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The dinuclear copper complex (a-cyano-4-hydroxycinnamic acid (CHCA) copper salt
(CHCA),Cu,), synthesized by reacting CHCA with copper oxide (CuO), yields increased
abundances of [M + xCu — (x—1)H] " (x = 1-6) ions when used as a matrix for matrix-assisted
laser desorption ionization (355 nm Nd:YAG laser). The yield of [M + xCu — (x—1)H]" (x =
1~6) ion is much greater than that obtained by mixing peptides with copper salts or directly
depositing peptides onto oxidized copper surfaces. The increased ion yields for [M + xCu —
(x—1)H] ™" facilitate studies of biologically important copper binding peptides. For example,
using this matrix we have investigated site-specific copper binding of several peptides using
fragmentation chemistry of [M + Cu]" and [M + 2Cu — H]" ions. The fragmentation studies
reveal interesting insight on Cu binding preferences for basic amino acids. Most notable is the
fact that the binding of a single Cu® ion and two Cu” ions are quite different, and these
differences are explained in terms of intramolecular interactions of the peptide-Cu ionic

complex.
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Cu,/"") play important roles in many chemical

and biochemical processes, such as oxidation,
dioxygen transport, and electron-transfer; many of the
functions in these processes result from copper ions
interacting with proteins and peptides [1]. In plants,
copper is a cofactor for plastocyanin, copper/zinc su-
peroxide dismutase (Cu/ZnSOD), ethylene receptors
for the apoplastic oxidases, and plays important roles in
photosynthesis, respiration, and antioxidant activity
[2-4]. Copper has also been implicated in human neu-
rodegenerative diseases, such as Alzheimer’s disease;
presumably such affects involve the interaction of cop-
per ions with peptides and/or proteins [5-7]. Most of
our knowledge concerning copper in biological systems
is derived from solution and solid-state studies [8];
however, studies of gas-phase species can be used to
probe intrinsic Cu-peptide and Cu-protein interactions
in low dielectric environments, which are more closely
related to biological membrane systems [9]. Studies
performed in the absence of solvent also simplify the
chemistry and eliminates solvent stabilization of metal
ion-ligand interactions [9-11]. Although comparison of
gas-phase and solution-phase data could potentially
yield important information regarding solvent depen-

( jopper ions (Cu*, Cu®*, and the multimeric form
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dent Cu-biomolecule interactions, the ligand interac-
tions are typically very different. For example, in solu-
tion the basic amino acid side chains are protonated,
which weakens the binding energy of N-donor ligands,
whereas in the gas-phase Cu” and Cu®*" have strong
preferences for binding to arginine, lysine, and histidine
[12, 13].

In previous studies, matrix-assisted laser desorption
ionization (MALDI) mass spectrometry has been used
to study the energetics of copper ion (Cu* and Cu®")
binding sites in model peptides [12-16]. Results from
these MALDI studies suggest that peptide-metal ion
complexes are formed by a reductive process which
yields primarily [M + Cu(I)]* ions, whereas, the forma-
tion of peptide-metal ion complexes by electrospray
ionization (ESI) yields almost exclusively [M + Cu(Il) —
H]" ions. More recently, Prudent and Girault showed
that both [M + Cu(I)]* and [M + Cu(Il) — H]" ions can
be formed by ESI; however, formation of [M + Cu]*
ions is only observed if the ESI emitters are composed
of solvable copper anodes [17]. Peptides that do not
possess basic amino acids do not strongly bind to
copper ions and the [M + Cu]"* ions are either not
observed by mass spectrometry or are formed at very
low abundance. Bluhm and coworkers used a combina-
tion of electronic structure calculations and experimen-
tal data to determine copper binding sites for modeled
systems based on monodentate and bidentate interac-
tions [18], and the measured and calculated Cu™ ion
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affinity order were in agreement with previous data
reported by Wesdemiotis [19]; the monodentate Cu®
binding energies for amino acids follow the order Arg >
His > Lys > Cys > Ser, and bidentate Cu™ relative
binding energies are Arg > Lys > His > GIn > Asn >
Glu >Asp. In both cases, arginine is the most favorable
binding site of Cu” for gas-phase peptides. Based on
fragmentation studies, Shields and coworkers proposed
that the primary Cu™ binding site in peptides with an
N-terminal arginine is the guanidine group of arginine
and the N-terminal amine [13]. That is, the principal
fragment ions of [M + Cu] " peptide ions containing an
N-terminal arginine are [a,, + Cu — H]" and [b,, + Cu
— H]" fragment ions. They also described the fragmen-
tation reactions of [M + Cu]* in terms of a “mobile
proton” model, by which the fragmentation occurs
remote from the Cu™ ion attachment site, and involves
metal ion-promoted deprotonation to generate a new
site of protonation. For peptides with more than one
basic residue, the interaction between the Cu* and the
basic residues is described in terms of competitive
binding; however, few studies have been performed to
determine Cu” binding sites for multiple basic residue
containing peptides in terms of the binding preference.
Also, we have found no reports on the fragmentation of
multiple copper-binding peptides, such as [M + 2Cu —
H]" ions. Addressing these issues will shed light on the
Cu” binding chemistry for peptides containing multi-
ple basic residues and the interactions of Cu™ ions with
peptides and proteins in biological systems.

