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Regioselective Cleavage by a Palladium(ll) Aqua Complex of a Polypeptide in Different
Overall Conformations
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Receied May 22, 1997

Two molecules of the complesis-[Pd(en)(H0),]?" lose aqua ligands and bind to His5 and His9 residues in the
nonadecapeptide that is the carboxy-terminal segment of the protein myohemerythrin. The known modes of
palladium(ll)—histidine coordination are detected By NMR spectroscopy. Only the [Pd(en)}{®)]?*group

bound to His5 cleaves the polypeptide backbone; the group bound to His9 does not. Only the amide bend Val3
Pro4 is cleaved. This regioselectivity is attributed to electrostatic repulsion of the [Pdi@)if{froup by cationic

lysine residues 6, 7, and 10 and the absence of repulsion by the residues “upstream” from His5. The polypeptide
in a partiallya-helical conformation and the tripeptide AcGly-Gly-His, which adopts many flexible conformations,

are both cleaved at the second amide bond “upstream” from the histidine residue bearing the [FOJ§)(H

group. Moreover, the rate constants for the cleavages of these two peptides are virtually the same. Regioselectivity
and kinetics of the cleavage of peptides by palladium(ll) agua complexes seems to be affected by the local secondary
structure in the vicinity of the scissile bond. This study is a step toward our ultimate-design of artificial
metallopeptidases.

Introduction the cleavage was fast, the synthetic work involved in the
) ) . attachment and the additional chemicals required for cleavage
~ Selective cleavage of proteins and peptides, one of the mostjijt the applicability of this method. Use of untethered chelate
important tasks in analytical biochemistry, is usually ac- complexes eliminates one of the disadvantdges.
complished with a few proteolytic enzymes (also called pro-  anqther method, practiced in our laboratory and elsewiet®,
teases or peptidases)So convenient is their immense catalytic ~ ¢onsjsts of spontaneous attachment, without tethering, of
power that some of their shortcomings are insufficiently ,reformed metal complexes to nucleophilic side chains, followed
recognized. Because proteases are usually applied to denaturegy cleavage of proximate amide bonds. The initial study with
proteins, the cleavage pattern reveals little, if anything, about platinum(ll) complexe¥ and subsequent investigations with
the three-dimensional structure of the proteins. Even the palladium(ll) complexes and various peptiefed’ revealed
regioselectivity of cleavage, a desirable property in many seyeral aspects of the reaction mechanism. The applications
applications, becomes a serious shortcoming when the common
proteases are applied for so-called footprinting analysis of (5) Rana. T. M.; Meares, C. B. Am. Chem. Sod99Q 112, 2457.
protein association with other molecules. In these experiments, (6) Ermaora, M. R.; Delfino, J. M.; Cuenoud, B.; Schepartz, A.; Fox, R.

; ; O. Proc. Natl. Acad. Sci. U.S.A.992 89, 6383.
nonselective cleavage reagents are required. (7) Platis, I. E.; Ermeora, M. R.; Fox, R. OBiochemistry1l993 32, 12761.

New reagents, with different characteristics of selectivity in  (8) Schepartz, A.; Cuenoud, B. Am. Chem. Soc99Q 112, 3247.
protein cleavage, are needed for many tasks in biochemistry (9) Hoyer, D.; Cho, H.; Schultz, P. G. Am. Chem. Sod99Q 112 3249.
and structural biology. Among them are sequencing, Semisyn-(lo) Ettner, N.; Hillen, W.; Ellestad, G. Al. Am. Chem. Sod 993 115

. ) i = : _ 2546.
thesis, c_zlomaln analysis, elucidation (_)f folding, and analysns of (11) Ghaim, J. B.; Greiner, D. P.: Meares, C. F.; Gennis, Richemistry
non-native states. Very few synthetic reagents are available, 1995 34, 11311. _
and discovery of new ones is hampered by the extreme (12) srraora, M. R Ledman, D. W.; Fox, R. Qlat. Struct. Biol 1998

unreactivity of the amide bond. For example, uncatalyzed (13) Heyduk, E.; Heyduk, TBiochemistryl994 33, 9643.
hydrolysis of peptides by water in weakly acidic and nearly (14) Heyduk, T.; Heyduk, E.; Severinov, K.; Tang, H.; Ebright, RPibc.
neutral solutions occurs with half-lives of hundreds of yéars; Natl. Acad. Sci. U.S.AL996 93, 10162.

