) Browall, K. W,; Interrante, L. V.; Kasper, J. 5.Am. Chem. Soc.

: - P 1971, 93, 1. (b) Browall, K. W.; Bursh, T.; Interrante, L. V.; Kasper,
crystal structure of this salt was not reported with the original 3. S.Inofg. Chem 1972 11, 1800.

synthesis. It confirms the proposed structure, which was based(3g) Fackler, J. P., JProg. Inorg. Chem.1976 21, 55.

on elemental analysis and spectroscopic &at&n ORTEP (39) Barrera, H.; Vims, J. M.; Font-Alabata, M.; Solans, Rolyhedron
i ion i in Fi i 1985 4, 2027.

draW|r_1g of th.e anionis S.hOW” In Flgure 1. The anion h"?‘s two (40) Browal, K. W.; Bursh, T.; Interrante, L. V.; Kasper, JISorg. Chem.

palladium(ll) ions, two bridging SPhligands, and four terminal 1972 11, 1800.

Cl~ions. The PgS,Cl, core of the anion is essentially planar, (41) Goodfellow, R. J.; Goggin, P. LJ. Chem. Soc. A967, 1897.
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coupled to two other resonances corresponding toottieo-

and para-protons of the phenyl rings. The resonances at 8.5
and 7.3 ppm were assignedpara-protons on the basis of their
intensities relative to the resonances of thetaprotons. The
other resonances, at 7.5 and 8.1 ppm, are assigned ¢othize

om protons, which are coupled to timeetaprotons.
T Integration of the phenyl resonances shows that the two PhS
/) ] ligands are present in unequal amounts. Thus, they cannot be
2 Lo two symmetry-inequivalent ligands in a single species. Fhe
H;ya » - COSY spectrum therefore shows tRatonsists of two separate
5) U@/g/ i palladium-containing species present in unequal amounts. The
N A ’@ L formation of a mixture is probably the result of substitution of
g, 2 /}bn -7 CI~ by both water and acetone ligands, designated as “sol” in
@ B ' LE%?; o i eq 4 and elsewhere.
Hlm
- Ph 2-
- 7.9 Y
, - Do Spg” AgCIO,H,0
2 B i c” s ¢ acetone
H . A
ao Ph
5;‘ 5 2.4
Hep i Ph 2+
L v
IR sol ,S_ ,sol
_ _ . . ' PANUAN + 4AgCls) @
8.5 8.0 7.5 7.0 ppm sol ? sal
Figure 2. COSY *H NMR spectrum of the PhSligands of [Pd(u- Ph
SPh)(sol)](ClO4)., designate@, in acetoneds solution. Symbols H, )

Ham and H,p represenbrtho-, meta, and para-protons in the first

ligand (a), whereas 3}, Hom and H,, represent these protons in the
second ligand (b). Although the 10 equiv of kD contributed by AgCI@H,O

are sufficient by amount for complete aquation Id, the

Unlike many palladium(ll) complexes that contain terminal solvent, acetone, is much more abundant. Acetone and even
ligands such as thiolate, thioether, phosphine, and affirie, poorer ligands can coordinate to metals in the presence of
the complex1b has relatively stable bridging ligands and noncompeting anions, for example GiCor OTek™.%% In the
relatively labile terminal ligands. This combination of structural presence of water, however, competition for terminal sites on
integrity and ability to bind relatively nucleophillic amino acid the palladium(Il) atoms yields mixed species,JReSPh}(sol)]-
side chains is well suited to hydrolysis reactions. Indeed, the (ClIO4)2, in which solvent is both water and acetone. These
complex is an effective catalyst for peptide hydrolysis, as is mixed-ligand complexes, designatédgive the complicated
discussed below. NMR spectrum that nevertheless proved informative.