There are two commonly used methods to generate
gas-phase peptide-Cu ions using MALDI: (1) co-mixing
a metal salt such as CuCl,, CuO, or CuSO, with the
peptide and organic matrix [20-32], and (2) the method
first reported by Shields et al. where [M + Cu]" is
generated by desorbing the sample from a CHCA
matrix deposited onto an oxidized copper plate [33].
Presumably the latter method involves dissolution of
CuO from the metal surface followed by reaction of
CuO with the peptide and/or matrix to yield peptide-Cu
complexes. Both methods produce abundant peptide
[M + Cu]" ions; however, the dominant ions observed
in the mass spectrum usually correspond to the [M +
H]" ion with a lower abundance of the [M + Cu]" ions.
Here, we introduce a new copper matrix, which sim-
plifies the sample preparation and greatly enhances
the yield of copper adducted peptide ions, especially
peptide-Cu ions containing multiple Cu. The improved
yields of these peptide-Cu ions result in higher quality
tandem MS signals, which enable studies of the binding
and fragmentation chemistry of peptide-Cu complexes.

Experimental
Chemicals and Materials

Copper oxide (CuO) and a-cyano-4-hydroxycinnamic
acid (CHCA) were obtained from Sigma (St. Louis,
MO). The CHCA was recrystallized before use. The
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organic solvents used for mass spectrometry were HPLC
grade, all the other chemicals were reagent grade, and the
water is in high purity (18M(); Barnstead International,
Dubuque, IA). The peptides Ac-(AAKAA) -NH, (n =
2-4) were purchased from Genscript Corporation (Pis-
cataway, NJ). Other peptides used in the experiments
were purchased from Sigma (St. Louis, MO) and used
without further purification. Ac-(AAKAA),-OH and
Ac-(AAKAA),-OCH; peptides were synthesized from
Ac-(AAKAA),-NH, following standard protocols [34].

Synthesis of the Copper Complex

The copper a-cyano-4-hydroxycinnamic acid complex
(Cu—CHCA) was synthesized by reacting CHCA with
copper oxide (CuO). The reaction was carried out by
dissolving 200 mg of a-cyano-4-hydroxycinnamic acid
(CHCA) and 170 mg of copper oxide (CuO) powder in
7:3 (vol:vol) distilled deionized H,O:acetonitrile (ACN)
solution, followed by 15 min of sonication to form a
suspension. The suspension was then incubated in a
water bath at 65 °C for 8 h and cooled to room temper-
ature. Following several steps of filtration and recrys-
tallization, needle-like crystals were obtained (see sup-
plemental material, which can be found in the electronic
version of this article).

Characterization of the Copper Complex

The Cu—CHCA complex was characterized by single
crystal X-ray diffraction, MALDI-TOF mass spectrome-
try, and UV /VIS spectroscopy. The single crystal X-ray
diffraction data (see supplemental material) indicated
that four a-cyano-4-hydroxycinnamic acid ligands com-
plexed to a dinuclear copper center in a paddlewheel-
like structure [35]. The distance between the two copper
atoms of ~2.6 A is typical of the noncovalent binding of
Cu—Cu in other paddlewheel complexes. Each copper
atom is five-coordinated with four oxygen atoms from
the two carboxylate groups and one oxygen atom
from the solvent molecule (tetrahydrofuran), thus the
chemical formula of the complex is (CHCA),Cu,. The
MALDI mass spectrum (see supplemental material) of
the Cu-CHCA complex contains a dominant peak at
m/z 441.0, which corresponds to the protonated
(CHCA),Cu species. The UV/VIS spectrum (see sup-
plemental material) shows that the Cu-CHCA complex
has a strong absorption in the UV wavelength range,
which is similar to that of CHCA. Also, the Cu—-CHCA
complex has a weak absorption in the visible light
wavelength range, which is an indication of the exis-
tence of Cu®" ions.

