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Palladium(ll) ions anchored to side chains of histidine and methionine residues in peptides and proteins in weakly
acidic aqueous solutions promote hydrolytic cleavage of proximate amide bonds in the backbone. In this study, we
determine how attachment of Pd(ll) ions to histidine and methionine anchors and also to the terminal amino group
in six natural peptides (chains A and B of insulin, segment 11-14 of angiotensinogen, pentagastrin, angiotensin I,
and segment 3-8 of angiotensin Il) and two proteins (ubiquitin and cytochrome c) affects regioselectivity and rate
of backbone cleavage. These Pd(Il)-promoted reactions follow a clear pattern of regioselectivity, directed by the
anchoring side chains. When the Pd(ll) reagent is nonspecifically anchored to the terminal amino group, the ligating
site that is present in almost all proteins, the cleavage is fortunately absent. When the reagent is anchored to a
residue in positions 1, 2, or 3, cleavage is absent, because the terminal amino group and deprotonated amide
nitrogen atom(s) interposed between it and the anchor “lock” the Pd(1l) ion in hydrolytically inactive chelate complexes.
When the reagent is anchored to residues in positions beyond 3, the second amide bond upstream from the
anchor is regioselectively cleaved in all cases when the anchor was “isolated,” that is, flanked by noncoordinating
side chains. Segment 3-8 of angiotensin Il undergoes additional cleavage, which we explain by determining the
rate constants for the cleavage, identifying the rate-limiting displacement of ethylenediamine ligand from the Pd(ll)
ion, and detecting several intermediates. Experiments with cytochrome ¢ demonstrate that the number of cleavage
sites can be controlled by adjusting the mole ratio of the Pd(ll) reagent to the substrate. Our inorganic peptidases
are useful for biochemical applications because their regioselectivity and reactivity set them apart from proteolytic
enzymes and organic chemical reagents.

Introduction cleavagé.In protein semisynthesis, the fragments of natural
Hydrolytic cleavage of proteins is an important procedure proteins are recombined with synthetic peptides by chemical

in biochemical and bioengineering practice. Fragmentation ligation, to obtam new bioengineered p_rotei"ns. _
of proteins is necessary for the standard determination of The_ key step in all of the aforemennoned procedt_Jres IS
their primary sequence,and also for several recently selective cleavage of the polyamide backbone. This con-

developed applications. In proteomics, the expressed proteinérOIIed fragmenta'ﬂor! can be acﬂieved with r;frotefolytic
are identified from their digestin protein footprinting and enzymes and synthetic reagents. The enzymes effect fast and

folding studies, the pattern of proteolytic cleavage yields Cata'Y“C clea\;]age, but only a fe;/]v 01; them are usablg ml
structural informatiorf.In conversion of engineered proteins  Practice, and they often produce short fragments, undesirable

to their native form, fusion tags are removed by site-specific [0 Pioanalytical applications. Synthetic reagents, such as
cyanogen bromide, BNPS-skatole, aidbromosuccinimide,
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iastate.edu.
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applied in high excess, and yet often give incomplete
selectivity and relatively low yields. Even cyanogen bromide,
the most common chemical reagent for fragmentation of
proteins, has shortcomings. It is volatile and toxic, is applied
in 100-fold excess over methionine residues, requires 70%
formic acid as the solvent, and gives several side-reactions.
In the end, cyanogen bromide produces protein fragments
that are no longer native because methionine residues in them
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are irreversibly modified.
A broader choice of chemical reagents, having improved
efficiency and regioselectivity in protein cleavage, is desired.
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Finding new reagents, however, is a challenging task because

the amide bond (so-called peptide bond) is extremely
unreactive toward hydrolysis under standard conditions. The
half-life for cleavage of N-acetylated dipeptide AcGly-Gly
is 250-600 years at pH 4:68.0 and room temperatufe?
Nonselective hydrolysis of peptides and proteins requires
incubation with strong acids or strong bases, but even then,

the half-lives at room temperature are measured in months

and years.
Some transition-metal complexes have emerged as ne
synthetic reagents for cleavage of amide boid®.Because
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Figure 1. (a) Positions of the anchoring histidine residue with respect to
the N-terminus and numbering of the atoms in the imidazole ring. (b)

Whefinition of the upstream and downstream directions from the anchor. The

scissile peptide bonds, highlighted, are the second one upstream and the

of their small size, these complexes can be useful probes infirst one downstream from the anchor.

structural studies of conformation or accessibility of protein

regions? These “inorganic proteases” are inexpensive and
may be recyclable. They can cleave proteins terminally or
internally. Most important, the internal cleavage can be made
regioselective or even site-selecti*é? providing large

protein fragments suitable for sequencing and other tasks.

The regioselectivity in the attachment of the metal complex
to the protein, and thus regioselectivity in subsequent
cleavage, can be achieved in two ways. First, this can be
accomplished by tethering the metal ion to a side chain of
cysteine?® Because this tether is flexible, the anchored metal
ion can promote cleavage of multiple amide bonds within
its reach. In the second method, introduced in our labora-
tory 2433 the heteroatoms in the side chains of methionine
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(sulfur) and histidine (nitrogen) spontaneously coordinate to
palladium(ll) aqua complexes directly, without the tether.
The Pd(Il) ion so attached in aqueous solution promotes
selective hydrolysis of only those amide bonds that are
proximate to the anchoring side chain. Cleavage occurs under
acidic conditions, which are required also by some proteolytic
enzymes. After the cleavage, the Pd(ll) ion is readily
removed by chelation or precipitation. Because histidine and
methionine have a combined average abundance in proteins
of only ca. 4.5%, the fragments are relatively long and
suitable for bioanalytical applications. In nonaqueous solu-
tions, compatible with hydrophobic proteins, cleavage near
the tryptophan residue is possiBfe®® Potential control of
selectivity by the choice of solvent adds to the versatility of
our Pd(ll) reagents.

Dipeptides AcMet-X and AcHis-X, in which the amino-
terminus is protected by acetylation, are usually cleaved at
the Met-X and His-X bonds. Cleavage of the dipeptides
AcHis-X can be made catalyti¢,*63” with a modest but
significant turnover. The studies with dipeptides clarified the
kinetics, stereochemistry, and mechanism of these new reac-
tions but contributed little to our understanding of the pattern
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(27) Korneeva, E. N.; Ovchinnikov, M. V.; KostidN. M. Inorg. Chim.
Acta 1996 243 9.

(28) Parac, T. N.; KosticN. M. J. Am. Chem. So0d.996 118 5946.

(29) Parac, T. N.; KosticN. M. J. Am. Chem. Sod.996 118 51.

(30) Qiao, F.; Hu, J.; Zhu, H.; Luo, X.; Zhu, L.; Zhu, Polyhedron1999
8, 1629.

(31) Luo, X.; He, W.; Zhang, Y.; Guo, Z.; Zhu, LGhem. Lett200Q 1030.

