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This study shows, for the first time, the advantages of combining two transition-metal complexes as selective
proteolytic reagents. In this procedure, cis-[Pt(en)(H20),]?* is followed by [Pd(H,0)4J?*. In the peptide AcAla-Lys-
Tyr-Gly-Gly-Met-Ala-Ala-Arg-Ala, the Pt(Il) reagent cleaves the Met6-Ala7 peptide bond, whereas the Pd(ll) reagent
cleaves the Gly4-Gly5 bond. In the peptide AcVal-Lys-Gly-Gly-His-Ala-Lys-Tyr-Gly-Gly-Met-Ala-Ala-Arg-Ala, the Pt-
(1) reagent cleaves the Met11-Alal2 peptide bond, whereas the Pd(ll) reagent cleaves the Gly3-Gly4 bond. All
cleavage reactions are regioselective and complete at pH 2.0 and 60 °C. Each metal ion binds to an anchoring
side chain and then, as a Lewis acid, activates a proximal peptide bond toward hydrolysis by the solvent water.
The selectivity in cleavage is a consequence of the selectivity in this initial anchoring. Both Pt(Il) and Pd(ll) reagents
bind to the methionine side chain, whereas only the Pd(ll) reagent hinds to the histidine side chain under the
reaction conditions. Consequently, only methionine residues direct the cleavage by the Pt(ll) reagent, whereas
both methionine and histidine residues direct the cleavage by the Pd(ll) reagent. The Pt(ll) reagent cleaves the first
bond downstream from the anchor, i.e., the Met-Z bond. The Pd(ll) reagent cleaves the second bond upstream
from the anchor, i.e., the X=Y bond in the X-Y-Met-Z and in the X-Y-His-Z segments. The diethylenetriamine
complex [Pt(dien)(H,0)]?* cannot promote cleavage. Its prior binding to the Met11 residue in the second peptide
prevents the Pd(ll) reagents from binding to Met11 and cleaving the Gly9-Gly10 bond and directs the cleavage by
the Pd(ll) reagent exclusively at the Gly3-Gly4 bond. Our new method was tested on equine myoglobin, which
contains 2 methionine residues and 11 histidine residues. The complete methionine-directed cleavage of the Met55-
Lys56 and Met131-Thr132 bonds by the Pt(Il) reagent produced three fragments, suitable for various biochemical
applications because they are relatively long and contain amino and carboxylic terminal groups. The deliberately
incomplete histidine-directed cleavage of the long fragments 1---55 and 56---131 at many sites by the Pd(ll)
reagent produced numerous short fragments, suitable for protein identification by mass spectrometry. The ability
of combined Pt(Il) and Pd(ll) complexes to cleave proteins with explicable and adjustable selectivity and with good
yields bodes well for their greater use in biochemical and bioanalytical practice.

Introduction teomics requires selective digestion of the expressed proteins

Hydrolytic cleavage of proteins is an important and widely Nt@ fragments suitable for quick and unambiguous mass-
used biochemical procedure. Besides the familiar use for SPECtrometric detectich.Protein semisynthesis involves

protein sequencing, proteolytic cleavage with variable and sel_ective hydrolysis qf natu_ral protei_ns into Iarge frag_ments,
controllable selectivity is necessary also for several new Which are then chemically ligated with synthetic peptides to
bioanalytical and bioengineering applications. For example, °Ptain the desired modified proteii®roduction of bioengi-

protein footprinting and studies of protein folding employ neeret_j fu3|on_ protelns_ requires the highest level of proteol_ytlc
limited and relatively nonselective proteolysis of solvent- selectivity: site-specific cleavage that removes the fusion

exposed segments to provide structural informatieno-  t@d from the protein of interest.
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Combining Pt(ll) and Pd(Il) Complexes for Cleaage

A small number of enzymes and synthetic reagents arereports of regioselective cleavage of proteins. To our
available for selective proteolysis. Many proteolytic enzymes knowledge, combined use of different metal complexes
are known, but only few of them are commonly used. Most acting with different selectivity has not yet been reported.
of these common proteases are residue-specific, and their Complexes of palladium(ll) and of platinum(ll), two
selectivity can be adjusted by varying the time of the chemically similar transition-metal ions, are new reagents
digestion and the degree of prior unfolding of the substrate for selective, hydrolytic cleavage of peptides and pro-
protein. Despite their catalytic superiority, proteases are teins??2527 Palladium(ll) complexes cleave His-aa and Met-
sometimes inadequate. They tend to produce short fragmentsa bonds inN-acetylated dipeptides of the type AcHis-aa
unsuitable for bioanalytical applications, and they are pro- and AcMet-aa, in which aa represents various amino &2ids.
teinaceous contaminants of the protein digests that theyThese studies were very useful in explaining the reaction
create. mechanism, but they do not explain the regioselectivity in

The existing chemical reagents are less effective than thethe cleavage of proteins and longer peptides, in which the
enzymes because they often require harsh conditions and higliPd(1l) ion can interact with the backbone on the amino side,
molar excess and often give only partial selectivity and as well as on the carboxy side, of the anchoring side chain.
relatively low yields® For example, cyanogen bromide, a The present study deals with longer peptides and a protein,
commonly used methionine-selective cleaver, has severalsubstrates with which our reagents display their true regio-
shortcomings. It is volatile and toxic, is applied in up to a selectivity?
100-fold excess over the methionine residues in the substrate, The most effective reagents are [Pe@)]?" andcis{Pt-
requires 70% formic acid as the solvent, causes various side{en)(H0),]?", whose structures are shown. These metal
reactions, and irreversibly converts the methionine residues
to serine lactone.