Mass Spectrometry

The MALDI MS experiments described herein were
performed on a tandem time-of-flight mass spectrome-
ter (4700 Proteomics Analyzer; Applied Biosystems,
Framingham, MA), and all tandem MS experiments
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were performed using a collision energy setting of 1 kV
and air as the collision gas.

Theoretical Calculations

Theoretical calculations using density functional theory
(DFT) have been performed to gain a better understand-
ing of peptide-Cu ion structure. The B3LYP functional
was used [36-38]. The triple-£¢ quality basis set with a
small-core effective core potential (SDD) was used for
the Cu atoms [39], while all the other atoms were
treated with the triple-£ quality Pople style basis set
with diffuse and polarization functions (6-311++
G(d,p)) [40, 41]. This combination of basis sets will be
referred to as TZBS. No symmetry restriction of any
kind was imposed in the process of geometry optimi-
zation. All calculations were performed using the
Gaussian 03 program suite [42].
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Results and Discussion

Here, we describe the utility of the Cu-CHCA complex
as a MALDI matrix. LDI from crystals of Cu-CHCA
yield higher abundances of [M + xCu — (x—1)H] " ions
(x = 1-6). To illustrate this point, LDI mass spectra
obtained by using copper sulfate, a copper plate (CuO)
and the Cu-CHCA complex are shown in Figure 1.
Note that the yield of [M + Cu]™ ions using Cu-CHCA
is considerably higher than that obtained using copper
salt or a copper plate and that the ratio of [M + Cu]™ to
[M + H]" ions has also increased (Figure 1). For the
peptide ACTH (1-17) (SYSMEHFRWGKPVGKKR),
which contains six basic amino acids, we observe [M +
xCu — (x—1)H]" where x ranges from 1 to 6, and the
ratio of [M + Cu]® ions to [M + H]" is ~1.3:1.
Conversely, when using copper sulfate or CHCA/
copper plate, the most abundant peaks in the spectra
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Figure 1. Partial mass spectra for [Val]>-Angiotensin II and ACTH (1-17) obtained by using four
different copper sources: copper tape with an oxidized surface; CuSO, solution; copper tape with a
nonoxidized surface; copper matrix Cu-CHCA. The peptides amounts deposited on the MALDI plate
were kept constant at 1 pmol for all the experiments. The molar ratio of CuSO,/peptide and

Cu—CHCA /peptide was kept constant at 5.
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correspond to [M + H]* ions while a very low abun-
dance of [M + xCu — (x—1)H]" ions are observed.

The increased abundances for [M + Cu]" produced
by Cu-CHCA reveal rich MS/MS spectra containing
Cu”, which improves our ability to investigate Cu-
peptide and Cu-protein complexes. In addition, Cu-
CHCA affords opportunities to study the competitive
binding of Cu™ in [M + xCu — (x—1)H]" ions, i.e., Cu
uptake by biologically important peptides and proteins.
That is, if a peptide contains multiple Cu™ binding sites,
are there other factors that determine Cu* binding;
does the addition of Cu® to a peptide influence the
binding site of subsequent Cu” ions? How does accu-
mulation of Cu” by specific amino acids influence Cu*
binding?

Figure 2 contains tandem mass spectra for [M +
Cu]* ions of [Val]>-angiotensin II and ACTH (1-17).
Both spectra contain abundant b; and y; ions, and all
fragment ions contain Cu™, i.e., the Cu™ binding affinity
of the peptide is higher than the energy required to
fragment the molecule. On closer inspection of the
fragment ions, we can determine the Cu™ binding site,
and the relative abundance of b and y-type ions indicates
whether Cu* prefers to bind to the basic residues close to
the N-terminus or the C-terminus. For example, on the
basis of relative binding energies (BE) we would predict
that Cu" preferentially binds to Arg® and His®; BE for
Arg® (~73 kcal/mol) is greater than that for His® (~64
kcal/mol) [18]. We would also expect to observe b,, bs,
b,, and bs fragment ions for [M + Cu]" ions if Cu® is
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bound to Argz. Similarly, signature fragment ions for
Cu" binding to His® would be vy, v, y5 and y, The
relative abundances of these signature b and y-type ions
is about 2:1, thus apparently ~67% of the Cu™ ions bind
to Arg” and ~33% of the Cu™ ions bind to His®. On the
basis of our previous studies we would argue that Cu™
prefers to bind to Arg®, owing to the stabilization
afforded by bidentate complexation to the N-terminal
NH, group [18].