(32) Milovi¢, N. M.; Kostic, N. M. Met. lons Biol. Syst2001, 38, 145.

(33) Milovi€, N. M.; Kostic, N. M. J. Am. Chem. So@002 124, 4759.

(34) Kaminskaia, N. V.; Johnson, T. W.; Kostid. M. J. Am. Chem. Soc.
1999 121, 8663.

(35) Kaminskaia, N. V.; KosticN. M. Inorg. Chem.2001, 40, 2368.

(36) Chen, X.; Zhu, L.; You, X.; Kostio\. M. J. Biol. Inorg. Chem199§
3, 1

(37) Karet, G. B.; KosticN. M. Inorg. Chem.1998 37, 1021.



Palladium(ll)-Containing Artificial Peptidases

Chart 1. Possible Limiting Mechanisms for Hydrolysis of Carboxylic
Amide, Promoted by a Transition-Metal lon Acting as a Lewis Acid or
as a Carrier of the Nucleophile

M
i )
& R 8 R
- s
RN RPN

H,0O+ M—OH,

external attack internal delivery

aMechanisms are designated external and internal according to the origin

of the nucleophile (water).

that we found in cleaving proteii&!3038We recently
clarified this pattern by showing that the [Pd®)4]>"

also the occurrence of regioselective, Pd(ll)-promoted cleav-
age of two natural peptides (chain B of insulin and angio-
tensin I1). We confirm this regioselectivity in cleaving two
proteins (ubiquitin and cytochron®. In all cases studied,
whenever the anchoring residue occupies a position beyond
3 in the sequence and is not adjacent to another potential
anchoring residue, the second amide bond upstream from
the anchor is cleaved. This study demonstrates that the new
Pd(ll) reagents are fit for biochemical applications.

Experimental Procedures

Chemicals.Distilled water was demineralized and purified to a
resistivity higher than 16 I®-cm. Palladium spongegis-
[Pd(en)C}] (in which en is ethylenediamine), human angiotensin
Il, human pentagastrin, bovine ubiquitin, equine cytochrame

complex consistently cleaves synthetic polypeptides exclu- ©xidized chain A of bovine insulin (in which thiol groups are
sively at the second peptide bond upstream from the histidine¢0"verted to sulfonate groups), and similarly oxidized chain B of
and methionine anchor(s), that is, the peptide bond involving bovine insulin were obtained from Sigma Chemical Co. The

. : segment 38 of angiotensin Il was obtained from Bachem
::P}Sul\rl:elrmlnus of the residue that precedes the anctgee Bioscience Inc. Methyl phenyl sulfone was obtained from Lancaster

_ o Synthesis Inc. The reagents [Pd®),]2" andcis{Pd(en)(HO);]%*

The amide bond can be hydrolyzed by two kinetically were synthesized as described previod8#p. The reagent
indistinguishable limiting mechanisms, shown in Chart 1. [Pd(H.0)4]2" was kept in a stock solution that wasl.0 M in
A transition-metal ion either binds the oxygen atom of the HCIO,, and thus, its pH was negative. All complexes were prepared
scissile amide group, thus activating the carbonyl group as perchlorate salts. The concentrations of the Pd(ll) complexes
toward the external attack by a water molecule, or delivers Were determined using their published extinction coefficiéhts.
an aqua ligand to the scissile amide group, thus cleaving it. SPectroscopic and Analytical MethodsProton NMR spectra
Regardless of the hydrolytic mechanism, that is, for either Were recorded with Bruker DRX 300 and Bruker DRX 500
case in Chart 1, two conditions must be met. First, the metal SPECUOMEers in i at 298 K. The pH was measured with a Fisher

’ .. . ! Accumet instrument and an Aldrich Ag/AgCl reference electrode.

complex must approach the scissile amide bond. Second, th

- . Srhe pD values were calculated by the standard formula=ppH
metal complex must contain at least one aqua ligand, to be 443

either displaced by the carbonyl_oxygen atom or d(_e!|vere_d The components of the peptide digests were separated by either
to the carbonyl carbon atom. If either of these conditions is 5 Hewlett-Packard 1100 HPLC system containing a multiwave-
absent, cleavage does not occur. Because the first requiremengngth detector or an HPLC system containing 110A pumps from
is a structural one, this study deals with stereochemical Beckman, an AS4000 autosampler from Hitachi, and a V4 detector
aspects of the cleavage reactions. from Isco set at 215 nm. A Vydac C18 column 218TP54 was used
In this work, we explore for the first time the interplay for the analytical separations of peptides; a Vydac C4 column
between two kinds of anchors for transition-metal ions: the 214TP54, for analytical separations of ubiquitin digests; and a
side chains of methionine and histidine on one hand, andVydac C-18 column 218TP101522, for preparative separations. The
the terminal amino group on the other. Cobalt(lll) complexes 'Uting solvents were 0.1% trifluoroacetic acid in water (A) and
bind to the amino-terminus and promote cleavage of only 0.08% trifluoroacetic acid in acetonitrile (B). Solvent B was absent

. . o . X . from the eluent for 5 min after the injection of the sample, and
the first amide boné® If this cleavage directed by the amino- e it increased gradually to 45% over a 35-min period. The flow

terminus occurred with our Pd(ll) proteases, it would rate was 1.00 mL/min for analytical runs and 10.0 mL/min for
diminish the regioselectivity of the desired backbone cleav- preparative runs.
age directed by the side chains of methionine and histidine.  Matrix-assisted laser-desorption/ionization time-of-flight (MALDI-
We now address this question by systematically investigating TOF) mass spectrometry was performed with a Bruker Proflex
cleavage of eight natural peptides and proteins. instrument. The samples of the reaction mixture and the fractions
Overview of This Study. First, we check the possibility ~ isolated by HPLC were prepared by a standard dried-droplet
of cleaving peptides in which the terminal amino group is procedure. Solutions of angiotensin Il, oxidized chain B of insulin,
the only potential anchor for the Pd(ll) complex. Next, we and cytochrome were used as external standards. The measured

investiqate the interplay between the N-terminus and amolecular mass was compared with the expected mass of a given
Investig ! play inu peptide, calculated by PAWS software from ProteoMetrics, LLC.

histidine residue in.positions 1, 2, 3, and beyond 3 (see Figure Each MALDI mass spectrum contained the signals for the
1a). On the basis of the new results and the known gypsirate or its fragments free of Pd(ll) ion, and also the signals
coordination modes of Pd(ll) ion, we explain the absence of

cleavage in three natural peptides (chain A of insulin, (40) Elding, L. I.Inorg. Chim. Actal972 6, 647.

segment 14+14 of angiotensinogen, and pentagastrin) and (41) ggg”;gu";-??-; Johansen, H. S.; Skibsted, L Adta Chem. Scand.

(42) Mehal, G.; Van Eldik, RInorg. Chem.1985 24, 4165.