Emerging biochemical applications would benefit from a
broader choice of chemical reagents for protein cleavage,
reagents having improved efficiency and selectivity. Hydro-
lytic cleavage, which leaves the protein fragments pristine,
is preferred over oxidative cleavage, which causes irrevers-complexes surprisingly differ in selectivity, as Chart 1 shows.
ible chemical modifications of the fragments. Finding such The cleavage by [Pd(®),]%" in weakly acidic aqueous
reagents is a formidable task because the amide bond insolutions consistently occurs at the X-Y bond in the sequence
peptides and proteins is extremely unreactive toward hy- segments X-Y-His-Z and X-Y-Met-Z, in which X, Y, and Z
drolysis. Under standard conditions (room temperature andcan be any noncoordinating residues. Histidine and methion-
pH 4-8), the half-life for nonselective hydrolysis of a simple ine residues bind the Pd(ll) reagent and direct its action. As
peptide is 506-1000 year$:® Controlled and selective  the pH of the solution is raised from mildly acidic to neutral,
cleavage, an even more formidable task, requires a chemicathis Pd(l1)-promoted selective cleavage becomes specific to
reagent that can selectively bind to certain residues andX-Pro-His-Z and X-Pro-Met-Z segments, i.e., those in which
promote selective cleavage of a peptide bond near the bindingy is a prolyl residue® In nonaqueous solutions, Pd(ll)
sites. Relatively mild conditions, equimolar amount or small reagents act with a different (but explainable) selectivity and
molar excess over the substrate, and easy removal of thegromote tryptophan-directed cleavage of amide bahés,
reagent after cleavage are desirable features. a reaction potentially useful for cleavage of lipophilic

Some transition-metal complexes are emerging as newproteins.
chemical proteasés?? The mechanisms of their action on
small substrates have been review&##;?*but there are few

OH, NH,

| 2
H,0—Pd—OH,

2+
H,N—P{——OH,
Hy H,

[Pd(H,0)4]* cis-[Pt(en)(Hz0)]**
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Chart 1. Different Cleavage Selectivity of Pd(Il) and Pt(Il) Complexes, Which Form Different Hydrolytically Active Complexes with the Substrate
and Therefore Promote Hydrolytic Cleavage of Different Peptide Bonds.

[Pd(H,0)]** cis-{Pt(en)(H;0),I*"
X Ao X
-X+Y-Met-Z- —XrY-His-Z- —X-Y-Met+Z—
[0} R (] R, 0 R,
o 2 H RO H 0 H
R New y NJ\’(N“”“ Ry /‘\WNW
o o o s Gl
HN | o) | HN P(|i o] HN H o)
H —Pd—S$ —Pd—N H
N 5 | \ N‘“N\V/EO | l\\\ MN\’/LO |
R N S—Pt—NH;
Ry x Ry / ,\)
HoN
The Cleavage of peptides and proteins d:]'y-[Pt(en)- Chart 2. Possible Interactions between Anchored Pt(ll) or Pd(ll) lon

. -~ . (designated M) and a Proximate Amide Graup
(H20);]?" in weakly acidic agueous solutions occurs at the

Met-Z bond?” We investigated the coordination of histidine- 0t ° M\o, © :0t

containing and methionine-containing oligopeptides to both RJL _R J.Q _R )J\ R

Pd(Il) and Pt(ll) reagents and the dependence of the cleavage “I‘ R N '?/‘ N

rates on solution pH. For both reagents, we identified the M HZO* M—OH,
hydrolytically active comple>§e§, shovyn ir? Chart 1, and no cleavage cleavage by cleavage by

realized that the weakly acidic solution is necessary to external attack internal delivery
suppress their conversion to inactive complex{esy. aFor clarity, the anchoring is not shown. (a) Binding to the nitrogen

Under the reaction conditions, only the side chains of atom requires deprotonation of the NH group and results in the inhibition
histidine. methionine. and free (réduced) cvstei bi dof the hydrolytic cleavage. (b) Binding to the oxygen atom enhances the
' ; ySteIine can biNd ejectrophilicity of the carbon atom and activates the amide group toward
to Pd(ll) ion, and only the last two to Pt(ll) ic#:3! hydrolytic cleavage by solvent water. (c) Close approach by the metal ion
: : : : - aids delivery of its aqua ligand to the carbon atom and thus promotes
Fortu_nately, cysteine residues usgally exist as dlsuIﬂQe, @ ydrolytic cleavage of the amide bond.
functional group unknown to coordinate to these metal ions. _ _
Coordinating residues as X, Y, and Z would likely prevent bond?**:%The anchored metal ion can conceivably promote
the formation of the hydrolytically active complexes in Chart cleavage of a proximal amide group even without binding
1, thus inhibiting hydrolysis. The patterns of cleavage stated t0 it (Chart 2c). In this case, the anchored metal ion can
in the preceding two paragraphs were consistently obtainedconceivably deliver its aqua ligand to the scissile peptide
with natural peptides and proteins containing “isolated” bond. Both mechanisms b and ¢ in Chart 2 can explain the
anchors and various noncoordinating X, Y, and Z residues: hydrolytic activity of Pd(ll) and Pt(ll) reagents in acidic
aromatic and aliphatic, polar and nonpolar, charged and solution, but these two mechanisms cannot be distinguished
neutral2s-28 by purely kinetic method$We recently gave multiple, albeit
Because the amide group is a poor ligand for transition- indirect, evidence for the external attack, as in Chart®2b.
metal ions in aqueous solution, this group in peptides and The selectivity of cleavage, the subject of this study, is
proteins interacts only with the metal ion that is already determined by the stereochemistry of coordination and can
anchored to a side chain or to the terminal amino group. e understood regardless of the actual mechanism of the
The anchored metal ion containing at least one accessiblghydrolytic step. Two conditions must be fulfilled for the
coordination site (weakly held by an aqua ligand) can interact activation of an .amlde group toward.cleavage. First, the
with the amide group in different ways, as shown simplisti- anchored metal ion must approach this group. Second, the
cally (without the anchor) in Chart 2. This interaction can Metal ion must retain at least one aqua ligand after anchoring.
either inhibit or promote hydrolytic cleavage. The anchored This loosely bound ligand can be either displaced by the
metal ion can deprotonate the amide NH group and bind thecarbonyl oxygen atom (in external attack) or delivered to
nitrogen atom of the resulting amidate group (Chart?2@)3 the carbonyl carbon atom (in internal delivef§§*32If either
The coordination of the amidate anion strengthens thélC ~ condition is absent, cleavage does not octur.
bond, protects the amide carbon from nucleophilic attack, ~In the present study, we use peptide substrates to dem-
and thus inhibits hydrolysis of this peptide bond. The onstrate for the first time that Pd(ll) and Pt(ll) reagents can
anchored metal ion can also bind to the oxygen atom in the P& used together, to obtain various cleavage patterns. These
amide group (Chart 2b). This binding enhances the electro-tWO reagents can act successively on the same anchor, or
philicity of the amide carbon atom, stabilizes the tetrahedral