Figure 3 contains the fragment ion spectra of Ac-
(AAKAA),Y [M + Cul]* ions with three different C-
terminal groups: an amide group, a free acid and a
methyl ester. This peptide contains two basic lysine
residues; thus, Cu* ions can bind to either Lys> or Lys®.
In addition, our previous studies suggest a preference
for binding to Lys® because of its ability to form a
bidentate interaction with the N-terminus [18]. The
fragmentation spectra of the [M + Cu]" ions of the
peptide ion with different C-termini are dominated by
both b- and y-type fragment ions, all of which contain
Cu™. The b; ion is the lowest m/z b-type fragment ion
observed and the lowest m/z y-type fragment ions
correspond to y, ions, which supports our assignment
of Cu” binding to either Lys’or Lys®. Note also that the
b-type fragment ions are more dominant than the y-type
fragment ions; the ratio of b- to y-type ions is ~70% to
30% for all the three spectra, respectively (Table 1).
Presumably, the higher abundance of b-type fragment
ions indicates that Lys®, which is close to the N-
terminus, has a higher binding affinity for Cu™ than the
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800 1000

ACTH (1-17) (SYSMEHFRWGKPVGKKR)

1500 2000

Mass(m/z)

Figure 2. Tandem mass spectra of [M + Cu]* of two peptides: [Val]’>-Angiotensin II and ACTH
(1-17). All fragment ions in the spectra have bound Cu*. (Filled circle) denotes internal fragment ions
with Cu™ attached; (asterisk) denotes a-type fragment ions with Cu™ attached; b- and y- type fragment
ions with Cu* attached are the dominant ions for both peptides.
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Figure 3. Tandem mass spectra of [M + Cu]™ of Ac-(AAKAA),Y with three different C-terminal
groups: amide, free acid, and ester. All fragment ions in the spectra have bound Cu™. (Filled circle)
denotes internal fragment ions with Cu™ attached. The fragment ion spectra of the [M + Cu] ™ ions of
the peptide ion with different C-termini are dominated by both b- and y-type fragment ions, all of
which contain Cu™, and the abundance ratio of b- to y-type ions is ~70% to 30% for all the three

spectra, respectively.

Lys®; thus, the position of the lysine residues plays an
important role in the binding preference of Cu® to
peptides. Also, this data suggests that the C-terminus
has less influence on the fragmentation of [M + Cu]”®
ions compared to the position of the lysine residue.
We also examined the fragmentation chemistry for
model peptide ions containing multiple Cu ions. For
these ions, the C-terminus strongly affects the fragmen-
tation reactions. For example, the fragment ion spectra
of the [M + 2Cu — H]" ions of the peptide Ac-

(AAKAA),-Y with three different C-terminal groups
(Figure 4)) are quite different from those of the [M +
Cu]" ions (Figure 3). Specifically, inspection of the [M +
2Cu — H]" fragment ion spectra shows that all the
observed fragment ions contain two coppers while
fragment ions containing a single Cu™ are not observed,
which suggests that both copper ions are bound to the
same site or in close proximity. The [M + 2Cu — H]"
fragment ion spectra are dominated by b- and y- type
fragment ions, and the ratio of b- to y-type ions varies

Table 1. Relative binding preference of Cu* to peptides with multiple basic residues. For example, K? is the percentage of peptide
with Cu™ bound to the third lysine. For multiple lysine containing peptides Ac-(AAKAA), Y-NH, (n = 3,4), the Cu™ ions
preferentially bind to the lysine near the termini; however, for multiple histidine containing peptide WGGHDGPHAPGDH, the most

favorable binding sites for Cu™ ions are His® and His'®

Peptide [M + Cul™ [M + 2Cu-H]"
R'PGFSPFR® R": 57%; R®: 43% R": 58%; R®: 42%
R'PPGFSPFR® R": 73%; R®: 27% R": 74%; R®: 26%
acetyl-AAK2AAAAKEAAY-amide K3: 70%; K&: 30% K3: 47%; K&: 53%
acetyl-AAKSAAAAKBAAY-free acid K3: 68%; K&: 32% K3: 5%; K& 95%
acetyl-AAKSAAAAKBAAY-ester K3: 70%; K&: 30% K3: 45%; K&: 55%
acetyl-AAKSAAAAKEAAAAK'3AAY-amide K3: 69%; K'3: 31% K3: 49%; K'3: 51%
acetyl-AAKSAAAAKEAAAAK S AAAAK'8AAY-amide K3: 68%; K'8: 32% K3: 46%; K'8: 54%
WGGH*DGPHEAPGDH" H8: 46%; H"3: 54% H8: 42%; H'3: 58%
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Figure 4. Tandem mass spectra of the [M + 2Cu — H]" of Ac-(AAKAA),Y with three different
C-terminal groups: amide, free acid, and ester. All fragment ions in the spectra contain two Cu™. Both
copper ions are bound to the same site or in close proximity. For peptide ions with an amide or ester
C-terminus, the abundance ratio of b- to y-type ions is ~45% to 55%, whereas peptide ions with a free
acid C-terminus yield very different ratio of b- to y-type ions, viz. 5% to 95%.

