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Interactions of coppérand other transition metal ions with ] -bpy '°|“|
amino acid residues in peptides and proteins are important for 0 e H
the functioning of several redox enzyme systémsSuch
interactions have been modeled in the gas phase in studies that K ~Cubpy P+
have been focused on elucidating the structure and reactivity £ | «
of peptide-metal complexes and the role of the metal ion in % X057
promoting cleavages of the peptide backbone and amino acid £ = ” -bpy »cm‘
side chainga?¢ |n addition, redox reactions of coppgpeptide % 2 1 | {bpy+Kl+ ' \
complexes have been studied intensively because of the role of & 0 S— MR ‘
copper in the formation and dissociation of peptide radicals % 00 TS0 B0 250 %0 0 400 40 s00 50 6w
relevant to radiation damage of biomolecufles. 100 “Cubpy P
We have found recently that the gas-phase chemistry bfCu ] Re -bpy
amino acid and peptide ternary compleXeshowed a surprising * ooy |05
similarity to the radiolytic processes in soluti®nin particular, . - A |
the gas-phase complexes were found to undergo intramolecular 25 {bpy+Rb]*
electron transfer from the amino acid to the metal, which in 0 —— | - | G
some instances resulted in sequential metal reductioth,~€u 0 50 100 150 200 250 %00 30 400 450 500 S50 600
Cu — CWP, accompanied by oxidation and fragmentation within 0 g -opy X042
the amino acid residue or the peptide chfainin this com- 2 | * P
munication we report on an unprecedented oxidation of gas- s “Cak7
phase dipeptideCu(bpy) complexes with Nj K*, and Rb ° ouey
cations in the course of dissociation. 2 [bpy+Csl*
Dipeptides, e.g., PheLeu, Leu—Phe, Ala-Leu, and Leu- 0 L, I T
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Ala, form ternary complexes with Guand 2,2-bipyridyl (bpy),
which are obtained in the gas phase as'[@aptide— H)-
bpy)]™ ions” by electrospray ionization (ESI)in (50/50)
agueous methanol. In solution the complexes give absorption
spectra Amax = 660 nm,emax = 50 for Phe-Leu), which are

typical of tetracoordinated Guwith square planar or rhombic when treated with 1 equiv of 18 M alkali hydroxide (XOH,
geometries, or an elongated octahedron geometry with looselyy — | Na K. Rb Cs) to give new species, which show
bound apical ligand3'® The complexes deprotonate in solution  jantical abéor[,)tion’spectr&nax = 630 nm andfm,ax = 75 for

*Phone: (206) 685-2041. Fax: (206) 685-3478. E-mail: turecek@ Phe-Leu, with all alkali metal cations. .
macmail.chem.washington.edu. In the gas phase, the complexes appear as singly charged

g; Mr‘]’i'\‘fgr“s'ﬁ‘ftjﬁswashmgton [Cu'(peptide— 2H + X)bpy]** ions, which are obtained by
(3) (a) Solomon, E. I.: Baldwin, M. J.; Lowery, M. [Chem Rev. 1992 electrospray ionization. Deuter'lum Iabehrjg |n.Ph$u and
92, 521. %b) Karlin, K. lﬁ., Tyeklar,kz., EdsBioinorganic Chemistry of Leu—Phe showed that the alkali metal cation displaced one of
Copper Chapman & Hall: New York, 1993. the active peptide protons for % Li through Cs. Hence the
(4) For leading references, see: (a) Hu, P.; Gross, M. Am Chem peptide ligands can be depicted as having imidate,
—C(—07)=N-—, and not enolates=C(—O~)—NH-—, structures,

m/z

Figure 1. CAD spectraE as = 10 eV) of mass-selecte®Cu(Phe-
Leu— 2H + X — CO,)bpy]™ ions for X = “Li, #Na, 3%, #Rb, and
13Cs.

Soc 1993 115 8821. (b) Reiter, A.; Adams, J.; Zhao, B. Am Chem
Soc 1994 116, 7827. (c) Allen, M. H.; Hutchens, T. WRapid Commun
g‘gﬁﬁn gﬁevc\}rf%ﬁ%??}g}n 3%3-\( (.dc);l}/;/t'g?g;\gsnk% ';\/Em gug%g%niggéﬂ? as the latter would have retained the exchangeable amide
117, 3319. (e) Jiao, C. Q.; Freiser, B. S.: Carr, S. R.: Cassady,CA deuteron. Collisional activation of mass-selected gas-phase
Soc Mass Spectron1995 6, 521. (f) Gross, M. LAcc Chem Res 1994 complexes resulted in clean decarboxylation for-Pbheu and
27,(2)6(1-) é;g)|g“:’ _P.;SLOOC, J. Ali: Aém cChr?m SFcIJc ,\1/|995 lt17,. 1%)314- Eldik Leu—Phe (X= Li through Cs) and for Ala-Leu and Leu-Ala
a) Goldstein, S.; Czapski, G.; Cohen, H.; Meyerstein, D.; van Eldik, _ ; ot