intermediate formed in the nucleophilic attack by an external NHa

water molecule, and thus promotes cleavage of this peptide HN—ptE"—OH2

(30) Kaminskaia, N. V.; KosticN. M. Inorg. Chem.2001, 40, 2368— NH,
2377.

(31) Sigel, H.; Martin, R. BChem. Re. 1982 82, 385-426. »

(32) Martin, R. B.Met. lons Biol. Syst2001, 38, 1-23. [Pt(dien)(H20)°*
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Combining Pt(ll) and Pd(Il) Complexes for Cleaage

they can be selectively delivered to different anchors. We HPLC Separations. The components of the digests were
also introduce the complex [Pt(dienx@b]%, in which dien separated by a Hewlett-Packard 1100 HPLC system containing an
is diethylenetriamine. This complex, shown above, can bind autosampler and a multiwavelength detector set to 215, 270, and
to methionine side chain, but it loses the only aqua ligand 410 nm. Absorption at 215 nm is common to all peptides and
in this process and therefore cannot cleave the polypeptidePr°eins. absorption at 270 nm is due to aromatic residues and the
backbone. Instead, the bound Pt(d#énjroup prevents bound Pt(Il) ion, and absorption at 410 nm is diagnostic of heme.

S L In the reverse-phase separations, an analytical Supelco discovery
binding of the Pd(ll) reagent and inhibits the cleavage C-18 column (sized 250 mmx 4.6 mm, beads of wm) and a

Qirected by the blocked methionine residue. Thg sellectiv.ity preparative Vydac C-18 column 218TP101522 (sized 250 m
in cleavage is a consequence of the selectivity in prior 22 mm, beads of 1@m) were used in the experiments involving
coordination. Because both histidine and methionine residuespeptides; an analytical Vydac C-5 column 214TP54 (sized 150 mm
bind to the Pd(Il) reagent, both of them direct the Pd(ll)- x 4.6 mm, beads of &m) and a preparative Discovery bio wide
promoted cleavage. Because only methionine residue bindspore C-5 (sized 250 mmx 21.2 mm, beads of 10m) were used
to the Pt(ll) reagent under the reaction conditions, only inthe experiment_s involving myoglobin. The eluting solventAwas
methionine directs the Pt(Il)-promoted cleavage. The selec-0-10% (v/v) TFA in HO, and solvent B was 0.08% (v/v) TFA in
tivity of cleavage is a consequence of the modes of anchoringaceton'””e' In a typical run, the percentage of solvent B in the
of the reagents to the reactive segments. Only upon thiseluent was kept at 0.0% for 5 min after the injection of the sample
anchoring can the Pd(ll) and Pt(ll) reagent approach the and then raised gradually to 45.0% over a 35-min period. The flow
. - . . . rate was 1.0 mL/min in the analytical runs and 10.0 mL/min in the
scissile peptide bond and activate it toward hydrolysis. We

. . R preparative runs. The Superdex peptide HR 10/30 column, with
also demonstrate two bioanalytical applications of our New qtima| separation range from 1.0 to 7.0 kD, was used in the size-

reagents. We useis{Pt(en)(HO),]*" and [Pd(HO)4*" in exclusion separations. The solvent was 0.10% (v/v) TFA i@ H
succession to cleave myoglobin, a protein containing 2 and the flow rate was 0.50 mL/min.

methionine residues and 11 histidine residues. Cleavage by Mass Spectrometry.The MALDI-TOF experiments were done
cis-[Pt(en)(H0),]?" is suitable for biochemical applications  with a Bruker Proflex instrument. The samples containing intact
that require large fragments. The fragments can be easilypeptide, the reaction mixture of the peptide and the Pd(ll) or Pt(ll)
separated, and they remain pristine, i.e., unmodified. Furthercomplexes, and s_eparate fractions isolated by HPLC were prepared
cleavage of these fragments by [Pe@)]?" is suitable for by a standard dried-droplet procedure: AlOof the sample was

the identification of the original protein because it yields Mxed with 9.0ul of a saturated solution of the matrir-{cyano-

many small fragments, easily detectable by mass SpeCtrom_4-hydroxycmnam|c acid) in a 2:1 (v/v) mixture of water and

o ; tonitrile. Each t isted of 100 . For the sake of
etry. The ability of combined Pt(ll) and Pd(ll) complexes to aceoniiTie, Each SpecTum consisiec o Scans. ror ine saxe o