depending on the nature of the C-terminal group. For
peptide ions with an amide or ester C-terminus, the
ratio of b- to y- type ions is ~45% to 55% (Table 1),
which suggests that the copper ions bind to the two
lysine residues with roughly equal probability. On the
other hand, peptide ions with a free acid C-terminus
yield a very different ratio of b- to y-type ions, viz. 5%
to 95% (Table 1), which suggest that the copper ions
strongly prefer Lys®. Our interpretation of this experi-
mental result is that the free acid C-terminus is a better
Cu™ ligand than the amide or methyl ester groups; this
is probably an indication that the —COOH proton is lost
in forming [M + 2Cu — H]" ions.

A plausible way to describe the [M + 2Cu — H]"
ions is in terms of individual Cu™ ions attached to the
€-amino group of Lys® and Lys® and the deprotonated
C-terminus because it is unlikely that the Cu™ ions are
bound as a Cu,>* [43]. These ideas were explored using
theoretical studies (at the DFT/B3LYP/TZBS level) on
several model systems, viz. various structures of deproto-
nated Lys-Ala containing two Cu™ ions [M + 2Cu — H]"
(Figure 5a), the dinuclear Cu™ complex of deprotonated
Ala-Ala (AA, label A) and n-propylamine (PA, label B)
[M + 2 Cu — H]" (Figure 5b), and the y, Ac-(AAKAA),-Y
[M + 2Cu — H]" fragment ion (Figure 6). The lowest
energy structure obtained for the Lys—Ala dinuclear

complex has both Cu* ions interacting with the carbox-
ylate group and an amide oxygen. The lowest energy
structure obtained for the AA/PA-2Cu [M + 2 Cu —
H]" complex (Figure 5b) is similar to the Lys-Ala
dinuclear complex in that both Cu" ions interact with
the carboxylate group and an amide oxygen. The large
binding energies (49.83 and 38.81 kcal /mol) observed in
the AA/PA-2Cu [M + 2 Cu — H]" complex suggest
that the Cu ions can be better coordinated by the
carboxylate and amide groups, and this information
was further used to developed a series of candidate
structures for the y, Ac-(AAKAA),-Y [M + 2Cu — H]"
ions (Figure 6). The lowest energy structures (labeled A,
B, and C) are all quite similar, having the two Cu” ions
interacting with the carboxylate group and backbone
amide groups of Lys®. Higher energy conformations,
i.e, Cu’ ions located at the Tyr'! and the carboxylate
group (structure F, 87.13 kcal/mol) and at the Lys® and
Tyr'! (structure G, ~169.89 kcal/mol), are also shown
for comparison in Figure 6. In the case of the high-
energy structure G, it should be pointed out that the
loss of the desired conformation was avoided by termi-
nating the optimization process after ten geometry
optimization cycles. Using the model structures con-
tained in Figures 5 and 6 the preference for forming
y-type CID product ions, which retain both Cu™ ions
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Figure 5. Model structures used to study the copper binding site
and energy for: (a) deprotonated Lys-Ala containing two Cu* ions
[M + 2Cu — HJ]", and (b) the dinuclear Cu” complex of depro-
tonated Ala-Ala (AA, label A) and n-propylamine (PA, label B)
[M + 2Cu — H]". All calculations were performed at the DFT/
B3LYP/TZBS level.

can be rationalized. For example, the collisional activa-
tion of the Ac-(AAKAA),-Y [M + 2Cu — H]" ion
weakens the interaction between the €-amino group of
Lys® and subsequent backbone cleavage yields frag-
ment ions with the charge carried by the C-terminus.
The lowest energy C-terminal charge carrying ions are
the y-type ions [44].