R. Inorg, Chem 1994 33, 3255.  (b) Goldstein, S.. Czapski, G.; Cohen, (X llNa). However, the .dISSOCIatIOI’]S of the decarboxylated
H.; Meyerstein, D. InBioinorganic Chemistry of CoppeKarlin, K. D., lons; denoted as P_(peptlde, metal)were fOUf_“_j to d_epend
Tyeklar, Z., Eds.; Chapman & Hall: New York, 1993; p 222 and references  critically on the peptide structure and the alkali ion (Figure 1).
therein. . , For Na, K, and Rb complexes of Phkeu and Na complexes

(6) () Gatlin, C. L.; Turecek, F.; Vaisar, 3. Am Chem Soc 1995 Y .
117,3637. (b) Gatlin, C. L.; Turecek, F.; Vaisar, J. Mass Spectrom of Ala—Leu and Let-Ala, the P ions showed losses akutral
1995 30, 1605. (c) Gatlin, C. L.; Turecek, F.; Vaisar, I Mass Spectrom alkali metals which competed with other dissociations (Figure
1995 30, 1617. i i

(7) Gatlin, C. L.; Turecek, F.: Vaisar, TAnal. Chem 1996 68, 263. 1). No Comp'ememﬁ.rly Nﬁ'ons were j‘?rmed in the ra”geh"f

(8) Gatlin, C. L.; Turecek, F. IrElectrospray lonization Mass Spec- Etas = 5—20 eV, while the (P— Na)" ions represented the
trometry Fundamentals, Techniques and Applicatio@sle, R. B., Ed.; most abundant fragmentsLosses of K and Rb showed
Wiley: New York, 1996, in press.

(9) Fenn, J. B.; Mann, M.; Meng, C.-K.; Wong, S. F.; Whitehouse, C. (11) P(peptide,X)* ions were prepared by CAD/decarboxylation of [€u
M. Mass SpectromRev. 199Q 9, 37. (peptide— 2H + X)bpy]** complexes in the ESI ionizer, selected by mass,
(10) Hathaway, B. J. I€omprehensie Coordination Chemistrywilkin-
son, G., Ed.; Pergamon: Oxford, 1987; p 674.

and allowed to collide with Ar at 30% ion beam transmittance an@®
eV laboratory kinetic energie€(ag).
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distribution of positive charge between the {PX) fragment
and the alkali metal, whereas P(PHeeu, Cs)* produced Cs

only (Figure 1)!2 The (P— X)* and X' ion abundances did
not change appreciably relative to each other when the collision
energy was varied within 520 eV. CAD of mass-selected
(P — X)* ions resulted in loss of the neutral peptide residue to
yield [Cu(bpy)]" as the sole product.

In contrast to the P ions derived from PhelLeu, Ala—Leu,
and Leu-Ala, those from Lew-Phe uniformly eliminated bpy
as the predominant dissociation channekEgls = 5—10 eV,
which produced 76, 94, 98, and 99% of total fragment ions for
Na, K, Rb, and Cs, respectively. P(LeBhe, Naj* showed a
minor loss of Na (1%), whereas no losses of K, Rb, and Cs
were observed from the corresponding P(E&le, X) ions.

Very different dissociations were found for P(peptide,*t.)
ions of Phe-Leu, Ala—Leu, and Lew-Ala, which eliminated
CW? and formed abundant [bpy Li] * ions (Figure 1). P(Let
Phe, Li)** dissociates chiefly by loss of bpy (46%) but also
shows loss of Cu(0) (7%) and forms [bpy Li] * (22%).

Charge distribution between complementary fragments formed
by a unimolecular dissociation of a single precursor is a sensitive
probe of fragments’ relative ionization energies (Eand thus
the formation of (P- X)* and X" ions can be used to compare
the electronic properties of their corresponding neutral coun-
terparts. The IE of the P(Phe.eu), P(Leu-Ala), and P(Ala-

Leu) neutral fragments are bracketed from above by the IE of
Na (5.14 eV)* as Na irreversibly oxidizes the peptide
complexes. Rband (P— Rb)" are formed at about equal rates
from P(Phe-Leu, Rb)™* (Figure 1), indicating that the
(P — Rb) residue has an IE close to that of Rb (4.18 eV). The
exclusive formation of Csand absence of (P Cs)" (Figure

1) show that the peptideCu(bpy) complex has an IE higher
than that of Cs (3.89 eV). These data indicate that the peptide
Cu'(bpy) fragments are electron-rich species of extremely low
ionization energies. By comparison, the lowest |IE among
organic compounds (5:-36.4 eV) have hitherto been attributed
to a-aminoalkyl radical®2b and tetrakis(dimethylamino)-
ethylenelsc

For Na" through Cg, the P ions are postulated to have the
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spontaneously dissociate by exothermic electron transfer to form
CH,=N—-CH=0 and Na. Hence the observed stability of P
ions must be due to delocalization of the electron density from
the formally anionic peptide residue to Gand formation of a
partially covalent alkali metatoxygen bond. Oxidation by the
alkali metal cation thus can be viewed alternatively as a
homolysis of the polarized XO bond.