. . . . . clarity, molecular masses are reported only for the fragments free
cleave proteins with explicable and variable selectivity, and ¢ Pt(Il) or Pd(ll) ions, although the species carrying the metal

with good yields, bodes well for their wider use in biochemi- jons were also observed in the MALDI spectra. Solutions of
cal and bioanalytical practice. angiotensin |1, oxidized chain B of insulin, and cytochromeere
Experimental Procedures used as external standards. The measured molecular mass of a given
. . ) . . fragment was compared with the value calculated by PAWS
Chemicals. The complexcis{Pt(en)C}] (in which en is ethyl- software, obtained from ProteoMetrics, LLC.
enediamine), human angiotensin Il, oxidized chain B of human Study of Hydrolysis. The aqueous solutions were held in 2.0-
insulin, equine cytochrome and equine myoglobin were obtained mL glass vials. The pH was adjusted by HGI& NaOH. After
from Sigma Chemical Co. Palladium spongés[Pt(en)CE], Kz the reactions were completed, the pH remained withinl of the
[PACL]. piperidine, trifluoroacetic acid (TFA), 3,6-dithia-1,8- initial value. The mixture was kept at 40 1 or 60+ 1 °C for as
octanediol, andx-cyano-4-hydroxycinnamic acid were obtained long as 1 day, and 20,6 samples were taken periodically. In the
from Aldrich Chemical Co. Methyl phenyl sulfone was obtained experiment with Met-peptide, 200,6L of a 5.0 mM substrate
from_ Lancaster _Synthes_is Inc Acetonitrile of HPLC grade was solution was mixed with 10.0L of a 100.0 mM stock solution of
obtalne_d from Fisher Scientific Co. cis-[Pt(en)(H0),]?" and 700.QuL of water. After 12 h, 10Q:L of
Peptldgs AcAIa—Lys-Tyr-GIy-GIy-Met-AIa-AIa—Arg-AIa (termed 4100 mM solution (a 10-fold excess) of 3,6-dithia-1,8-octanediol
Met-peptide) and AcVal-Lys-Gly-Gly-His-Ala-Lys-Tyr-Gly-Gly- a5 aqded to the reaction mixture, and the two peptide fragments

Met-Ala-Ala-Arg-Ala (termed Hi_sMet-peptide) were synthes_i_zed were separated by preparative HPLC and lyophilized to dryness.
by a standard manual Fmoc solid-phase procedure and purified by, 1 o aqueous solution of the methionine-containing fragment

reverse-phase HPLFZ on a Q-18 preparatiye column, as de.scribeqNas mixed with 1.Q:L of a 500 mM stock solution of [Pd@D),]2",
previously?® The purity, examined by analytical HPLC, was higher and the pH was adjusted to 2.0. In a typical experiment with

than_99.5%; the molecular masses (in D) were as foI_Iows: for Met- HisMet-peptide, involving equimolar amounts of the Pt(ll) reagent
peptide, 1036.51 (calcd) and 1036.57 (found); for HisMet-peptide, 4y the methionine residue in the substrate, 200.6f a 5.0 mM
1514.78 (calcd) and 1515.08 (found). ot HisMet-peptide solution was mixed with 10l of a 100.0 mM
The stoc_k solution of thzejr cc_>mp|ex [Pd;(G)4]2+ and the pure stock solution oftis-[Pt(en)(H0),]?" and 700.QuL of water. For
compliies_ls-[F_’d(gn)(l-iO)z] :Cls_-[Pt(en)(I—le)z] » and [Py(dien)- the cleavage of HisMet-peptide with combined Pt(ll) and Pd(ll)
(H0)] (dlep is dlethylenetrla;rglne) were prepgred as perchlorate reagents, the equimolar mixture of the peptide @iw[Pt(en)-
salts by published procedur&s36 The concentrations were deter- (H,0);]2+ at pH 2.0 was kept for 1.0 h at 68 1 °C, and then an

mined using their published absorptivities (extinction coefficients). equimolar amount of [Pd@#D),]2* was added. For the cleavage of

(33) Basolo, F.; Bailar, J. C., Jr.; Tarr, B. R.Am. Chem. S0d.95Q 72,

2433-2438. (35) Broennum, B.; Johansen, H. S.; Skibsted, L Adta Chem. Scand.
(34) Heneghan, L. F.; Bailar, J. C., JtAm. Chem. S0d953 75, 1840— 1989 43, 975-980.
1841. (36) Mahal, G.; Van Eldik, RInorg. Chem.1985 24, 4165-4170.
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myoglobin bycis{Pt(en)(HO),]?*, 600.0uL of a 1.0 mM solution

was made 5.0 mM in the cleavage reagent (by adding 80.6f

a 100 mM solution of the reagent) and 0.20 mM in methyl phenyl
sulfone (the internal standard), and the mixture was kept for 24 h
at pH 2.5. The fragments were separated by preparative reverse-
phase HPLC and lyophilized to dryness.

The two of three myoglobin fragments produceddis{Pt(en)-
(H20),)%" cleavage that contained histidine residues were next
cleaved by [Pd(kD)42". To a solution of 5.0 mg of the fragment
in 800.0uL of water was added the required volume of a 500 mM
solution of [Pd(HO)4]?", so that the Pd(Il) reagent was equimolar
with histidine residues in the fragment. The mixture was kept at
pH 2.0 and 60+ 1 °C. A 1.0uL sample taken from the digest
after 12 h was analyzed by MALDI-TOF mass spectrometry.

In the control experiments for possible background cleavage, the
conditions were the same, except tleag{Pt(en)(H0O),]%" was
absent. The cleavage reactions were followed by reverse-phase
HPLC in the case of peptide substrates and by gel-exclusion
combined with reverse-phase HPLC in the case of myoglobin. The
separated fragments were lyophilized to dryness, redissolved, and
analyzed by MALDI-TOF mass spectrometry and Edman N-
terminal sequencing.

Because the cleavage reactions are very slow at room temper- 0 5 10 15 20 25
ature, the species distribution in the chromatographic separations

corresponded to those in the digest samples. In the kinetic Figure 1. Monitoring by HPLC of the successive cleavage of AcAla
measurements with myoglobln, the areas under the chromatographlq_yS_Tyr_Gly_Gly_Met_ Ala-Ala-Arg-Ala (Met-peptide) by equimolar amounts
peaks were normalized to that of methyl phenyl sulfone, to of cis{Pt(en)(H0):]?* and of [Pd(HO)4]?" at pH 2.0 and 60C. Prior to
compensate for possible errors in the injection volume and for cleavage by [Pd(kD)s]%*, the Pt(ll) ion was removed by chelation with
evaporation. The error of this integration was estimated at 5%. The 3,6-dithia-1,8-octanediol. (a) The chromatogram at 270 nm of the intact

; eptide, eluting at 20.8 min. (b) The chromatogram at 215 nm of the
plots of the peak areas for the cleavage products versus time weregubstrate fragments produceddig{Pt(en)(HO)]?: the fractions eluting

fitted to the first-order rate law with SigmaPlot v. 5.0, obtained 44 9 and 14.3 min are Ala-Ala-Arg-Ala and AcAla-Lys-Tyr-Gly-Gly-Met,

[V)

(o

(9]

time (min)

from SPSS Inc. respectively. (c) The chromatogram at 270 nm of the secondary fragments
of the primary fragment AcAla-Lys-Tyr-Gly-Gly-Met; the fractions eluting
Results and Discussion at 5.2 and 11.6 min are Gly-Met and AcAla-Lys-Tyr-Gly, respectively.