: - i : : : (15) Greiner, D. P.; Hughes, K. A.; Gunasekera, A. H.; Meares, €réc.
evenin a 1.0 M HCI solution, the half-life of a simple dipeptide Natl. Acad. Sci. U.S.AL996 93, 71.

is 5 months (16) Hegg, E. L.; Burstyn, J. NI. Am. Chem. Sod.995 117, 7015.
Transition-metal complexes hold promise as new reagents(17) Chen, X.; Zhu, L.; KosfieN. M. Chin. Chem. Lett1996 7, 127.

. . . (18) Chen, X.; Zhu, L.; Yan, H.; Kostjd\N. M.; You, X. Chin. Sci. Bull.
for protein cleavage by various mechanisms. Several labora-"""" 1994 41 "390.

tories have used irocrREDTA complexes that are covalently  (19) Burgeson, I. E.; KostjcN. M. Inorg. Chem.1991, 30, 4299.

attached to amino acid side chafd? Although in some cases  (20) Zhu, L.; Kosti¢ N. M. Inorg. Chem.1992 31, 3994.
(21) Zhu, L.; Kosti¢ N. M. J. Am. Chem. S0d.993 115, 4566.

(22) Zhu, L.; Kosti¢ N. M. Inorg. Chim. Actal994 217, 21.

(1) Croft, L. R.Handbook of Protein Sequence Analy&isd ed.; Wiley: (23) Korneeva, E. N.; Ovchinnikov, M. V.; KostidN. M. Inorg. Chim.
Chichester, U.K., 1980. Acta 1996 243 9.

(2) Radzicka, A.; Wolfenden, Rl. Am. Chem. S0d.996 118 6105. (24) Parac, T. N.; KosticN. M. J. Am. Chem. So0d.996 118 51.

(3) Rana, T. M.; Meares, C. RProc. Natl. Acad. Sci. U.S.A991], 88, (25) Parac, T. N.; KosticN. M. J. Am. Chem. S0d.996 118 5946.
10578. (26) Chen, X.; Zhu, L.; Yan, H.; You, X.; KostjdN. M. J. Chem. Soc.,

(4) Rana, T. M.; Meares, C. B. Am. Chem. S0d.99], 113 1859. Dalton Trans.1996 2653.
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to proteind®2° showed that cleavage is possible at pH values Cleavage of Peptides withcis-[Pd(en)(H0);]?". Kinetics of

as high as 6.2 and that different palladium(ll) complexes have AcGly-Gly-His hydrolysis was examined as in our previous stu#fiés.

the same regioselectivity of cleavage. The nonadecapeptide, designated simply the polypeptide, was cleaved
The main difference between proteins and short peptides isPY two procedures, in aqueous solutions. o the first procedyat, 5

that the former are much more homogeneous than the latter in®f @ 100 mM solution oftis-[Pd(en)(HO)]*"in H,0 was added to

the secondary and tertiary structures. To investigate possibleloo# L ofa 1 mM solution of the polypeptide in 40. The reaction

h . he ol mixture was kept at 40C. In the second procedure, & of CFs-
effects of the secondary structure (conformation) on the c €avagec,oH and 5ul of a 100 mM solution ofcis-[Pd(en)(HO)]2" in

promoted by palladium(ll) complexes, we now compare the p,0 were added to 5@L of a 1 mM solution of the polypeptide in
reactivity of the same nonadecapeptide (so-called 19-mer) inH,0. The reaction mixture was kept at 22. Both reactions were
predominantlyo-helical and essentially random-coil conforma- quenched by adding sL of a 100 mM aqueous solution of sodium

tions. diethyldithiocarbamate, Na(ddtc), to a 20Q-aliquot of the reaction
) mixture. The insoluble [Pd(ddt§)was removed by centrifugation, and
Experimental Procedures the clear solution was analyzed by HPLC. The reactions &C2Rere

followed over 36 days, and the rate constants for the cleavage were

Chemicals. Distilled water was demineralized and purified to a A
calculated from the initial rate.