(38) Zhu, L.; Kosti¢c N. M. Inorg. Chim. Actain press.
(39) Buckingham, D. AMet. lons Biol. Syst2001, 38, 43.

(43) Covington, A. K.; Paabo, M.; Robinson, R. A.; Bates, R.ABal.
Chem.1968 40, 700.
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Chart 2. Substrates for Binding to Pd(Il) Complexes and Possible Hydrolytic Cleavage by These Corplexes

substrate sequence

oxidized” chain A of bovine insulin Gly-Ile-Val-Glu-Gln-CysX-Cys®*-Thr-Ser-Ile-Cys°*-
-Ser-Leu-Tyr-Gln-Leu-Glu-Asn-Tyr-Cys®*-Asn

segment 11-14 of human angiotensinogen  Val-Ile-His-Asn

human pentagastrin BAla-Trp-Met-Asp-Phe-NH,

human angiotensin II Asp-Arg-Val-Tyr-Ile-His-Pro-Phe

segment 3-8 of human angiotensin II Val-Tyr-Ile-His-Pro-Phe

oxidized” chain B of bovine insulin Phe-Val-Asn-Gln-His-Leu-Cys®*-Gly-Ser-His-Leu-Val-

-Glu-Ala-Leu-Tyr-Leu-Val-Cys®*-Gly-Glu-Arg-Gly-Phe-
-Phe-Tyr-Thr-Pro-Lys-Ala
bovine ubiquitin 76 amino-acid residues; see Results and Discussion

equine cytochrome ¢ 104 amino-acid residues; see Results and Discussion

a Anchoring side chains are highlightétiCys°X is cysteinic acid.

for the corresponding Pd(ll)-bound species. The presence of Pd(Il) sequencing, and amino acid analysis. At the end of the incubation,
ion bound to the substrate or its fragments was established fromthe Pd(Il) ion was removed by the addition of 10-fold molar excess
the correct molecular mass and from the isotopic distribution of cysteine, a strong chelating reagent.

diagnostic of palladium. For the sake of clarity, the molecular  precipitation during the hydrolysis of angiotensin Il prevented
masses reported in tables are those for the fragments free of Pd(Il)ayact quantitation of the products. To be accurate, we followed
lons. _ _ _ the kinetics of cleavage by using its segmenB3the peptide Val-

.Electrophor.e5|s.A Protean Il electrophoretic cell was comblneq Tyr-lle-His-Pro-Phe, which remained soluble during the reaction.
with & 3000 Xi power supply (both produced by Bio-Rad Inc.) in | the kinetic experiments with this segment, methyl phenyl sulfone
experiments at 150 V lasting for 1.5 h. A standard procedure for \4q added to the reaction mixture as an internal standard. The 10-
tricine-(sodium dodecyl sulfate) polyacrylamide gel electrophoresis | samples were periodically taken from the reaction mixture and
(TSDS-PAGE) was usett. The gels were stained ffd. h by an “ ;

, M- g . y ! immediately separated by HPLC at room temperature. In the short

aqueous solution containing 40% methanol, 10% acetic acid, andy;ne vequired for this separation and at the lowered temperature,
0.1% (wiw) Coomassie blue R-250 dye and destained with nearly the cleavage did not advance significantly, so that the chromato-

thisir)n(()e slf)lutlon ltha:c Ie;cked thi dye. i ixed with graphic fractions correctly represented the composition of the
40.0 L. :‘uth samp el Obtf? cytog hron:ed |fge55t was T'Xe. 23"(; reaction mixture at the time of the sampling. The chromatograms
D of the sample buller and heated for > min a B 20. were integrated by a Shimatzu C-R3A integrator, with an estimated
uL of this mixture was loaded into the well. The gels were blotted .
. . error of £5%. The areas under peaks were normalized to that of
applying a 50.0 V potential fo4 h onto a PVDF membrane by a . . S
; ) . . the internal standard, to compensate for the error in the injection
semidry procedure using a Trans-Blot SD system equipped with avolume and for evaporation
Power Pac 300 power supply (both obtained from Bio-Rad, Inc.). P '
After the membrane was stained, destained, and rinsed with water, _ _
the bands were cut and subjected to N-terminal Edman analysisResults and Discussion
with a 494 Procise Protein Sequencer/140C analyzer, from Applied

Biosystems. The acetylated N-terminus in horse cytochrorise Choice of Conditions. Coordinating anions, such as
undetectable by the standard Edman method. All of these analysesacetate and chloride, are excluded from the reaction mixtures
were done at the Protein Facility. lest they bind to the Pd(ll) ion in the reagent and thus inhibit

Study of Hydrolysis. A solution containing 2.umol of the e gypstrate cleavagAll experiments were done at 60
substrate was mixed with 20.0, 40.0, or 10@I0 of a 0.10 M o < - " .
solution (1, 2, or 5 molar equiv) of the reageig{Pd(en)(HO),]?", C and at 1'3_ PH = 3.0, Condltlons_ that c0n3|ste_ntly
allowed effective cleavage of the peptides and proteins. A

and water was added to the final volume of 2.00 mL. The pH was o ; . "
adjusted by careful addition of either HGJOr NaOH; it remained strongly acidic solution would promote undesirable “back-

within +0.1 of the initial value after the reactions were completed. ground” cleavage. A weakly acidic solution suppresses
The reaction mixture was kept at @1 °C for 4 d, and 10.QeL deprotonation of aqua ligands and consequent formation of
samples were taken periodically. In the control experiments for insoluble, and thus hydrolytically inactive, hydroxo-bridged
detecting possible background cleavage, the conditions were thePd(ll) species. In the chosen pH range, the Pd(ll)-promoted
same, except that the reageig{Pd(en)(HO),]*" was absent. The  cleavage is sufficiently fast, while the background cleavage
time profiles for cleavage reactions were determined from the is nearly or completely absent. When observed, this minor
then separated by preparative reverse-phase HPLC, lyophilized tsoackground cleavage occurred at the first a”.“de bond
dryness, redissolved, and identified by MALDI-TOF mass spec- downstrgam from aspartate and glutamate “?S",’“es-, The
trometry and, in some cases, By NMR spectroscopy, N-terminal ~ Propensity of these amide bonds to hydrolysis in acidic
solutions is well knowrt® The comparison of the total area

(44) Schaegger, H.; Von Jagow, @nal. Biochem1987, 166 368. of the chromatogram for the control reaction mixture free
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of the Pd(Il) reagent with the area of the signal for the intact

peptide showed that this background cleavage, when present,

is less than 5.0% after 24 h. Clearly, the selective cleavage
of the substrates is caused by the Pd(Il) complex.

Choice of Substrates.The biologically active, natural

peptides in Chart 2 are chosen because they contain me-

thionine or histidine residue at various positions in the

sequence. To check whether the same regioselectivity is
observed with proteins, we chose also ubiquitin and cyto-
chromec. These two proteins are realistic, stringent test-

cases for our Pd(ll) reagents.