We also examined fragmentation reactions of [M +
Cu]” and [M + 2Cu — H]" of histidine and arginine
containing peptide ions (Table 1). The arginine contain-
ing peptides RPGFSPFR and RPPGFSPER (bradykinin)
contain abundant b-type ions which we interpret as
evidence for binding preferences to the N-terminal
arginine. Note also that this trend is observed for both
[M + Cu]” and [M + 2Cu — H]" ions. The peptides
Ac-(AAKAA),Y-NH, (n = 3, 4) yield fragment ions that
suggest the Cu™ ion is bound to Lys® and Lys" (n = 3)
and Lys® and Lys'® (n = 4), i.e., the N- and C-terminal
residues, thus apparently the Cu” ions preferentially
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bind to the lysine near the termini. The ratio of b- to
y-type ions of [M + Cu]™ is ~70% to 30%, which
suggests that lysine residues near the N-terminus has a
higher Cu™ affinity than lysine residues that are located
near the C-terminus. We also found that the competi-
tive binding of Cu” to basic residues close to N-
terminus versus C-terminus depends on the amino acid.
For example, for a multiple histidine containing peptide
such as WGGHDGPHAPGDH, we do not observe sig-
nature fragment ions for [M + Cu]” and [M + 2Cu —
H]" in which Cu* ions bind at His* (data not shown).
Thus, the most favorable binding sites for Cu* ions are
His® and His'® probably because of the peptide second-
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Figure 6. Candidate structures obtained at the DFT/B3LYP/
TZBS level for the y, fragment ion of the [Ac-(AAKAA),-Y +
2Cu — HJ]" peptide ion.
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ary structure, i.e., His* may be sterically hindered by
other amino acid residues, thereby reducing the Cu™
ion affinity of His*. Residues such as tryptophan and
aspartic acid may also play roles in copper binding. For
example, we have found that acidic groups such as
oxidized cysteine strongly influence Cu™ ion binding.
Specifically, for the peptide laminin (CDPGYIGSR), we
found that the oxidized cysteine (via sulfonic acid) will
partially shift the Cu™ binding from the arginine to the
C-terminal cysteine, owing to the bidentate binding of
Cu”* by the acidic sulfonic acid, similar to that for the
carboxylic acid group discussed above.

Conclusions

We have synthesized a novel copper matrix and dem-
onstrated the utility of the copper matrix for studies of
copper binding peptides. The yields of copper adducted
peptides in the gas-phase are increased significantly
using this copper matrix as compared with other meth-
ods previously used to generate peptide-Cu” ions. We
investigated the fragmentation chemistry of [M + Cu]”®
and [M + 2Cu — H]" of model peptides, and explored
the influence of modifying the C-terminal group on the
fragmentation pattern of the peptide-Cu® ions. We
have also explored the influence of the amino acid on
the copper binding site and the fragmentation pattern.
This work provides a new approach towards investi-
gating the binding of copper ions to peptides and this
new method will likely help understand the interac-
tions of copper ions with peptides and proteins in the
gas phase. Future work will focus on studying the
gas-phase structure of copper-binding peptides which
will provide a detailed understanding of copper adduc-
tion in the gas-phase. The idea of the copper matrix can
also be extended to other transition metals such as
nickel and iron to investigate the binding of metal ions
to functionalized organic molecules, which are also
important in many biological systems.

Acknowledgments

The authors acknowledge support for this research by the Robert A.
Welch Foundation (A-1176) and the U. S. Department of Energy,
Division of Chemical Sciences, BES (DE-FGO2-04ER15520), and the
National Science Foundation (DBI-0821700).

Appendix A
Supplementary Material

Supplementary material associated with this article
may be found in the online version at doi:10.1016/
jjasms.2009.02.025.

References

1. Lippard, S.J.; Berg, ]. M. Principles of Bioinorganic Chemistry; University
Science Books: Mill Valley, CA, 1994; p. 3-35.

2. Sancenon, V.; Puig, S.; Mira, H.; Thiele, D. J.; Penarrubia, L. Identifica-
tion of a Copper Transporter Family in Arabidopsis thaliana. Plant Mol.
Biol. 2003, 51, 577-587.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

J Am Soc Mass Spectrom 2009, 20, 1263-1271

. Pilon, M.; Abdel-Ghany, S. E.; Cohu, C. M.; Gogolin, K. A; Ye, H.

Copper Cofactor Delivery in Plant Cells. Curr. Opin. Plant Biol. 2006, 9,
256-263.

. Marschner, H. Mineral Nutrition of Higher Plants; Academic Press: New

York, 1995; p. 335-347.

. Masters, C. L.; Simms, G.; Weinman, N. A.; Multhaup, G.; McDonald,

B. L.; Beyreuther, K. Amyloid Plaque Core Protein in Alzheimer-Disease
and Down Syndrome. Proc. Nat. Acad. Sci. U.S.A. 1985, 82, 4245-4249.