resistivity greater than 18 8 cm. The deuterium-containing com-
pounds RO, DCIO,, and NaOD and the salt AgClH.O (99.999%

Results and Di ion
pure) were obtained from Aldrich Chemical Co. The solvent 2,2,2- esults and Discussio

trifluoroethanol and the peptideglycyl-L-glycyl-L-histidine (Gly-Gly- The Polypeptide. The main substrate for cleavage is the
His) were obtaine_d from Sigma Chemical Co. The terminal amino carboxy-terminal segment of the monomeric protein myohem-
group in the peptide was acetylated by a standard procétiusdi erythrin, acetylated and amidated at the ends in order to prevent

other chemicals were of reagent grade. The deuterium-containing 2'2’2'binding of the amino and carboxylic groups to palladium(ll).

trifluoroethanol (CECD,OD) was obtained from Isotec Inc. The . : . - :
peptide designated ECH-3, synthesized by a standard solid-state methogr?wo‘ljs stu_dles_have Slho‘f"” trf:at the Sllde Cr;f?"r_‘s of aspartic
and checked for purity by HPLC, was a gift by Professor M. Reza acid, glutamic acid, and lysine have too low affinity to cause

Ghadiri of Scripps Research Institute. The compieis[Pd(en)- pletectable plndlng to palladium(ll); thg aC'IdI(.: solutions used
(H;0);]2*, in which en is ethylenediamine, was prepared by treating IN Our experiments further suppress this binding.
the corresponding dichloro complex with 2 equiv of Aggl@nd
removing AgCl by centrifugation, all in the dafk. The aqua ligands Ac-E-V-V-P-H-K-K-Nle-H-K-D-F-L-E-K-I-G-G-L-NH,
can be HO (in circular dichroism samples and cleavage experiments
monitored by HPLC) or RO (in *H NMR spectroscopic experiments);
H-0 is written consistently, for simplicity.

Spectroscopic and Analytical Methods. Proton NMR spectra were

In the preceding sequence only His5 and His9 are potential
ligands for palladium(ll).

recorded in BO and in a 1:1 v/v mixture of BD and CRECD,0OD, Binding O_f cis-[Pd(_en)(H20)2]2+ to the Polypeptide. Be-
with a Bruker DRX 400 spectrometer, and with DSS as an internal Cause previous studies showed that palladium(ll) complexes
reference. Temperature was kept witkif.5°C. In all NMR studies, cleave the peptide only if they are attached to the side

the concentration of the polypeptide was 2.0 mM. The pH was chainl®2022we studied the attachment process Iy NMR
measured with a Fisher 925 instrument and a Phoenix Ag/AgCl spectroscopy. Both in pure;D and in a 1:1 v/v mixture of
reference electrode and not corrected for the deuterium effect. D,0 and CECD,OD, at the same pH of 2.5, the free polypeptide
The circular dichroism (CD) measurements were recorded with a gshowed the singlets for the H-2 protons in the two histidine
JASCO J-710 polarimeter equipped with a PTC-348W Peltier thermo- residues, at 8.63 and 8.64 ppm. Although the signals for the
stat. Peptide concentrations for the CD experiments were determinedH_5 protpns overlapped with those for the aromatic protons in
by quantitative amino acid analysis, with norleucine as an internal . . o .
standard. The optical path length was 1 mm. Each spectrum is an Phe12, complex formation with the histidine resm!ues was clearly
average of 10 scans. The mean residue elliptic], has the units evident from the H-2 resonances becaus.e chemlcql S.hlftS of both
deg cnf dmotL. Circular dichroism spectroscopy is the method of H-2 and H-5 are very sensitive to coordination of imidazole to
choice for determining the extent of random-coil anghelical palladium(11)242533 When a 2.0 mM solution of the polypeptide
conformations of peptided. A negative band at wavelengths less than was made 2.0, 4.0, and 10.0 mM dis-[Pd(en)(HO);]?", the
200 nm is diagnostic of a random-coil conformation, whereas a strong, fraction of coordinated histidine residues, determined from the
positive band near 190 nm and negative bands at 208 and 222D relative intensities of the resonances, increased from 35 to 59
nm are diagnostic of am-helical conformatiorf! The fraction of to 100%. The original two singlets were replaced by three pairs
_(x-helical polypeptide was32estimated from the mean residue ellipticity of singlets for the H-2 protons in the interval 7-48.01 ppm.
In the region 226222 nm: Evidently, His5 and His9 behave alike in forming three kinds