Solvolysis of [Pd(u-SPh)Cl,]2~. Reaction of (MgN),[Pch(u- An alternative explanation for the formation of a mixture
SPh)Cly] (1a) with excess AgCI@QH.O results in displacement ~ would be the incomplete removal of Cligands from complex
of the CI ions by solvent molecules, as eq 4 shows. During 1a To check this possibility, (M@N)2[Pdx(u-SPh}Cls] was
the course of the reaction, a large amount of white solid, AgCl, treated for long times with large excesses of AgEHRO.
precipitates from solution. The low solubility of AgCl in  Neither the time nor the excess changed the products, as judged
acetone presumably aids this reaction. Because the solvolyzedy the NMR spectra. Evidently, the complexzsontain only
species could not, despite numerous attempts, be isolated in soligolvent molecules, and not Clons, as terminal ligands.
state, it was characterized in situ by NMR spectroscopy. The Attachment of the Peptides to the Palladium(ll) Atoms
IH NMR spectrum of the produ@ has many resonances for N equimolar mixtures of2 and dipeptide, the substitution
the phenyl protons of the Phdigands. Comparison of thi reaction is complete after12 min, the minimum time in which
NMR spectrum o with those of PhSH and PhShowed that the reactants can be mixed and NMR experiment started. After
neither form of the free ligand was present in acetone solution. this short time, théH resonance at 2.05 ppm for the €34group
A H COSY spectrum, Figure 2, was used to assign the phenyl of free methionine is no longer observed, but peptide cleavage
resonances in the 7-@.5 ppm region to two different PhS has not occurred to a detectable extent. Instead, a series of
ligands. The resonances at ca. 7.5 and 7.0 ppm were assigneesonances in the region 2:20.80 ppm, belonging to these
to metaprotons on two separate phenyl rings, a and b, methyl protons, is seen for the dipeptides AcMet-X, in which
respectively. Cross-peaks showed that these protons are eacl is Gly, Ala, Leu, Val, or Phe. This downfield shift is typical

of coordination to palladium(ll). For example, after reaction

(42) (a) Chatt, J.; Venanzi, L. Ml. Chem. Socl955 2787. (b) Chatt, J.;  With [Pd(OH)4]**, the CHS resonances for AcMet-Gly occur

Venanzi, L. M.J. Chem. Socl957, 2351. at 2.26-2.41 ppm?°
(43) (a) Beck, W.; Stetter, K. H.; Tadros, S.; Schwarzhans, KClem. Although it was not possible to isolate the adduct® efith

E?rft%%slg%ﬁgﬁégifgeg;('lvc\)l& ggglsr?ammer, W.P.; Stretter, K- pentides, they were characterized in solution %Y NMR
(44) Nyholm, R. S.; Skinner, J. F.; Stiddard, M. H. B.Chem. Soc. A
1968 38. (46) (a) Strauss, S. HChemtracts1994 6, 1. (b) Strauss, S. HChem.

(45) Fenn, R. H.; Segrott, G. R. Chem. Soc. A97Q 3197. Rev. 1993 93, 927.




Hydrolysis of Methionine-Containing Dipeptides

spectroscopy. The aromatic resonances of the Higands
broaden after reaction @with the dipeptide, but the positions

Inorganic Chemistry, Vol. 37, No. 5, 1998025

Table 1. Monitoring by 'H NMR Spectroscopy of Hydrolysis of
N-Acetylated Dipeptides Dissolved in a 100 mM Solution of D&IO

of these resonances are unchanged. This broadening suggest& Acetoneds

that more than one palladium-containing species are present after

the dipeptide addition. No resonances for free PbEPhSH

were observed, indicating that the bridging ligand is not released. substrate

Most of the peptide resonances, those of ¢h€H and side-

chain groups in the C-terminal amino acid, are also broadened acpet-aAla

upon coordination to the palladium(ll) catalyst. For each
coordinated dipeptide, several resonances belonging to th
methionine SChHlgroups occur in the region 2£2.9 ppm. For

example, these resonances in coordinated AcMet-Ala were

d, in ppm for the

resonance substrate
monitored free boundto Pd(ll) product), ppm
AcMet-Gly GlyCH, 3.95 a Gly 3.92
AlaCH; 1.41 1.45 Ala 1.72
AcMet-Val ValCH; 0.95 0.99 Val 1.16
eAcMet-Leu LeuCH 0.94 0.95 Leu 1.13
AcMet-Phe PheCH  4.56 a Phe 4.68

2 The resonance was too broad for the peak position to be accurately

observed at 2.5, 2.7, 2.8, and 2.9 ppm, and those for coordinatedietermined® Overlap of the Gly and HDO resonances at temperatures

AcMet-Leu were found at 2.5, 2.7, and 2.8 ppm.

The chemical shifts of the methionine @H groups in
palladium(ll) complexes are 2.2(2.40 ppm for terminal and
2.50-2.90 ppm for bridging coordination. Studies in this
laboratory have found the following chemical shifts (in ppm)
for other adducts of methionine with promoters of hydrolysis:
cis-[Pd(en)(H0),]%t, 2.37 (terminal) and 2.50 (bridging); and
cis-[Pd(dtco)(H0);]2t, 2.37 (terminal) and 2.50 (bridging).
The chemical shifts of the new SGhhethionine resonances
observed in this study are consistent with the presence o
bridging methionine ligands.