Scheme 1. Two Proteolytic Reactions Directed by the Methionine

Selective Cleavage of Met-Peptlde byCIS-[Pt(en)_ Residue: Cleavage of the Met-peptide by the Pt(ll) Reagent and

(H20)2]?" and by [Pd(H20)4]?" in SuccessionAn equi- Subsequent Cleavage of the Methionine-Containing Fragment by the
molar mixture of AcAla-Lys-Tyr-Gly-Gly-Met-Ala-Ala-Arg- ~ Pd(l) Reagent

Ala (Met-peptide) andtis{Pt(en)(HO).]2" was kept at pH AcAla-Lys-Tyr-Gly-Gly-Met-Ala-Ala-Arg-Ala

2.0 for 12 h. The chromatogram of this solution lacked the )@Pt(en)mzomz‘

signal of the intact peptide, eluting at 20.8 min, and contained

two fractions, eluting at 4.9 and 14.3 min; see Figure la AcAla-Lys-Tyr-Gly-Gly-Met Ala-Ala-Arg-Ala

octanediol was added to the reaction mixture, to displace PaH0)"
the Pt(Il) reagent from the Met6 anchor digifh h at 60°C.
The fragments of Met-peptide were chromatographically
separated and lyophilized to dryness. The MALDI mass the cleavage of the first peptide bond downstream, the Met6-
spectra showed the slower fraction to be AcAla-Lys-Tyr- Ala7 bond, and the Pd(ll) reagent promoted the cleavage of
Gly-Gly-Met (obsd 667.30 D and calcd 667.27 D) and the the second bond upstream, the Gly4-Gly5 bond. As Figure
faster fraction to be Ala-Ala-Arg-Ala (obsd 387.95 D and 1 shows, both cleavage reactions are selective and complete.
calcd 388.22 D). A solution containing the former (methion- For the first time, we demonstrate such clean cleavage by
ine-containing) fragment and an equimolar amount of [Pd- two different transition-metal complexes.
(H20)4]?" was kept for 24 h at 66C and analyzed as shown  Selective Cleavage of HisMet-Peptide Separately by
in Figure 1c. The two products, eluting at 5.2 and 11.6 min, [Pd(H,0)4)%" and by cis{Pt(en)(H.0),]?". The HisMet-
were identified by MALDI mass spectrometry as fragments peptide contains two possible anchoring residues competing
Gly-Met (obsd 206.64 D and calcd 206.07 D) and AcAla- for the Pd(ll) reagent, namely His5 and Metl1. Our very
Lys-Tyr-Gly (obsd 479.62 D and calcd 479.29 D), respec- recent stud§? showed that the reaction mixture containing
tively. only 1 equiv of [Pd(HO)4?" per substrate contained all
Scheme 1 shows that both cleavage reactions are directeghossible products of cleavage directed by His5, by Met11,
by the same residue, Met6, but that they occur on the and by both of these anchors simultaneously. Such frag-
opposite sides of this residue. The Pt(Il) reagent promoted mentation proved that the Pd(ll) reagent shows no binding

and b. A solution containing 10 equiv of 3,6-dithia-1,8- k
AcAla-Lys-Tyr-Gly

Gly-Met
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Table 1. Results of HPLC Separation and MALDI Mass-Spectroscopic  Chart 3.  Different Patterns of Cleaving HisMet-Peptide by the Pt(ll)
Identification of Fragments of AcVal-Lys-Gly-Gly-His-Ala-Lys-Tyr- and Pd(Il) Reagents.
Gly-Gly-Met-Ala-Ala-Arg-Ala (HisMet-Peptide)

1 1
2 equiv of [Pd(H,0)* AcVKGGHAKYGGMAARA
elution time molecular mass (D) ! !
(min) obsd calcd fragment .
14.4 344.77 344.21 1-3 1or 2 equiv of cis-[Pt(en)(H20),]** ACVKGGHAKYGGM:AARA
9.8 387.95 388.22 1215 '
17.1 817.92 818.37 411 . \

1 equiv of cis-[P:(en)g@ZO)z]”, then | |
aResulting from the cleavage by an equimolar amount cis- 1 equiv of [Pd(Hz0).] ACVKGGHAKYGGMAARA
[Pt(en)(HO),]%" followed by an equimolar amount of [Pd8)4]2*. ' '

. - . Il i 2+ !
or cleaving preference for either of the two competing o o P TN O then ACVKGGHAKYGGMAARA

anchors and cleavs (incompletely by design) at the second '

pgptlde bond_ upstream from each of these two an.Chors' Whenl‘able 2. Results of HPLC Separation and MALDI Mass-Spectroscopic
HisMet-peptide was cleaved by 2 molar equiv of [Pd- Identification of Fragments of AcVal-Lys-Gly-Gly-His-Ala-Lys-Tyr-
(H20)4]%*, under the same conditions, at the end of the Gly-Gly-Met-Ala-Ala-Arg-Ala (HisMet-Peptide)

reaction only three fragments were present. Now that His5 4 tion time molecular mass (D)

and Metl11 did not have to compete for the Pd(Il) reagent, (min) obsd calcd fragment
cleavage directed by both anchors was complete. The 11.5 3492 344.41 13
selectivity remained the same as when the cleavage was set 17.21 1188.98 1188.58 -415

up to be incomplete. aResulting from blocking of Met11 by [Pt(dien)¢B)]2*, followed by