Terminal Amino Group as an Anchor. Solutions con-
taining oxidized chain A of insulin and 1, 2, or 5 molar equiv
of the reagentis{Pd(en)(HO).]?>" were kept at pH 2.0 and
60 °C. The chromatogram after 3 days showed that the peak
for the intact substrate, at 19.0 min, was replaced by a new
peak at 17.1 min. The MALDI mass spectrum of each
reaction mixture after 3 days showed only the peaks for the
intact substrate (observed, 2530.8 D; calculated, 2531.6 D)
and for the substratePd(Il) complex (observed, 2635.7 D;
calculated, 2636.6 D). Evidently, the Pd(ll) complex binds
to chain A of insulin but does not cleave it.

Chain A of insulin lacks histidine and methionine residues
and has only the terminal amino group as a possible anchor.
Binding of Pd(Il) and other transition-metal ions to peptides
free of coordinating side chains involves anchoring to the
terminal amino group followed by deprotonation of the amide
NH group(s) that follow the N-terminus, and Pd(Il) coordi-
nation to the resulting anionic nitrogen atomi{%}? see
Scheme 1. Coordination of each additional amidate nitrogen
atom creates a new five-membered ring. The Pd(ll) ion is
the most effective metal ion in promoting deprotonation of
amide nitrogen atom&“° the estimated I, values of
triglycine in the presence of Pd(ll) ion are ca. 2 for the first
NH group and ca. 4 for the secoffdinstead of ca. 15 for
the free NH group in acetamide. Ultimately, a stable square-
planar complex can be formed in which the peptide wraps
around the Pd(ll) ion as a tetradentate ligand, bonded via
the terminal amino group and the first three amidate nitrogen

atoms in the sequence. Because binding to deprotonated)

amide nitrogen strengthens the-® bond, none of these
three amide bonds undergoes hydrolytic cleavage. Their
unreactivity is beneficial because it ensures that Pd(ll)-
promoted cleavage is guided only by histidine and methio-
nine residues

Anchoring Side Chain at Positions 1 and 2When the
histidine or methionine anchor is the first or the second
residue (from the N-terminus), the anchoring of the Pd(ll)
ion is followed by the coordination upstream from the anchor,
as shown in Scheme 2&b5* Peptides containing an

Scheme 12

a Peptide or protein that lacks anchoring side chains can bind to a Pd(Il)
ion via the terminal amino group and three deprotonated amide groups in
the backbone, to form a tetradentate chelate complex that is hydrolytically
inactive because the amidate groups coordinated to the Pd(ll) ion are actually
protected by this coordination against hydrolytic cleavage, and because other
amide groups cannot approach the Pd(ll) ion.

N-terminal histidine or methionine residue, such as His-Gly
and Met-Gly, bind to the reagemis{Pd(en)(HO),]?" as
identate ligand&*5355The anchored Pd(ll) ion displaces a
proton from the terminal ammonium group witKp< 1.0.
The resulting bis(bidentate) compl@ds unproductive for
the hydrolysis of the peptide because the Pd(ll) ion lacks
aqua ligands and is held away from the downstream peptide
bond. Either “shortcoming” renders the complex hydrolyti-
cally inactive Consequently, His-Gly peptide cannot be
cleaved (at pH 3.0 and 6TC during 1 day).

When a peptide containing a histidine or a methionine as
the second residue is mixed with the comptes{Pd(en)C}],
tridentate comple is the major product even at pH values

(45) Aswad, D. W Deamidation and Isoaspartate Formation in Peptides
and Proteins CRC Press: Boca Raton, FL, 1995.

(46) Appleton, T. GCoord. Chem. Re 1997, 166, 313.

(47) Agoston, C. G.; Jankowska, T. K.; Sovago].IChem. Soc., Dalton
Trans.1999 3295.

(48) Wilson, E. W., Jr.; Martin, R. Blnorg. Chem.197Q 9, 528.

(49) Sigel, H.; Martin, R. BChem. Re. 1982 82, 385.

(50) Rabenstein, D. L.; Isab, A. A.; Shoukry, M. NMhorg. Chem.1982
21, 3234.

(51) Wienken, M.; Zangrando, E.; Randaccio, L.; Menzer, S.; Lippert, B.
Dalton Trans.1993 3349.

(52) Milinkovi¢, S. U.; Parac, T. N.; Djuran, M. I.; KostitN. M. J. Chem.
Soc., Dalton Trans1997 2771.

(53) Tsiveriotis, P.; Hadjiliadis, N.; Stavropoulos, @Giorg. Chim. Acta
1997 261, 83.

(54) Kozlowski, H.; Bal, W.; Dyba, M.; Kowalik-Jankowska, Toord.
Chem. Re. 1999 184 319.

(55) Siebert, A. F. M.; Sheldrick, W. S. Chem. Soc., Dalton Tran997,
385.
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eluting at 27.9 min. ThéH NMR spectrum of this product
was identical to that of the final complex from the equimolar
mixture. Clearly, the Pd(ll) ion binds to Val-lle-His-Asn,
but this binding does not result in cleavage.

Various complexes of Pd(ll) and histidine-containing
peptides have been reported in the literature. For their
identity, see previous studié%%¢ Imidazole atoms N-3 and
N-1 in the anchor, and also the (deprotonated) nitrogen atoms
of the lle-His and Val-lle amide bonds upstream from the
anchor, can all act as ligands. The chemical shifts of
imidazole atoms H-2 and H&%%6show that the final product
is the complex designatetlin Scheme 2c. This complex,
too, is hydrolytically inactive. The amidate groups coordi-
nated to the Pd(ll) ion are actually protected by this
coordination against hydrolytic cleavage. Because the Pd(ll)
ion “wrapped” in the peptide backbone lacks an aqua ligand
and cannot approach other, potentially scissile, amide bonds
in the substrate, complekis hydrolytically inactive.

The growth with time of the imidazole H-5 resonances
for both the uncoordinated peptide and the final complex
was successfully fitted to the first-order rate law, with the
same rate constant of (1.8 0.1) x 1073 min’. The
ethylenediamine singlet fmis{Pd(en)(H0);]?" at 2.63 ppm
gradually decreased while the singlet for [Pd¢gti)at 2.74
ppm increased, both with that same rate constant (the results
are not shown).

Evidently, the tetradentate compldxand [Pd(eny?* are
formed simultaneously, in the process in which the displace-
ment of ethylenediamine is the rate-limiting step. The

Figure 2. Proton NMR spectra of the peptide Val-lle-His-Asn before, remqval of this bldent?‘te ligand from the compléxis

and at three times after, the addition of an equimolar amount of the reagentfequired for the formation of the complek by two-step

cis-[Pd(en)(HO),]** at pH 2.0 and 60C. deprotonation of the NH group in the Val-lle amide bond
and the terminal ammonium group of the valine residue, as

as low as 1.5254The ethylenediamine ligand is completely shown in eq 1. Displaced ethylenediamine then reacts with

displaced by the substrate backbone. Again, Pd(ll) ion the free cleavage reagent according to eq 2.