Because the thioether group is a weaker donor than thiolate
group, the methionine side chain of the dipeptides cannot

displace the bridging PhsSligand; it displaces the terminal
solvent ligands ir2, which are labile. The methionine thioether
groups possibly bridge between dinuclear units, giving a
tetranuclear active form of the catalyst.

Cleavage of Peptides by Palladium(ll) Complexes Hy-
drolysis of AcMet-Ala in the presence of 50 mM DCJ@ an
acetoneds/D,O solution but in the absence of palladium(ll)

reagents was 10% complete after 140 h. The rate constant wa:

estimated from initial rates to be about2107° min~%. The
corresponding half-life is ca. 30 days.
After they bind to2, the dipeptides AcMet-X, in which X is

Gly, Val, Ala, Leu, or Phe, are hydrolyzed in acetone solution,

as eq 5 shows. The products of these reactions are AcMet an

Ph CH
|
\Pd/s\ d/S_((\:HQ)2
/NN GHv ’
A Hf;l/\\
P b
R™ ~c—oH
Il
0
Ph oy
y C
AN /S\ /S_(9H2)2 ?
Pd P CHw + C. _NH, ®
NN HO" e
ST

Ris H, CHs, CH,Ph, CH(CHs),

above 25°C may complicate monitoring of this reaction.

of peptides and AgCl@during the short time required for
hydrolysis in the presence of the compx Thus the Ag ion
is not considered a participant in the reaction.

The course of a typical reaction, the cleavage of AcMet-Ala
at 50°C, is shown in Figure 3. The very broad resonance at ca.
1.45 ppm for the alanyl Cigroup in the coordinated AcMet-
Ala disappears, and a sharp doublet for free Ala, due to the

fcoupling toa-H, appears at 1.72 ppm. Because initial bonding
of the dipeptide t@ is rapid, the disappearance and appearance
follow first-order kinetics, as shown in Figure 4. Reactions with
other peptides proceed in a similar manner and were also
followed by monitoring the!H NMR resonances of the side
chain or theo-CH group in the leaving amino acid. Because
of the extensive broadening upon bonding 2Zothe a-CH
resonances of bound AcMet-Gly and AcMet-Phe were too weak
for accurate integration, and only the appearance of glycine or
phenylalanine was followed.

In all cases only the amide bond between the amino acids is
ydrolyzed, not the amide bond to the acetyl group. If the latter
ad been hydrolyzed, acetic acid would have been formed. In

none of the spectra was acetic acid detected. Regioselectivity
is an important feature of hydrolysis lnjs-[Pd(en)(OH)2]%"

and [Pd(OH)4)2".16-21 For example, [Pd(Ok)4]2" was shown

40 cleave only the Met-Ala bond of the sarcosine-containing
ripeptide AcMet-Ala-Saf%2% This regioselectivity is critical

for the application of palladium(ll) reagents to the selective
hydrolysis of proteins with multiple methionine residdé&s?

Catalytic Turnover. Each equivalent o2 cleaves several
equivalents of dipeptide in acetone solution, as shown in Table
2. Inthe test for catalytic turnove2,was allowed to react with
16 equiv of dipeptide. Even with the relatively small amount
of catalyst, the reaction was still relatively fast. Cleavage of
6—8 equiv of AcMet-Ala occurred within 24 h, and for the other
dipeptides reactions were complete within several days. In 100
mM DCIO, at 50°C, turnover numbers vary from 6.4 in the
case of AcMet-Phe to 13.9 in the case of AcMet-Gly.

Catalytic hydrolysis of peptides by a metal complex has been
observed in only two other instances. The complex[Pd-
(en)(OHy)2)?t cleaves the peptide bonds in AcHis-X, in which
Xis Gly, Ala, Ser, Leu, and 11é31°and in AcMet-Gly?® The
AcMet-Gly is cleaved with a half-life of 8 days at 4C when

the leaving amino acid X. These reactions were monitored by the mole ration of it to the mononuclear catalyst is 1. 1To
following the appearance of the leaving amino acid and the our knowledge, the compleXis the most reactive nonenzymatic

disappearance of the dipeptide Hy NMR spectroscopy; see

catalyst for the hydrolysis of peptides. This is only the second

Table 1. Because the chemical shifts depend slightly on the example of catalytic cleavage of a methionine-containing

solvent (acetonés or D,O), the assignments were checked by

dipeptide. The turnover numbers wighare larger than those

spiking the solutions with authentic samples of the amino acid obtained with mononuclear complexgg?.23

at the end of the reaction. Excess AggI® present from the
preparation of the compleX However, no significant cleavage
was observed in a control experiment with an acetysslution