. Roher, A. E.; Chaney, M. O.; Kuo, Y. M.; Webster, S. D.; Stine, W. B.;

Haverkamp, L. J.; Woods, A. S.; Cotter, R. J.; Tuohy, J. M.; Krafft, G. A;
Bonnell, B. S.; Emmerling, M. R. Morphology and Toxicity of A p-(1-42)
Dimer Derived from Neuritic and Vascular Amyloid Deposits of
Alzheimer’s Disease. . Biol. Chem. 1996, 271, 20631-20635.

. Raffa, D. F.; Gomez-Balderas, R.; Brunelle, P.; Rickard, G. A.; Rauk, A.

Ab Initio Model Studies of Copper Binding to Peptides Containing a
His-His Sequence: Relevance to the B-Amyloid Peptide of Alzheimer’s
Disease. J. Biol. Inorg. Chem. 2005, 10, 887-902.

. Martell, A. E. Metal Complexes in Aqueous Solutions; Plenum: New

York, 1996; p. 199-212.

. Russell, D. H. Gas Phase Inorganic Chemistry; Plenum: New York, 1989;

. 1-40.
Igreiser, B. S. Organometallic Ion Chemistry Vol. XV; Kluwer Academic:
Boston, 1996; p. 197-259.
Kim, H. I.; Beauchamp, J. L. Mapping Disulfide Bonds in Insulin with
the Route 66 Method: Selective Cleavage of SC Bonds Using Alkali and
Alkaline Earth Metal Enolate Complexes. ]. Am. Soc. Mass Spectrom.
2009, 20, 157-166.
Wen, D.; Yalcin, T.; Harrison, A. G. Fragmentation Reactions of Cu™-
Cationated [J-Amino-Acids. Rapid Commun. Mass Spectrom. 1995, 9,
1155-1157.
Shields, S. J.; Bluhm, B. K.; Russell, D. H. Fragmentation Chemistry of
[M + Cu](+) Peptide Ions Containing an N-terminal Arginine. J. Am.
Soc. Mass Spectrom. 2000, 11, 626—638.
Lausarot, P. M.; Operti, L.; Vaglio, G. A. Reactions of Cu(Il) with
[J-Amino-Acids Investigated by Fast-Atom-Bombardment (Fab) Mass-
Spectrometry. Org. Mass Spectrom. 1991, 26, 51-52.
Nelson, R. W.; Hutchens, T. W. Mass-Spectrometric Analysis of a
Transition-Metal-Binding Peptide Using Matrix-Assisted Laser-Desorption
Time-of-Flight Mass-Spectrometry—A Demonstration of Probe Tip
Chemistry. Rapid Commun. Mass Spectrom. 1992, 6, 4—8.
Bouchonnet, S.; Hoppilliard, Y.; Ohanessian, G. Formation and Frag-
mentations of Organometallic Complexes Involving Aliphatic (J-Amino-
Acids and Transition-Metal Cations—A Plasma Desorption Mass-
Spectrometry Study. J. Mass Spectrom. 1995, 30, 172-179.
Prudent, M.; Girault, H. H. On-Line Electrogeneration of Copper—
Peptide Complexes in Microspray Mass Spectrometry. J. Am. Soc. Mass
Spectrom. 2008, 19, 560-568.
Bluhm, B. K,; Shields, S. J.; Bayse, C. A.; Hall, M. B.; Russell, D. H.
Determination of Copper Binding Sites in Peptides Containing Basic
Residues: Combined Experimental and Theoretical Study. Int. |. Mass
Spectrom. 2001, 204, 31-46.
Cerda, B. A.; Wesdemiotis, C. The Relative Copper(I) Ion Affinities of
Amino-Acids in the Gas Phase. ]. Am. Chem. Soc. 1995, 117, 9734-9739.
Russell, D. H.; McGlohon, E. S.; Mallis, L. M. Fast-Atom Bombardment
Tandem Mass-Spectrometry Studies of Organo-Alkali-Metal Ions of
Small Peptides—Competitive Interaction of Sodium with Basic Amino-
Acid Substituents. Anal. Chem. 1988, 60, 1818-1824.
Hu, P. F.; Gross, M. L. Strong Interactions of Anionic Peptides and
Alkaline-Earth Metal-Ions-Metal-Ion-Bound Peptides in the Gas Phase.
J. Am. Chem. Soc. 1992, 114, 9153-9160.
Hu, P. F.; Gross, M. L. Strong-Interactions of Anionic Peptides and
Alkaline-Earth Metal-Ions-Bis(Peptide) Complexes in the Gas Phase.
J. Am. Chem. Soc. 1992, 114, 9161-9169.
Grese, R. P.; Cerny, R. L.; Gross, M. L. Metal-Ion Peptide Interactions in
the Gas-Phase—A Tandem Mass-Spectrometry Study of Alkali-Metal
Cationized Peptides. ]. Am. Chem. Soc. 1989, 111, 2835-2842.
Jiao, C. Q.; Freiser, B. S.; Carr, S. R.; Cassady, C. ]J. An Electrospray-
Tonization Mass-Spectrometry Study of Copper Adducts of Protonated
Ubiquitin. |. Am. Soc. Mass Spectrom. 1995, 6, 521-524.
Li, H. B.; Siu, K. W. M.; Guevremont, R.; LeBlanc, J. C. Y. Complexes of
silver(I) With Peptides and Proteins as Produced in Electrospray Mass
Spectrometry. . Am. Soc. Mass Spectrom. 1997, 8, 781-792.
Reiter, A.; Adams, J.; Zhao, H. Intrinsic (Gas-Phase) Binding of Co?*
and Ni** by Peptides—A Direct Reflection of Aqueous-Phase Chemis-
try. J. Am. Chem. Soc. 1994, 116, 7827-7838.
Wong, C. K. L.; Chan, T. W. D. Cationization Processes in Matrix-
Assisted Laser Desorption/Ionization Mass Spectrometry: Attachment
of Divalent and Trivalent Metal Ions. Rapid Commun. Mass Spectrom.
1997, 11, 513-519.
Yalcin, T.; Wang, J. Y.; Wen, D.; Harrison, A. G. C-C and C-H bond
activation in the fragmentation of the [M + Ni](+) adducts of aliphatic
amino acids. . Am. Soc. Mass Spectrom. 1997, 8, 749-755.
Gatlin, C. L.; Rao, R. D.; Turecek, F.; Vaisar, T. Carboxylate and Amine
Terminus Directed Fragmentations in Gaseous Dipeptide Complexes
with Copper(II) and Diimine Ligands Formed by Electrospray. Anal.
Chem. 1996, 68, 263-270.
Gatlin, C. L.; Turecek, F.; Vaisar, T. Gas-Phase Complexes of Amino-
Acids with Cu(ll) and Diimine Ligands. 1. Aliphatic and Aromatic
Amino Acids. J. Mass Spectrom. 1995, 30, 1605-1616.