“locked” in the tridentate complex cannot promote hydrolytic

. .. H : 2+
cleavage because it cannot approach the scissile bond.  Cis[Pd(en)(Val-lle-His,-Asn)l"" —

Anchoring Side Chain at Position 3.Because segment 2
11-14 of angiotensinogen, Val-lle-His-Asn, contains a enH,”" + [Pd(Val,-lle,-His,-Asn)] (1)
histidine residue at position 3, cleavage is in principle 4

conceivable both downstream and upstream from this anchor.
The 'H NMR spectrum of the equimolar mixture of Val-
lle-His-Asn and the reagewis{Pd(en)(HO),]?>" at pH 2.0

and 60°C recorded after an 18-min incubation showed
coordination of the peptide to the Pd(ll) reagent. The
imidazole H-2 and H-5 singlets for the free peptide (at 8.61
and 7.33 ppm, respectively) had already decreased, as show
in Figure 2. In this spectral region, six peptide-containing
complexes were detected in addition to the uncoordinate
peptide. In the period of 10 h, the signals for five of them | . o
decreased, while the aforementioned signals for the un-'oM: but well-@eflned In Its presence. .
coordinated (free) peptide and the corresponding signals at PentagastrinAla-Trp-Met-Asp-Phe-NH contains Met3
7.65 and 6.97 ppm for the final complex gradually increased. as an anchor for the Pd(ll) ion. The MALDI mass spectrum

; . of the mixture of this peptide and 5 molar equiv of the
After 20 h, these were the only two species detected in 0 )
solution W y TWo sSpec I reagentcis{Pd(en)(HO),]?" after 48 h at pH 1.3 or 3.0

The reaction between Val-lle-His-Asn and 5 molar equiv contained only peaks at 668.0 and 773.0 D, corresponding,

of cis-[Pd(en)(HO)]*" at pH 2.0 was followed by HPLC. 55" aohieton, T. G.; Ross, F. Brorg. Chim. Actal99§ 252, 79,
The reaction mixture after 24 h contained a single species, (57) Harford, C.; Sarkar, BAcc. Chem. Re<.997, 30, 123.

enH,”" + cis{Pd(en)(HO),]*" — [Pd(en}]*" + 2H,0" (2)

The stability of a tetradentate complex of typdormed
between a transition-metal ion and the sequence containing
His3 is important because such complexes are present in
Irpetal-transporting proteins such as serum albumin. Bioactive
peptides such as histatines and neurométiiaguire a metal
dion in order to be recognized by the receptor. The peptide

conformation seems to be random in the absence of the metal

7058 Inorganic Chemistry, Vol. 41, No. 26, 2002
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a“Locking” of Pd(Il) ion in a hydrolytically inactive chelate complex inhibits the cleavage of peptides containing a histidine anchor as (a) (b first
the second, and (c) the third residue from the N-terminus. Pd(ll) ion anchored to a methionine side chain behaves similarly.

respectively, to the intact peptide (calculated, 668.2 D) and 15-min incubation showed peaks corresponding to the intact
peptide+ Pd (calculated, 773.2 D). Evidently, as with Val- peptide (3495.9 D) and to its complexes containing one Pd
lle-His-Asn, a Pd(ll) ion is bound to pentagastrin but does atom (3600.5 D), one Pd(en) group (3661.0 D), two Pd atoms
not cleave it. (3706.3 D), two Pd(en) groups (3766.2 D), and three Pd

Studies in our and other laboratories of Pd(Il)-peptide atoms (3812.8 D). The chromatogram of this mixture
complexes showed that peptides containing histidine andcontained two major fractions, for Pd(Hpeptide complexes,
methionine residues at corresponding positions in the se-eluting at 34.9 and 35.1 min, and the minor one, for the intact
guence behave similarly. Upon anchoring to the sulfur atom peptide, eluting at 33.6 min. The three possible anchoring
of methionine, Pd(ll) ion deprotonates and binds the nitrogen sites are the imidazole groups in the two histidine residues
atoms of upstream amide grouiisTherefore, pentagastrin ~ and the terminal amino group; see Chart 2.
likely forms the methionine analogue of compkxhe only The results in Table 1 prove that the Pd(ll) reagent
difference being that the amino nitrogen atom and the first promoted cleavage of the Asn-GIn bond, the second one
amide nitrogen atom (both of them in tfidla residue) form upstream from the His5 anchor, and of the Gly-Ser bond,
with the Pd(ll) ion a six-membered ring, rather than a five- the second one upstream from the His10 anchor, as shown.
membered ring.

The results in this and the preceding subsections show that
if the anchoring residue is first, second, or third in the !
sequence, the Pd(ll) reagent becomes “locked” in a hydro-  -Tyr-Leu-Val-Cys®*-Gly-Glu-Arg-Gly-Phe-Phe-Tyr-Thr-Pro-Lys-Ala
Iytically inactive polydentate complexX his generalization
is important for understanding how Pd(ll) complexes function  Gradual formation of white precipitate during the reaction
as artificial peptidases. prevented detailed kinetic analysis. The MALDI mass

Anchoring Side Chain in Positions Beyond 3: Cleavage  spectrum of the precipitate redissolved in a 1:1 mixture of
of Chain B of Insulin. The MALDI mass spectrum of the  water and acetonitrile showed molecular masses of 2547.6
reaction mixture at pH 2.0 containing oxidized chain B of and 3496.2 D, which correspond, respectively, to the
insulin and 5 molar equiv o€is{Pd(en)(HO),]>" after a fragment Ser9-Ala30 and the intact chain B of insulin. The

A A
Phe-Val-AsntGln-His-Leu-Cys®*-Gly+Ser-His-Leu-Val-Glu-Ala-Leu-

Inorganic Chemistry, Vol. 41, No. 26, 2002 7059



Table 1. Results of HPLC Separation and MALDI Mass Spectrometric
Identification of the Fragments Obtained When Oxidized Chain B of
Insulin Was Cleaved by the Reageanis{Pd(en)(HO),]%"

molecular mass (D)

elution time
(min) obsd calcd fragment
31.2 2547.6 2547.2 Ser9Ala30
27.1 964.2 964.4 PhetGly8
18.8 obscured 378.2 PhedAsn3
18.2 604.6 604.2 GIn4-Gly8
Scheme 3. Equilibrium among Complexes that a Pd(Il) lon Forms

with Peptides Having a Histidine Residue at a Position beyénd 3
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Milovic and Kostic

upstream in the substrate backbone. At pH 2.3, the major
species are the bidentate compl&xand the tridentate
complex3. At pH 2.0, the unidentate complé&and its minor
linkage isomer, involving coordination via the N-1 atom of
imidazole, are also presefitBecause the amide group is
much less acidic g, ~ 15) than the terminal ammonium
group (K, ~ 9), the deprotonation of the third amide group
upstream from the anchor and its coordination to the
anchored Pd(ll) ion are largely suppressed at pH 2.3.
Therefore, the tetradentate complex of typés absent at

pH 2.3. Instead of “wrapping” itself into the peptide and
forming the hydrolytically inactive comple, the Pd(Il) ion
forms the hydrolytically active compleX This complex is
reactive for both reasons discussed in the Introduction. It is
oriented toward the scissile bond, and it contains aqua
ligands, to be displaced by the carbonyl oxygen atom (in
the external mechanism) or to be delivered to the carbonyl
carbon atom (in the internal mechanism). For obvious
reasons, compleX promotes hydrolysis of the second peptide
bond upstream from the anchor.