When HisMet-peptide was treated by 1 or 2 molar equiv His5 directed cleavage by [Pdf&)s]?*.
of cis{Pt(en)(H0),]?", the result was the same: Only the
Met11-Ala12 bond was cleaved. In both cases the reaction[Pt(dien)(HO)J*" was kept under the same conditions for 1
was complete, because only Met11 serves as the anchor foflay- The chromatogram contained a single species, eluting
the Pt(Il) reagent. Clearly, the cleavage selectivitycist at 17.3 min and showing in the MALDI mass spectrum a
[Pt(en)(H0),]2* is different from that of [Pd(kD)J]2". single peak for the substrat®t(dien) complex. Clearly, the
Having shown that these two reagents can be used separatelfomplex [Pt(dien)(HO)]*" binds to the substrate, but this
and in succession, we next investigate whether they can b inding does not result in cleavage. Although the methionine-

used together. anchored Pt(dier?)” group is proximal to the scissile peptide
Selective Cleavage of HisMet-Peptide by Bothis{Pt- bond, the Pt(ll) ion lacks an aqua ligand necessary for

(en)(H,0);]2* and [Pd(H20)4]?". A reaction mixture was  cleavage. o _ .

prepared by adding to HisMet-peptide 1 equivaé{Pt- Different Selectivities of Palladium(ll) and Platinum-

(en)(H0)2]2*, keeping this solution for 1 h, and then adding (II) Reagents. Although the aqua complexes of Pd(Il) and
1 equiv of [Pd(HO)J%", all at 60 °C. After 1 day, the Pt(Il) are similar, they exhibit different selectivities and do
chromatogram of this mixture contained only three fractions. SO €ven when they act together. Each metal ion activates
The MALDI measurements confirmed these three fractions, the peptide bond proximal to it in the hydrolytically active
identified in Table 1. Again, a “clean” pattern of cleavage complex, which must contain at least one aqua ligand. This
is obtained. labile ligand can be either displaced by the carbonyl oxygen
By adding the reagents in the right order, we selected the &tom (in the likely mechanism, Chart 2b) or delivered to
anchoring site for each reagent and achieved a variable andhe carbonyl carbon atom of the 32(7:'55"6 peptide bond (in
selective cleavage. The Pt(ll) reagent binds completely to the unlikely mechanism, Chart 2&)?” Our explanation of
its only anchor, the side chain of Met11, denies this anchor selectivity in terms of coordination modes is valid, regardless
to the Pd(1l) reagent, and directs this second reagent to His5.0f the actual mechanism in Chart 2. _
Once the two metal complexes are selectively anchored, they !N acidic solutions, the soft Lewis acid P(ll) has a high
both can promote hydrolytic cleavage of the backbone. The affinity for the soft Lewis base thioether and a lesser affinity
Pt(Il) reagent cuts the first bond downstream from Met11, for the hard imidazole. The "borderline” Lewis acid P((i)(ll)
whereas the Pd(ll) reagent cuts the second bond upstreanshows affinity for both the thioether and the imidazfe’
from His5 (Chart 3). Significantly, the Pt(ll) ion is much more inert than the
Selective Blocking by [Pt(dien)(H0)]2* and Selective Pd(Il) ion. The rates of ligand substitution in Pt(Il) complexes
Cleavage by [Pd(H0),]?* of HisMet-Peptide. To a solution tend to be ca. 1times smaller than those in similar Pd(ll)
of HisMet-peptide were added an equimolar amount of [Pt- COmplexes'! o o o
(dien)(HO)]?* and, after 1 h, an equimolar amount of [Pd- Different coordinations of methionine-containing se-
(H,0),2*, all at 60°C and pH 2.0. The chromatogram of duences to Pd(Il) and Pt(ll) reagents are shown in Scheme
this mixture after 1 day showed two fractions, identified in (37) Appleton. T. G Coord. Chem. Re 1997, 166 313359,

Table 2. (38) Burgeson, I. E.; KosticN. M. Inorg. Chem.1991, 30, 4299-4305.

Clearly, the cleavage occurred only at His5, because Metllgigg 'Ehu, LT K&Stl'CK N"t"\éll\'l |n,3r%. iherrg]%z :él, Cia’9999(431—14108015.1 e
: - arac, |. N.; KOStucN. M. J. Am. em. S0 —90.
was blocked by the Pt(diet) group. In a control experi- (41) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrth ed.;

ment, an equimolar mixture of HisMet-peptide and Wiley: New York, 1988.
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Scheme 2. Initial Binding of cis{Pt(en)(HO),]?" and of [Pd(HO)4]?* to a Methionine Anchor Results in Different Complexes of Pt(ll) and Pd(ll)
with the Same Substrate (Peptide or Protein)

o Ry o 0 R, (e} Ry O (e} R,
H H H H
Mu\NJYN% NJYNW MLLNJYN%N NJ\WN
H o N H H o N Ho §
Ry o Ry
s— S—Jd—
/ 7

Fjlt_NHZ

HoN
17 active 1Pd
“-H* pK, < 2.0 ‘ -H*

o o] R, H
N
N
Ry\(X\N H

4Pd
a All the complexes are hydrolytically inactive, except those marked as active. The scissile bonds in the active complexes are highlighted.ifitsd unspec
ligands are HO molecules.