The relatively high reactivity o can be explained in terms
of the trans effect of the bridging Ph3igands, which render
the aqua ligands trans to them more labile than are those in
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Figure 3. Proton NMR spectra of the reaction mixture of AcMet-Ala and[Re€5SPh)(sol)](ClO4)., in which sol is BO or (CD;),CO, 2, dissolved

in acetoneds at 50 °C. The initial concentrations of the reactants were as follows: 100 mM RGIQ mM AcMet-Ala, and 7.1 mM [Pdu-
SPh)(sol)](ClO4)2. The alanine Chiresonances in bound AcMet-Ala (1.45 ppm) and free alanine (1.72 ppm) are shown. As the dipeptide is
consumed, free alanine is produced. The time interval between successive spectra is 2.0 min.

8.0 o dipeptide?® In 2, where coordination of the AcMet product is
A ] labilized by the thiolates, this product is more readily displaced
5 70+ L by the substrate, AcMet-X.
% 1 ® The number of equivalents of dipeptide hydrolyzed by each
6.0 9 equivalent of2 can be roughly correlated to the calculated
8‘ 5.0 volume*’ of the a-CHR fragment of the leaving amino acid. In
- o general, the turnover is better for sterically undemanding leaving
S 404 amino acids such as glycine and alanine than for bulky ones
= 1 such as phenylalanine and leucine. This variation may be
v 304 caused by the differences in the rates of reaction for various
g ] dipeptides, which, as discussed later, also depend-GiiR
LU 20 in the leaving amino acid. To eliminate the possibility that slow
i 1 reactions simply were incomplete, each reaction was run until
< 1.0 7 hydrolysis became so slow that it practically ceased. We suggest
i N that the steric bulk of a large leaving group hinders bonding of

the dipeptide to the palladium(ll) catalyst and makes displace-
ment of the AcMet product difficult. Thus the differences in
time, min turnover number should depend on the ability of the incoming
dipeptide AcMet-X to displace the product AcMet.

5 10 15 20 25 30 35

Figure 4. Plot of the alanine concentration versus time for the cleavage

of AcMet-Ala by [Pd(u-SPh)(sol)](ClOs)z, in which sol is BO or Rate of Hydrolysis. The hydrolysis reactions in equimolar
(CD3)2CO, 2, dissolved in a 100 mM solution of DCIOn acetoneds mixtures of 2 and dipeptides were followed bjH NMR
at 50°C. spectroscopy. Because the width of the resonances for the
Table 2. Turnover Numbers for the Hydrolysis of the N-Acetylated b]?tlf,]ndl dlpgptlde preclu.((:ijed acfgtljtralfg I,: tegratll(qn, tt.he appezrance
Dipeptides by 1 Equiv of [Pdu-SPh(sol)](CIO.)s, Dissolved in a of the leaving amino acid was fit to first-order kinetics according
100 MM Solution of DCIQ in Acetoneds to eq 6,
_ a-CHR time, no. of equiv . (1—kopd)

substrate  Rim-CHR volume, 82 T,°C  h cleaved X] =[X]., € (6)
AcMet-Gly H 18 50 18 13.9
AcMet-Ala CHs 38 50 48 10.9 in which t is time, kos is the rate constant, [X] is the
AcMet-Ala  CHg 38 40 24 8.6 concentration of the leaving amino acid at titpend [X}. is
AcMet-Val  (CH,).CH 76 50 66 5.9 the concentration of the leaving amino acid at the end of the
AcMet-Phe  GHsCH, 106 50 65 6.4 reaction. Failed attempts to fit the data to the kinetics of higher

2 From ref 47. order justified the fitting to eq 6. Dependencekgfs on the
concentration o is under investigation.

cis-[Pd(en)(OH)z]#*. That hydrolysis of 10 equiv of AcMet- As Table 3 shows, the hydrolysis reactions of AcMet-X, in