Regioselective cleavage is evidently a result of the Pd(lIl)
complex binding to the anchoring (histidine or methionine)
side chain and to the peptide backbone preceding the anchor
(upstream from it). Studies in our and other laboratories
showed that noncoordinating side chains flanking the anchor

aThe scissile bonds (the first one downstream and the second onedo not alter the coordination mod&s'®54.5961 Therefore,

upstream from the anchor) are highlighted. For clarity, the cleavage step is
not shown. A Pd(ll) ion anchored to a methionine side chain behaves

similarly.

the regioselective cleavage in hydrolytically active complex
2 is expected to be a general property of peptides containing
an “isolated” methionine or histidine residue beyond position

identity of the precipitate was confirmed by its amino acid 3 in the sequence

analysis, which showed the expected residues, and by
N-terminal sequencing, which showed in first three cycles
the expected sequences, namely Phe-Val-Asn and Ser-His
Leu. The chromatogram of the supernatant contained four
major products, identified in Table 1. Several minor fractions,

resulting from nonselective cleavage after glutamate residues
were also observed. They were estimated from the chro-
matogram to be ca. 5% after 24 h. Each major peak, however,
was observed only in the solution containing the Pd(ll)

reagent. This is clear evidence for selective cleavage

promoted by the Pd(Il) complex.

The anchored Pd(Il) reagent promoted cleavage of the
second peptide bond upstream from each of the two
anchoring residues: His5 and His10. When the anchoring
residue sits beyond position 3, cleavage follows the regular
pattern, understandable from the familiar modes of peptide

coordination to the Pd(Il) atorf#:5458As Scheme 3 shows,

the Pd(Il) ion anchored to the N-3 atom of imidazole may
bind to amidate groups upstream. When the initial reagen

After the cleavage is completed, the Pd(Il) reagent remains
bound to the fragment downstream from the cleaved bond.
Further hydrolysis of this fragment is impossible because
the anchoring residue is the second one from the newly
created N-terminus. The anchored Pd(ll) reagent becomes
“locked” in hydrolytically inactive complex3 and cannot
promote further cleavage of the peptide involved in this
complex. This result is important for the understanding and
the use of our Pd(Il) reagents, because it shows that the
regioselectivity directed by histidine and methionine residue
persists, without unwanted additional cleavage. At the end
of the incubation, the Pd(Il) atom can be easily removed by
an excess of a chelating reagent, and the protein fragments
are obtained pristine.

Regioselectivity and Kinetics of Primary and Secondary
Cleavage of Angiotensin Il. The MALDI mass spectrum
of the mixture containing angiotensin Il (Asp-Arg-Val-Tyr-

t lle-His-Pro-Phe) and 5 molar equiv of the reagem-

is cis{Pd(en)(HO).]?", this process involves displacement [Pd(en)(HO)]*" after a 15-min incubation showed promi-

of the ethylenediamine ligand, as discussed. The anchore
Pd(ll) ion deprotonates the first amide group upstream from

the anchor relatively easily, withky < 2.0#° Binding of

the negatively charged amidate ligand lowers the Lewis
acidity of the Pd(ll) ion and weakens its ability to deprotonate
and bind the second and third amide NH groups further

(58) Pettit, L. D.; Pyburn, S.; Bal, W.; Kozlowski, H.; Bataille, Ml.Chem.
Soc., Dalton Trans199Q 3565.
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Jrent peaks corresponding to the intact peptide (1046.8 D)

and its complexes with one Pd atom (1152.4 D), one Pd(en)
group (1213.2 D), two Pd atoms (1260.0 D), and two Pd(en)
groups (1319.5 D). The chromatogram contained several

(59) Pettit, L. D.; Bezer, MCoord. Chem. Re 1985 61, 97.

(60) Kasselouri, S.; Garoufis, A.; Lamera-Hadjiliadis, M.; Hadjiliadis, N.,
Coord. Chem. Re 199Q 104 1.

(61) Bal, W.; Chmurny, G. N.; Hilton, B. D.; Sadler, P. J.; Tucker,JA.
Am. Chem. Socdl996 118 4727.
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Table 2. Results of HPLC Separation and MALDI Mass Spectrometric

Identification of the Fragments Obtained When Angiotensin Il Was 6 4
Cleaved by the Reagenis{Pd(en)(H0),]2*
elution time molecular mass (D) 4
(min) obsd calcd fragment
26.3 551.3 551.3 AspiTyr4 21 (a)
15.1 obscured 268.1 lle5-His6
23.1 263.3 263.1 Pro7-Phe8 0 A
Table 3. Results of HPLC Separation afll NMR Spectroscopic 6
Identification of the Fragments Obtained When Val-Tyr-lle-His-Pro-Phe
(Segment 3-8 of Angiotensin Il) Was Cleaved by the Reagent
cis{Pd(en)(H0)]2" 47
elution time characteristiéH NMR 5 ]
(min) signals (ppm) identity A (b)
3.3 en2.74 [Pd(enl?*"
15.0 lleH 0.88,H,0.98 lle-His 01
His H-2 7.62, H-5 6.96
21.2 Val H, 0.76, 0.82 Val-Tyr
Tyr Hs 6.68, H7.05
23.1 Pro H1.80, H, 2.30 Pro-Phe
Phe H ¢ 7.23

broad peaks for the various PdHpeptide complexes and

Area under the peak (relative units)
= (]
,\\

a diminished peak, eluting at 24.7 min, for the intact peptide. . (©)
Our results point at two binding sites in the peptide, namely o __.::v'
His6 and the terminal amino group.
The products after a 24-h period were identified from the 3 %
MALDI mass spectrum of the reaction mixture; the results ,'0.‘ o
are summarized in Table 2. The expected signal of the 2 ] 0°3f Z 0,
fragment lle-His in the MALDI mass spectrum was covered % ST ¢ o,
by a signal of the matrix. The observed fragments correspond g QE-;:“‘ * 3% S 006, (@
to two cleavage sites near the histidine anchor: the His-Pro 04 e oo coos S5innes e
bond, the first one downstream, and the Tyr-lle bond, the . - .
second one upstream, as shown. 0 1000 2000 3000 4000
5 5 time (min)
Asp-Arg-VaI-Tyr%Ile-His:»Pro-Phe Figure 3. Progress of cleavage of the peptide Val-Tyr-lle-His-Pro-Phe