2. Once anchored, the two metal ions form different Because Pt(Il) is much more inert than Pd(ll) to ligand
hydrolytically active complexes under the mildly acidic substitutiont! the ethylenediamine ligand remains coordi-
conditions. The substrate (peptide or protein) remains boundnated to the former id¥i but (if initially present) is displaced

to the Pt(ll) atom in compleX™ as a unidentate ligand in  from the latte?® a process assisted by the protonation of
acidic solutions. Increasing pH, however, favors the forma- ethylenediamine.

tion of the complex2”.2” The anchored Pd(ll) atom in At pH 2.0, complexed®t and2”® are major specie®:?’
complex1P? additionally binds to the amidate nitrogen atom The complex1® is hydrolytically active, but absent under
upstream from the anchor and forms a bidentate complexthe reaction conditions because it is completely converted
2P425 The K, for this chelation is less than 239374246 into complex2”4.25> Both complexed” and2”® are hydro-
lytically active, but with respect to different amide bonds.

(42) Agoston, C. G.; Jankowska, T. K.; SovagoJ].IChem. Soc., Dalton inn APt ; i i
Trane. 1998 32053302, The anchored Pt(Il) ion if™ remains proximal to the peptide

(43) Rabenstein, D. L.; Isab, A. A.; Shoukry, M. Nhorg. Chem.1982 bond downstream from the methionine anchor (the Met-Z
21, 3234-3236. _ _ bond) and can activate it toward cleavage. The anchored
(44) Wienken, M.; Zangrando, E.; Randaccio, L.; Menzer, S.; Lippert, B. . . oPd . :
J. Chem. Soc., Dalton Tran993 3349-3357. Pd(ll) ion in 279, however, is kept away from this bond and

(45) Pettit, L. D.; Bezer, MCoord. Chem. Re 1985 61, 97—114.
(46) Kasselouri, S.; Garoufis, A.; Lamera-Hadjiliadis, M.; Hadjiliadis, N.  (47) Siebert, A. F. M.; Sheldrick, W. 9. Chem. Soc., Dalton Trans997,
Coord. Chem. Re 199Q 104 1-12. 385-393.
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Figure 3. Progress of myoglobin cleavage big{Pt(en)(H0).]?* at pH

2.0 and 60C, followed by HPLC separations. The appearance of fragment
132---153, a product of cleavage, is shown. The solid line is a fitting to the
first-order rate law.

Met131. Minor background cleavage, evident both in the
absence and in the presence of the Pt(ll) reagent, gave minor
fractions eluting at 20.7 and 25.3 min. Fortunately, this
background reaction accounted for less than 5% of total
cleavage, as estimated from the chromatograms.
10 20 T We followed the kinetics of myoglobin cleavage big-
time (min) [Pt(en)(H0),]?" at pH 2.0 by observing the growth of the

Figure 2. Size-exclusion chromatograms of myoglobin: (a) fresh solution; peak correspondlng to the fragment 1'3253' _ThIS growth
(b) after 24 at pH 2.5 and 6{C; and (c) after 24 h at pH 2.5 and G in obeyed the first-order rate law, as shown in Figure 3. Because
the presence of 5 equiv ofs{Pt(en)(HO)]*". The fractions are identified  the binding of Pt(ll) ion to the methionine side chain occurs
in Table 3 and Chart 4. within minutes and the subsequent intramolecular cleavage

Table 3. Cleavage of Equine Myoglobin By 5 equiv of reactions take hours, fitting of the kinetic results to the first-
cis{Pt(en)(HO),]*" at pH 2.8 order rate law is justified. The obtained rate constant of 4.1
N-terminal elution time molecular mass (D) x 1072 min~! corresponds to a half-life of 170 min.
sequence (min) obsd calcd fragment The fragments of myoglobin were chromatographically
GLSDG 21.8 6265.81 6265.08  --155 Separated and Iyophlllzed Evidentd)}s-[Pt(en)(I-bO)z]2+ can
KASED 17.7 8213.26 821153 56131 cleave proteins on a preparative scale and produce long
TKALE 26.9 2511.26 2513.89 132153

fragments. Methionine residues rarely cluster in protein
aThe fragments are separated by size-exclusion HPLC and identified sequences, and their average abundance is only about2.2%.
by MALDI mass spectrometry and Edman N-terminal sequencing. Therefore, the fragments obtained by methionine-specific

close to the second peptide bond upstream from the me-Cleavage of most proteins are, in principle, expected to be
thionine anchor (the X-Y bond in X-Y-Met), which therefore long. They can be used further for sequencing or for
becomes activated. As pH is raised, the anchored Pd(ll) atomrecombination into semisynthetic proteins. Because the
in complex2”® additionally binds the amidate nitrogen atoms Cleavage is hydrolytic, the newly created amino and car-
further upstream, to form the tridentate comp8%and the ~ bOxylic termini can be coupled again, to form new peptide

tetradentate comple#™. The complexe2, 379, and 4" bonds. o _ .
are hydrolytically inactive because the metal ions in them  The selectivity of &-[Pt(en)(HO)]*" is the same as that
lack the aqua ligands necessary for the cleadage. claimed for the most commonly used synthetic protease,

The hydrolytically inactive complex [Pt(dien)¢®)]2t can ~ Cyanogen bromide (CNBr), butis{Pt(en)(HO)]*" has
be used to enhance the selectivity of Pd(ll) reagents by Several advantagés.t is nonvolatile, easy to handle, and
restricting its cleavage to histidine residues, as already "ecyclable; itis applied in approximately equimolar amounts
explained. After this reaction, the Pt(di@hgroup can easily with respect to methionine residues; the cleavage by it is
be displaced from the methionine side chains by a Superiorresidue-selective, with no side reactions; it leaves the protein

nucleophile such as SCNor S0z~ fragments pristine, i.e., unmodified, it cleaves even the Met-

Selective Cleavage of Myoglobin byis{Pt(en)(H.0)2]2*. Pro bond, which is resistant to CNBr and most proteolytic
The reaction of equine myoglobin with 5 equiv ofs- ~ €nzymesP® and it works even in the presence of the
[Pt(en)(HO),]%* at pH 2.5 and 60C was followed as in