The peptides were separated with a Beckman Gold HPLC system . . oo .
containing a 166 detector, a 126 AA solvent module, and a<250 of palladium(ll) complexes. They were identified on the basis

mm Vydac C18 column of %m beads. Amino acid sequences were of the characteristic chemical shifts, as in previous studies by
determined with a 477A protein sequencer and a 120A analyzer, both US**>and others$? As Chart 1 shows, the unidentate complexes
by Applied Biosystems Inc. The first three residues from the amino 1 and2 are linkage isomers of each other; in comp8&xhe
terminus in each of the peptides separated by HPLC were determinedpalladium(ll) atom induced deprotonation of the amide nitrogen,

by Edman degradation. All of these bioanalytical experiments were a reaction known to occur even at pF2.034-40 Qur previous
done by the staff of the Protein Facility at lowa State University.

(33) Appleton, T. G.; Pesch, F. J.; Wienken, M.; Menzer, S.; Lippert, B.

(27) Milinkovi¢, S. U.; Parac, T. N.; Djuran, M. I.; Kosti&N. M. J. Chem. Inorg. Chem.1992 31, 4410.

Soc., Dalton Trans1997, 2771. (34) Sigel, H.; Martin, R. BChem. Re. 1982 82 385.
(28) Zhu, L.; Qin, L.; Parac, T. N.; KostidN. M. J. Am. Chem. S0d994 (35) Sovago, L.; Martin, R. BJ. Inorg. Nucl. Chem1981, 43, 425.

116, 5218. (36) Menabue, L.; Saladini, M.; Sola, Mnorg. Chem.199Q 29, 1293.
(29) Zhu, L.; Bakhtiar, R.; KosticN. M. J. Biol. Inorg. Chem.in press. (37) Wilson, E. W., Jr.; Martin, R. Blnorg. Chem.1971, 10, 1197.
(30) Mehal, G.; Van Eldik, RInorg. Chem.1985 24, 4165. (38) Kasselauri, S.; Garoufis, A.; Hadjiliadis, M.; Hadjiliadis, Qoord.
(31) Creighton, T. EProteins: Structures and Molecular Propertjeznd Chem. Re. 1990 104, 1.

ed.; Freeman: New York, 1993; Section 5.4.2. (39) Wilson, E. W., Jr.; Martin, R. Blnorg. Chem.197Q 9, 528.
(32) Lyu, P. C.; Sherman, J. C.; Chen, A.; Kallenbach, NPRac. Natl. (40) Laussac, J. P.; Haran, R.; Hadjiliadis, N.RC.Acad. Sci. Paris, Ser.

Acad. Sci. U.S.A1992 89, 6383. Il 1985 300, 137.
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Chart 1. Modes of Binding of [Pd(en)(£D)]*" to the Polypeptide and thé1 NMR Chemical Shifts of the H-2 Protons in

His5 and His9 Residues
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Figure 1. Circular dichroism spectra of solutions that were 8.10°°
M in the polypeptide and 4.% 10~ M in cis-[Pd(en)(HO);]?" at pH
2.0 in two solvents: (A) water, at 40C; (B) 1:1 v/v HO—CFCH,-
OH, at 22°C.

Table 1. Degrees ofx-Helicity? of the Polypeptide at pH 2.0 (%)

solvent, temperaturéQ)

polypeptide state $O, 40 1:1 viv HO—CRCH,0OH, 22
free <10 ~80
bound to Pd(Il) <10 ~50

aFigure 1 and refs 31 and 32.

study showed that these various palladium{peptide com-
plexes exist in an extended equilibrium with one another and
with the free peptide andis-[Pd(en)(H0)]2 but that only
complex2 is active in hydrolysis. Because identiddd NMR
spectra were obtained in pure@and in a 1:1 v/v mixture of
D,O and CECD,OD as solvents, we concluded that 2,2,2-
trifluoroethanol does not affect binding of palladium(ll) to the
polypeptide.