(segment 3-8 of angiotensin 1l), by the reagemis-[Pd(en)(HO)]%*

. . . . . followed by HPLC. Solid lines are exponential fittings to first-order kinetic
We followed the kinetics of this dual cleavage in experi-  |aw. The mechanism is shown in Scheme 4. (a) Disappearance of the intact

ments with segment-38 of angiotensin I, Val-Tyr-lle-His- peptide. (b) Appearance of the fraction eluting at 23 min, which contains

_ ; ; the fragment Pro-Phe, the product of the primary cleavage. (c) Appearance
Pro-Phe. The chromatogram of a mixture of this substrate of fractions eluting at 15 minm) and 21 min 4), which contain the

and 5 molar equiv of the reagecis{Pd(en)(HO).]** after fragments Val-Tyr and lle-His, respectively, the products of the secondary
24 h showed four products, eluting at 3.3, 15.0, 21.2, and cleavage. (d) The intermediates formed and consumed during the cleavage

23.1 min. Upon preparative HPLC separation, each product ("t the very last points).
was identified by the characteristid NMR chemical shifts;

. ) ) _ and reach their maxima at different times are signs of their
the results are given in Table 3 and in following paragraphs.

intricate interconversions. The MALDI mass spectrum of the
% % reaction mixture afte3 h showed the following peaks: 263.3
Val-Tyrille-HistPro-Phe D, for the fragment Pro-Phe; 775.0, 880.0, and 940.0 D, for
' ' the intact peptide and its complexes with Pd and Pd(en);
Background cleavage of Val-Tyr-lle-His-Pro-Phe was not and 530.8, 635.8, and 696.0 D, for the fragment Val-Tyr-
observed in the absence of Pd(Il) reagent after two weeks.lle-His and its complexes with Pd and Pd(en). Evidently,
As with the whole angiotensin Il, the Pd(ll) reagent promoted the intermediates are various Pd(ll) complexes with the intact
selective cleavage of segment8 at the first amide bond  hexapeptide and with the Val-Tyr-lle-His fragment, a product
downstream and the second amide bond upstream from theof the primary cleavage.
histidine anchor. Figure 3 shows the kinetics of this dual  Unlike the cleavage of the His-Pro bond, which started
cleavage, monitored through the substrate (Figure 3a), allimmediately upon mixing of the substrate and the Pd(ll)
three fragments (Figure 3b,c), and several intermediatesreagent, the cleavage of the Tyr-lle bond was delayed. The
(Figure 3d). The His-Pro bond is cleaved with the first-order first six data points in Figure 3c show a lag time and were
rate constank; = 2.0 x 1072 min~L. This process occurs justifiably omitted from the fitting to the first-order kinetic
without a lag period, and we call it primary cleavage. That low. This fitting gave the same rate constant for the formation
concentrations of the intermediates vary at different rates of Val-Tyr and lle-His fragmentsg, = 1.1 x 103 min~L.

Inorganic Chemistry, Vol. 41, No. 26, 2002 7061



Scheme 4. Mechanism of Cleavage of the Peptide Val-Tyr-lle-His-
Pro-Phe (Segment-3 of Angiotensin Il), Promoted by the Reagent
cis-[Pd(en)(HO)]?* 2
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a0nly the middle four residues, those that participate in the reaction,
are shown explicitly. Amide bonds both downstream (His-Pro) and upstream
(Tyr-lle) from the histidine anchor are cleaved. Both of these scissile bonds

are highlighted.

Milovic and Kostic

Table 4. Results of HPLC Separation and MALDI Mass Spectrometric
Identification of the Fragments Obtained When Ubiquitin Was Cleaved
by the Reagent [Pd(D)]2"

molecular mass (D)

elution time
(min) obsd calcd fragment
9.9 1133.2 11334 Leu6#Gly76
12.8 7436.0 7449.4 Met2:Thr66

study the role of proline in the hydrolytic cleavage of peptides
and proteins.

Confirmation of Regioselectivity: Cleavage of Ubig-
uitin. The chromatogram of fresh ubiquitin contained a single
peak, eluting at 15.3 min, whereas the chromatogram of the
mixture containing ubiquitin and 2 molar equiv of the reagent
[Pd(H:0)4]?" at pH 2.5 after 30 min showed a single broad
peak eluting at 12.9 min and absorbing at 215, 280, and 350
nm. The first two wavelengths are diagnostic of the protein;
the third, of Pd(Il}-protein complexes. Evidently, the Pd(ll)
reagent is bound to the protein. Because the protein is fully
unfolded under the reaction conditions, both potential
anchors, Metl and His68, are expected to be accessible to
the Pd(ll) reagent.

The peak for the intact protein was absent in both the
chromatogram and the MALDI mass spectrum of the digest
after 24 h, indicating that the cleavage was complete. The
chromatogram of this digest showed a small, sharp peak

Evidently, these fragments arise in the secondary cleavageejuting at 9.1 min and a large, broad peak eluting at 12.8
of fragment Val-Tyr-lle-His, a product of the primary min. Minor background cleavage, estimated<di%, was
cleavage. These kinetic results are consistent with the reactioneyident from the presence of a few other minor peaks in the
mechanism in Scheme 4. The Pd(ll) complex binds to the chromatograms of both the reaction mixture and the control
imidazole N-3 atom in the side chain of His14 immediately spjution free of the Pd(ll) reagent. The MALDI mass
upon mixing and forms a complex of tydein which the  spectrometric results in Table 4 prove that only the Thr66-
downstream His-Pro bond is cleaved with the rate constant| ey67 bond is cleaved, as shown in the ubiquitin sequence.
ki. The bidentate ligand ethylenediamine does not interfere

with this primary cleavage because the Pd(ll) ion has an 1 MQIFVKTLTGKTITLEVEPSDTIENVKAKI 30
?cce;;bzlf coordination site, loosely occupied by an aqua 31 QDKEGIPPDQORLIFAGKQLEDGRTLSDYN 60
igand2> %

61 IQKEST;LHLVLRLRGG 76

The secondary cleavage upstream from the histidine anchor
involves the formation of the hydrolytically active complex
of type 2, a process that requires the rate-limiting displace- We can readily understand these results. Coordination of
ment of the ethylenediamine ligand. Indeed, the rate constantghe N-terminal methionine residue does not result in pro-
for the cleavage and displacement are the same. The observetgolytic cleavage, as explained previously. The Pd(ll) reagent
lag period is the time required for this displacement. binds to the only internal anchor available, His68, and cleaves

The uncommon downstream cleavage of angiotensin Il canthe second bond upstream from this anchor. Ubiquitin
be attributed to the presence of a proline residue nextconfirms the general pattern of regioselectivity of our Pd(ll)-
downstream from the anchoring histidine residue. Proline is containing peptidases.