Gly by cis-[Pd(en)(OH)z]*" is 3000 times slowerkgps= 6 x which X is Gly, Ala, Leu, or Phe, are relatively fast. These
1075 min~1) than hydrolysis of 1 equiv is reasonable if the slow
step is displacement of the AcMet product by the incoming (47) Richards, F. WJ. Mol. Biol. 1974 82, 1.
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Table 3. Rate Constants for Hydrolysis of the N-Acetylated HaCq  (Met-X
Dipeptides by [Pglu-SPh)(sol)](ClO4), Dissolved in a 100 mM H,0 S’ OH,
Solution of DCIQ in Acetoneds, at Various Temperatures \Pd/ i

o-CHR H20/ \‘_s/ \OH2

volume, T, HoCY ‘Met»X
dipeptide Rina-CHR  A3a °C Kops Min—1 3
AcMet-Gly H 18 40 0.043t0.010
AcMet-Ala CH; 38 27 0.020k 0.005 in pure (55 M) QO solution, both at 50C. Because water
AcMet-Ala Chg 38 40 0.052+0.01 and acetone are more labile ligands than chloride2dsmore
AcMet-Ala - Ch 88 50 0.11+0.05 reactive than [PdG)?~ in forming dinuclear complexes with
AcMet-Val (CHs).CH 76 40 (6.5x 1073) £ (1 x 1079 = . L9 . .
AcMet-Leu (CH),CHCH, 94 40 0.016+0.001 methlonlng as thelthloether br|dg|.ng I|gand: This consujerable
AcMet-Phe GHs-CH, 106 40 (9.0x 1073 &+ (6 x 107%) difference in rates is yet another piece of evidence that dinuclear

species are more effective than mononuclear complexes in

* From ref 47. promoting peptide hydrolysis.

Table 4. Rate Constants for Hydrolysis of the N-Acetylated Various hydrolytic enzymes for the cleavage of polynucle-
Dipeptides AcMet-Gly and AcMet-Ala by Three Palladium(ll) otides contain multiple metal atoms at their active sifes.
Complexes Bacillus cereuphospholipase QRenicillium citriniumnuclease
leaving T, P1, andEscherichia colialkaline phosphatase contain poly-
complex group °C  pH  Kobs mMin~t ref nuclear complexes of zinc(ll), of zinc(Il), and of zinc(ll) and
[Pd(H0)42* Ala 40 1.05 2.8<102 21 magnesium(ll), respectiveR. Dinuclear model complexes are
[Pd(HO)4)%* Ala 50 1.05 7.7x102 21 more effective than mononuclear ones in enhancing the rate of
cis[Pd(en)(OH);]**  Ala 40 1.00 1.4x102% 21 phosphate ester hydroly$®. Leucine aminopeptidase and
[PdCL)> Gly 40 114 51x10* 20 methionine aminopeptidase have dinuclear active sites, and both

- 2+ 3 i A L. . N '
[Pcb(u-SPhi(sol)] Ala 50 1.02 41107 thiswork metal ions seem to participate in substrate binding and

. . . 128,49-51 i i i i i
rates should make the dinuclear reagent particularly convenientCatalysis> 4>t While one metal ion binds the terminal amino
for hydrolysis of peptides and proteins, cutting in half the 9TOUP; activates the nucleophile, and stabilizes the transition

reaction times required focis[Pd(en)(OH);]2* and [Pd- state, the other one polarizes the carbonyl group and also helps
(OH,)4]2*. This may be a relatively small kinetic effect, but it to activate the nucleophile and stabilize the transition $ffte.

is a considerable improvement from the practical point of view. ~ Metal cations in hydrolytic enzymes can play several
Kinetic studies show that the catalyst promotes hydrolysis r°|e5-28'29’_53 They enhance the acidity of aqua ligands so that
over a broad range of temperatures and that the reaction ratd'ydroxo ligands, which are more nucleophilic, become available
increases with temperature. The half-life of hydrolysis of &t Physiological pH values. Metal cations act as Lewis acids,
AcMet-Ala is 35, 13, and 5 min at room temperature, °@) binding the substra_lt_e and actlvat_lng it tovyard nucleophillic
and 50°C, respectively. Peptides in acetone solution can be attack, or they stabilize the emerging negative charge, usually
cleaved overnight at near room temperature. The complex On Oxygen atoms. A single metal cation is often incapable of
accelerates the reaction by roughly a factor of 5P over the promoting all of these interactions, and additional cations are
so-called background reaction at room temperature and pH 7.neéeded. Polynuclear catalysis has been well documented in
The effect of the volume of the-CHR group on the rate of ~ cléavage of nucleic acids and other phosphate e@té‘i'sS]mllar
hydrolysis catalyzed by is shown in Table 3. The linear studies with proteins and other amides are only beginffif).

. o
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3, shown below2021 In the case of [Pd(en)(O]**, the (%) B0 805 i St o el 3. p L. () Simith,
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