Conformation of the Polypeptide. The ability of 2,2,2-
trifluoroethanol to stabilizex-helices is well documented and
often exploited?=43 Results of CD spectroscopic measurements
are given in Figure 1 and Table 1. The free polypeptide is

7.92 and 8.01ppm

woeN—CH—C—NHwmw
>§Td/ b, &
\ N

N

)\\NH
H 7.64 and 7.68 ppm

3

Table 2. Rate Constants for the Cleavage of Histidine-Containing
Peptides Promoted bgis-[Pd(en)(HO),]?" at pH 2.0

H,0:CRCH,OH 10PKopsa (Min~?)

substrate in the solvent, v/v 22C 40°C
polypeptide 11 0.5
1.0 15
AcG-G—H 1.1 0.6
1.0 19
1.1 17

contains glycine and proline residues, which locally disrupt this
conformation. Because of the presence of Pro4, the region
“upstream” of His5 cannot be fullg-helical even in the free
polypeptide. Binding of two molecules of the palladium(ll)
complex has no effect on the random coil (at°@) but causes

a decrease in the-helicity (at 22°C). Our finding agrees with

a previous repoft that square planar complexes of palladium-
(I) and platinum(ll) somewhat destabilize thehelical structure

of a polypeptide when they bind to histidine side chains.

Cleavage of the Polypeptide.Reaction mixtures that were
1.0 mM in the polypeptide and 5.0 mM @is-[Pd(en)(HO),]%"
were kept at 40 and 22C. The latter temperature was a
compromise between the requirements for convenient rate of
the cleavage (which is enhanced by heating) andxthelical
conformation (which is stabilized by cooling). The outcome
of the cleavage reactions was the same at both temperatures.
Separations by HPLC yielded only one product, a fragment in
which the first three amino-terminal residues were found to be
P-H-K. Evidently, only the V3-P4 bond in the complete
polypeptide is cleaved. The other product of the polypeptide
cleavage, the fragment AcE-V-V, is too short to be retained by
the chromatographic column. This nonretention is consistent
with our previous findings; tripeptide resulting from cleavage
of the heme undecapeptide, a part of cytochranveas likewise
undetectable by HPLE&

Hydrolysis of histidine-containing peptides in the absence of
palladium(ll) complexes, the so-called background cleavage,
was studied at pH 1.0, whereas the cleavage by the palladium-
(i) complex was studied at pH 2.0. This difference in
conditions added rigor to the control experiments and ensured
that the cleaving ability of the palladium(ll) complex would
not be overestimated. Despite the greater acidity, the back-
ground cleavage has the half-life of ca. 9 months at@@nd

essentially completely a random coil in aqueous solutions at is undetectably slow at 22C. These conservative control

40 °C. The presence of 50% v/v @EH,OH and cooling to
22 °C induce the conversion to am-helix. The degree of

experiments show that the rate constants in Table 2 correspond
to hydrolysis promoted by the palladium(ll) complex in the

helicity, however, is less than 100% because the sequencereaction mixture. The 30-fold increase (from51076to 1.5

(41) Benson, D. R.; Hart, B. R.; Zhu, X.; Doughty M. B. Am. Chem.
Soc.1995 117, 8502.

(42) Kemp, D. S.; Allen, T. J.; Oslick, S. L.; Boyd, J. G. Am. Chem.
Soc.1995 117, 4240.

(43) Liff, M. I.; Lyu, P. C.; Kallenbach, N. RJ. Am. Chem. S0d.991,
113 1014.

x 1074 min~Y) in the rate of cleavage of the polypeptide may
be due to the unfolding of the-helix, removal of CECD,0D,

or increase in the temperature. These questions were settled in
control experiments with the tripeptide AcG-G-H, which is very

(44) Ghadiri, M. R.; Choi, CJ. Am. Chem. S0d.990 112, 1630.
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cleavage. The cleaved peptide bonds tend to be one to three
positions removed from the residues capable of anchoring the
palladium(ll) complexes. Because the polypeptide in this study

is structurally simpler than the aforementioned proteins, we can

now address the important question of regioselectivity.