. . . (48) Doolittle, R. F.Predictions of Protein Structure and the Principles of
F'QU.re 2. |maCt_ my09|0b|n elutes at 16.6 min. Afte.r 1 d-a.y, Protein ConformationPlenum Press: New York, 1989.
the intact protein is replaced by three fragments, identified (49) Vanhoof, G.; Goossens, F.; De Meester, I.; Hendriks, D.; Scharpe,
in Table 3. They prove that the cleavage is directed S FASEB J.1995 9, 736744,

- y P g (50) Yaron, A.; Naider, FCrit. Rev. Biochem. Mol. Biol1993 28, 31—

exclusively by the methionine residues, namely Met55 and 81.
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Chart 4. Amino Acid Sequence of Equine Myoglobin Showing Table 4. Deliberately Incomplete Cleavage of the Fragment5Sb of
Cleavage bycis{Pt(en)(HO),]?" at the First Amide Bond Equine Myoglobin (Designated Mb®5) by [Pd(H0)42t at pH 2.6
“Downstream” from Methionine Residues
1 GLSDGEWQQVLNVWGKVEADIAGHGQEVLI 30 calcd mass obsd mass fragment
' 1086.3 1083.2 47¢-55
31 RLFTGHPETLEKFDKFKHLKTEAEMKASED 60 1369.6 1370.0 23-34
' 1447.6 1442.4 35-46
61 LKKHGTVVLTALGGILKKKGHHEAELKPLA 90 2414 2413.7 122
2514.2 2511.7 35:55
91 QSHATKHKIPIKYLEFISDAIIHVLHSKHP 120 27975 2797.6 2346
' 3865.0 3865.3 23-55
121 GDFGADAQGAMTKALELFRNDIAAKYKELG 150 5192 51925 +-46
! 6265.1 6266.5 +:55
151 FQG 153

a8 The fragments are identified by MALDI mass spectrometry.

denaturing reagent sodium dodecyl sulfate. These resultsT ble 5. Deliberately | ete Cl fthe F 851
. T . 2+ aple o. eliberately Incomplete Cleavage O e Fragmen
demonstrate practical utility otis{Pt(en)(HO).]?>" for of Equine Myoglobin (designated Mb 12 by [Pd(HO)4J2* at pH 2.0

cleavage of proteins on a preparative scale.

Selective Cleavage of Myoglobin Fragments by [Pd- calcd mass obsd mass fragment
(H20)4]%". Because histidine residues are more abundant than i%gg i?ggé 3236
methionine residues i_n myoglobin, the histidine-directed 2535.0 2535 4 424
cleavage would result in numerous short fragments. Such a 2998.0 2996.1 37-62
digest would be complex, and its separation would be ggig-é ggig-g fégﬁ
imprqcti.cal. Th_is type of prqtein digesti_op, (_:ommonly py 4309.9 4306.4 2562
trypsin, is practical for unambiguous identification of proteins 4382.0 4379.6 37-76

5693.5 5697.6 25:76

in proteomics. To demonstrate the suitability of [Pgl]>*
for such applications, we cleave two histidine-containing 2 The fragments are identified by MALDI mass spectrometry.
myoglobin fragments obtained by Pt(Il)-promoted cleavage.

These fragments are designatedvib and MIP5131 (see
Chart 4), g ¢ ( both MB-55 and M3 Clearly, [Pd(HO),J?" is a suitable

A mixture containing MB55 and 3 equiv of [Pd(kD),]2" reagent for the mass-spectrometric protein identification

was kept at 60C and pH 2.0. After 12 h, the fragments in when numerous anchors fpr Pd(II_) atoms are available.

Table 4 were found. Results of a similar cleavage ofhis: ~ Because the reagent is an inorganic compound and not an

with 8 equiv of [Pd(HO),J2+ are summarized in Table 5. enzyme, it dq_es not contaminate the sample W_lth proteina-
Tables 4 and 5 prove the cleavage patterns in Charts 5Ceous impurities and d_oes not _add spurious S|gna_ls tq _the

and 6. Clearly, the Pd(1l) reagent promoted selective cleavagemass spegtrum of the dlge_st. Thls noninterference simplifies

of the X-Y bonds in the X-Y-His segments. Because the (€ détection of the protein of interest.

reaction was deliberately not finished, the cleavage remained

incomplete, and multiple fragments existed in the digest. In Conclusions

proteomics, such incomplete fragmentation is preferred over

complete digestion because it provides higher “coverage” Complexeis[Pt(en)(HO).]>" and [Pd(HO)4]?" are new

of sequence, more information, and therefore more reliable reagents for selective hydrolysis of peptides and proteins.

protein identification. Charts 5 and 6 show that the Pd(Il)- Although Pt(ll) and Pd(ll) ions are chemically similar, these

promoted cleavage completely “covered” the sequences fortwo reagents act with different hydrolytic selectivity. We

Chart 5. Amino Acid Sequence of the Fragment-b5 of Equine Myoglobin (Designated Nit?5), a Product of the Prior Protein Cleavage tiyg-
[Pt(en)(HO).]4", Showing the Partial Cleavage by [Pd®)4]2+ of the Second Amide Bond “upstream” from Each Histidine Residue
2223 34-35 46-47

I I 1
GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEM
I

Chart 6. Amino Acid Sequence of the Fragment-5831 of Equine Myoglobin (Designated Mb'3%), a Product of the Prior Protein Cleavage by
cis{Pt(en)(H0)]2", Showing the Partial Cleavage by [Pd(®)4]2" of the Second Amide Bond “upstream” from each Histidine Residue

7-8 24-25 36-37 56-57 62-63
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explain this difference by contrasting the modes in which incomplete cleavage at many sites is useful for mass-
each reagent binds to a specific side chain or to a side chainspectrometric analysis in proteomics.

and the peptide backbone. Protein cleavageibyPt(en)- . .
(H,0),]2* and by [Pd(HO)J2" is potentially suitable for two Acknowledgment. This work was funded by the National

bioanalytical applications. The complete cleavage at few sitessc'enCe Foundation through Grant CHE-9816522.
is useful for preparation and semisynthesis, whereas thelC026280w
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