unigue among common amino acids in forming a tertiary
amide group. Dipeptides of the type X-Pro bind to transition-
metal ions such as Ni(ll) and Cu(ll) more strongly than do
similar dipeptides lacking prolin®:52 This much-enhanced

affinity was attributed to the fact that the amide nitrogen
atom of proline is intrinsically the most basic atom in the

Control of Regioselectivity by Adjustment of the
Reagent-to-Protein Ratio: Cleavage of Cytochrome. The
reaction mixture containing cytochronseand 10 mol equiv
of the reagentis{Pd(en)(HO),]?>" at pH 2.0 remained clear
after incubation for 24 h. Electrophoretograms of this mixture
and of the control solution free of Pd(ll) reagent are shown

polypeptide (or protein) backbone. Indeed, the rate constantin Figure S1 in the Supporting Information. Minor cleavage

for the downstream cleavage of dipeptides AcHis-X is ca.
10* times higher if X is sarcosiné\¢methyl glycine), which
forms a tertiary amide bond, than if X is glycine, which forms
a common secondary amide bo#dwe will continue to

(62) Martin, R. B.Met. lons Biol. Syst2001, 38, 1.
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of the Asp2-Val3 and Asp50-Ala51 bonds was also observed
in both the reaction mixture and the control solution. Five
bands, designated AE, were subjected to N-terminal
analysis, and the reaction mixture that gave rise to these
bands was analyzed by MALDI mass spectrometry. The
results are correlated in Table 5.
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Table 5. Fragments of Cz}itochromObtained by Cleavage with the simplistic drawing in the protein sequence above. This

Reagentis{Pd(en)(H0),]**, Separated by TSDS-PAGE, and Identified i ; i i

by MALDIMS and N-Terminal Sequencing thioether group, too, can bind to _the Pd(ll) reagent. It is likely
that both adjacent residues, His18 and Cysl17, anchor the

electrophoretic molecular mass (D) Pd(ll) ion and prevent its binding to the upstream amide

band" obsd calcd fragment nitrogen atom and the formation of the hydrolytically active
und 12357.9 12370.3 AcGly:Glu104 complex of type2. Because this requirement for the upstream
B 9701.2 9701.6 Thr19-Glu104 | is ot fulfilled. ol the other sid
P 9129.5 9130.1 Lys25GIu104 cleavage is not fulfilled, cleavage occurs on the other side
nd 9336.3 9341.0 AcGly1-Thr78 of the His18 anchor, at the next amide bond downstream.
D 8366.7 8366.6 Leu32Glu104 The His18-Thr19 bond was the only one cleaved in the
E 6679.6 6675.2 Thrt9Thr78 | iments. in which ol ts of ovt

E 61079 61125 Lys25Thr78 early experiments, in which equimolar amounts of cyto-
nd 4901.5 4908.2 Thr:9Thr63 chromec and the Pd(ll) reagent were us€d®In the present

nd 4817.7 4820.0 Leug4Glu104 experiment, in which the Pd(Il) reagent is present in 10-
und 4009.3 4008.8 AcGly1:Asn31l fold | th tei din 2-fold |

und 3246.4 30444 AcGly3-Gly24 old molar excess over the protein and in 2-fold molar excess
und 2674.8 2674.1 AcGlyi-His18 over the five potential anchors, cleavage at additional sites
nd 1352.5 1350.6 Thrt9Asn31

is to be expected; indeed, we detected it. Regioselectivity

aShown in Figure S1 in the Supporting InformatiérCertain fragments of this additional cleavage obeys the established pattern,
are undetectable (und) or not detected (nd) in the electrophoretogram. Thehgwever. Evidently, the number of cleavage sites can be
Zﬁ;}g:ﬁfddiy tLeéTé?(zslr:tsag{' gﬁggﬁ?ﬂﬁgy the standard Edman method, a%ontrolled by adjusting the molar ratio of the substrate and

the Pd(ll) reagent.

Because the terminal amino group in equine cytochrome
c is acetylated, the N-terminal fragments were undetectable
by the Edman method. Fortunately, these fragments were This study explores the reactivity of Pd(Il) complexes as
identified in the MALDI mass spectrum of the digest. The reagents for regioselective hydrolysis of eight natural peptides
results in Table 5 prove the pattern of cleavage shown in and proteins. The regioselectivity of cleavage is directed by

Conclusions

the sequence of cytochronee the binding of the Pd(Il) reagent to the side chains of internal
histidine and methionine residues and to the deprotonated

Chem amide groups in the peptide backbone. A clear pattern
{ ey X emerged for occurrence and nonoccurrence of cleavage.
1 AcGDVEKGKKIFVQKIC AQ&H?TVEKGGKHKTGP 30 Substrates Iacklng an ar_lchor_lng reS|du_e canr_lt_)t be cleaved.

% ! ’ When the anchoring residue is present in position 1, 2, or 3

31 NLHGLFGRKTGQAPGFTYTDANKNKGITWK 60 from the N-terminus, the amide nitrogen atoms upstream
61 EéﬁMEYLENPKKYIPG%(KMIF AGIKKKTE % from th.e anphor become dgprotonated ar_u_j bind the_ anchored

! ! Pd(ll) ion into a stable bidentate (position 1), tridentate

91 REDLIAYLKKATNE 104 (position 2), or tetradentate (position 3) chelate, thus “lock-

ing” this ion and preventing its approach to the scissile amide

Evidently, the Pd(ll)-promoted cleavage is regioselective. bond. When the anchoring residue is present in a position
It is directed by the two methionine and three histidine beyond 3 in the sequence and no other coordinating side
internal residues, which are capable of anchoring the reagentchain interferes, the cleavage occurs at the second amide
In the case of four anchors, namely His26, His33, Met65, bond upstream from the anchor. If the compbéx[Pd(en)-
and Met80, the cleaved amide bond is the second one(H;O);]?" is used as the reagent, this upstream cleavage is
upstream from the anchor. Only in the case of His18 does preceded by the rate-limiting displacement of the ethylene-
the cleavage occur downstream from that anchor, at thediamine ligand. In exceptional cases, such as one of the sites
His18-Thr19 bond. in angiotensin Il and one of those in cytochromeleavage

The His26, His33, Met65, and Met80 anchors are all can occur also at the first peptide bond downstream from
“isolated”, that is, flanked by noncoordinating side chains, the anchor. The ability of Pd(ll) complexes to cleave proteins
which cannot alter the binding of the Pd(ll) reagent to the at relatively few sites, with explicable selectivity, and with
anchor and to the backbone. Regardless of the identity ofgood yields bodes well for their wider use in biochemical
the neighboring noncoordinating residues, the regioselectivity 2nd bioanalytical practice.
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and is unique for cytochromes of typeThis special cysteine ~ PUPS-acs.org.

side chain contains a thioether group, as shown in the1C025640C
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