The observed pattern of cleavage may be a consequence of
the electrostatic interactions between the cationic groups [Pd-
(en)(HO)]?* and proximate side chains. The residue His9 in
the polypeptide is surrounded on both sides by cationic lysine
residues 6, 7, and 10, which may repel the palladium(ll) complex
from the backbone. The residue His5 is followed “downstream”
by cationic lysine residues 6 and 7 and preceded “upstream
by electroneutral residues-2 and Glul, which is protonated
and therefore electroneutral at pH 2.0. The palladium(ll)
complex, therefore, is repelled from cleaving on the carboxylic
side of His5 but not from cleaving on the amino side of this
residue. The relatively low rate constants in Table 2 may reflect
the lack of negatively charged residues near the histidine
anchors, residues that would attract the [Pd(esQ(F" group
toward the backbone and accelerate its cleavage.

The scissile bonds in myoglobin usually lie upstream, seldom
downstream, from the residues capable of anchoring the
palladium(ll) complexed? Now we find a similar pattern with
peptides. Both in the tripeptide AcG-G-H and in the polypep-
tide, the cleavage occurs at the second amide bond upstream
from a histidine residue. The stereochemical and other causes
for this emerging pattern will be a subject of future research.

”

Figure 2. Cleavage of the Val3Pro4 bond in the nonadecapeptide
promoted by the [Pd(en)@®)]>" group bonded to the N-3 atom in the
imidazole ring of His5. The final products are a tripeptide and a doubly-
labeled hexadecapeptide. The [Pd(erid}?" group bonded to the
imidazole ring of His9 does not cleave the polypeptide backbone. The
peptide is only partially-helical. The terminal segments, and possibly
some internal regions as well, are unfolded. Symbol Ac represents the
acetyl group.

flexible and therefore has very heterogeneous configurations.
As Table 2 shows, the rate constant for its cleavage 4C48
practically unaffected by the presence (or absence) gCOB

OD in solution. The similarity of the rate constants for cleavage
of the tripeptide and the polypeptide at 40 does not rule out Previous studies in this laboratory showed that palladium(Il)
conformational effects on the kinetics of the polypeptide complexes hydrolytically cleave peptides and proteins in the
cleavage, because at this temperature both peptides ha\/e/iCini'[y of amino acid side chains to which these complexes
random-coil conformations. But the near equality of the rate are attached. This study indicates that cleavage is probably
constants at 22C, at which the polypeptide is partiakly-helical unaffected by the overall conformation of the substrate, at least
while the tripeptide is still random, indicates that the cleavage in the polypeptide examined. Perhaps the local conformation
is unaffected by the overall conformation of the substrate. This in the vicinity of the palladium(ll) binding site and the scissile
is to be expected, because the reaction should be affected onlypond is important for cleavage; in this polypeptide, this local
by the structure of the reactive site. Since the conformation in conformation is not-helical. Much more remains to be learned
the vicinity of His5 is probably unfolded (see above), we suggest about the effects and noneffects of secondary structure on
that the similarity of the rate constants reflects the similarity of cleavage, but it is already clear that palladium(ll) complexes
the (unfolded) conformations in the vicinity of the histidine differ in regioselectivity from proteolytic enzymes and from the

Conclusions

residues near which the cleavage occurs.

Regioselectivity of Cleavage.As Figure 2 shows schemati-
cally, both histidine residues 5 and 9 in the polypeptide are
tagged with [Pd(en)(kD)]?" groups, but only the group at His5
cleaves the backbone. Experiments with cytochraffeand
myoglobir?® likewise indicated that molecules of the palladium-

(I1) complex attached to some amino acid residues do, whereas
molecules of the same complex attached to residues of the same

few other chemical reagents that are used for cleavage of
peptides and proteins. This study is yet another step toward
our ultimate goat-design of artificial metallopeptidases.
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