The gas-phase dissociations show a few trends depending on
the alkali metal ion. Lithium is exceptional in promoting loss
of CWP and formation of [bpy+ Li] ™, while loss of LP is not
observed at all. Loss of Cus very rare in gas-phase Cu
complexes and has been observed only for ions in which Cu
was dicoordinated to electron-rich ligands, such as dehydro-
histamine ora-histaminyl radicaf® This fact and the high
affinity of lithium to nitrogen ligand¥ indicate that bpy is
coordinated to LT in the gas-phase*Pions.

The differences in dissociations in"Pions from Phe-Leu

alkali metal coordinated to oxygen, whereas the peptide imine and | eu-Phe most likely reflect an effect of the aromatic ring
and amine groups and bpy provide ligands to tetracoordinatedj, the C-terminal Phe residue. Aromatic rings are known to

CU (Scheme 1). The peptideX residue in P* can be viewed
as a salt of the alkali metal cation and idralkylidene amide
anion-radical coordinated to Cibpy. The simplest prototype
of anN-alkylidene amide, Cl=N—CH=0O0, is found to have a
small positive electron affinity of 0.5 e%t. The anion-radical
is best represented &&H,—N=CH—0O~ with 90% of unpaired
spin density localized in theqorbitals on the terminal meth-

coordinate to transition metal ions in binary and ternary peptide
complexes® In P™ ions, the C-terminal benzyl group is
positioned such that the phenyl ring can reach to one of the
equatorial coordination sites at Cand displace the bpy ligand,
which is lost on CAD. In contrast, an N-terminal benzyl allows
the phenyl ring to attain an axial coordination site at',Cu
whereas an equatorial approach is sterically impossible (Scheme

ylene, which is slightly pyramidized, and 75% of the negative 1) | the absence of a C-terminal Phe, electron transfer to Na
charge localized on the oxygen atom. Analogous structures arejg the dominant reaction. However, loss of bpy occurs increas-

considered for the peptide residues (Scheme 1). In the absencg,giy in the P(Phe-Leu, X)** ions for K+, Rb*, and C¢ (Figure

of Cu(bpy), a gaseousCH,—N=CH—-O"Na' salt would

(12) The absence of Naions is not due to discrimination by the

1). This likely reflects an increasing polarization of the%
OO bond, which elevates the electron density in the &@H—

quadrupole mass analyzer. The Fisons Quattro instrument used in theseN=C(O) moiety, making it an even stronger donor ligand for

measurements shows flat ion transmission characteristics imth&0—
200 range, and abundant Naons from other sodiated complexes are
routinely observed.
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McLafferty, F. W.J. Am Chem Soc 199Q 112 993. For a summary,
see: (d) McLafferty, F. W.; Turecek, Mterpretation of Mass Spectra
University Science Books: Mill Valley, CA, 1993; p 141.

(14) CRC Handbook of Chemistry and Physi@dst ed.; Lide, D. R.,
Ed.; CRC Press: Boca Raton, FL, 1991; Chapter 10, p 210.

(15) (a) Griller, D.; Lossing, F. Rl. Am Chem Soc 1981, 103 1586.
(b) Shaffer, S. A.; Turecek, F.; Cerny, R. L.Am Chem Soc 1993 115
12117; (c) Nakato, Y.; Ozaki, M.; Tsubomura, Bull. Chem Soc Jpn
1972 45, 1299.

(16) From PMP2(FC)/6-3H+G(2df,p) calculated total energies of
CH,=N—-CH=0O (—207.558315 hartree) and*CH,—N=CH-O~
(—207.572367 hartree), and the scaled HF/6-G1d,p) zero-point correc-
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Cu. Loss of bpy from ternary Cicomplexes is known to be
promoted by strongly binding ligands, such as imidazole or
a-aminoalkyl radical$Pc

In conclusion, the eliminations of neutral Na, K, and Rb atoms
from the gas-phase dipeptide complexes are equivalent to
oxidation by N&, K™, and RB of the Cu-coordinated peptide
residues. To our knowledge, this represents the first case of
oxidation of organic substrates by alkali metal cations.
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