http://dx.doi.org/10.1016/j.jasms.2009.02.025
http://dx.doi.org/10.1016/j.jasms.2009.02.025

J Am Soc Mass Spectrom 2009, 20, 1263-1271

31.
32.

33.

34.

35.

36.

37.
38.

39.

Gatlin, C. L.; Turecek, F.; Vaisar, T. Copper(II) Amino-Acid Complexes
in the Gas Phase. J. Am. Chem. Soc. 1995, 117, 3637-3638.

Gatlin, C. L.; Turecek, F.; Vaisar, T. Gas-Phase Complexes of Amino-Acids
with Cu(ll) and Diimine Ligands. 2. Amino-Acids with O, N, and S
Functional Groups in the Side Chain. ]. Mass Spectrom. 1995, 30, 1617-1627.
Shields, S. J.; Bluhm, B. K.; Russell, D. H. Novel Method for [M +
Cu](+) Ion Formation by Matrix-Assisted Laser Desorption Ionization.
Int. |. Mass Spectrom. 1999, 183, 185-195.

Greenlee, W. J.; Thorsett, E. D. Mild Conversion of Carboxamides and
Carboxylic-Acid Hydrazides to Acids and Esters. ]. Org. Chem. 1981, 46,
5351-5353.

Agterberg, F. P. W.; Kluit, H.; Driessen, W. L.; Oevering, H.; Buijs, W.;
Lakin, M. T.; Spek, A. L.; Reedijk, J. Dinuclear Paddle-Wheel Copper(II)
Carboxylates in the Catalytic Oxidation of Carboxylic Acids. Unusual
Polymeric Chains Found in the Single-Crystal X-ray Structures of

[tetrakis(mu-1-Phenylcyclopropane-1-Carboxylato-O,0’)bis(Ethanol-O)
Dicopper(Il)], and Catena-poly][[bis(mu-diphenylacetato-O:O")dicopper]
(mu(3)-diphenylacetato-1-O:2-O":1'-O’)-(mu(3)-diphenylacetato-1-O:2-
0":2"-O")]. Inorg. Chem. 1997, 36, 4321-4328.

Lee, C. T.; Yang, W. T.; Parr, R. G. Development of the Colle-Salvetti
Correlation-Energy Formula into a Functional of the Electron-Density.
Phys. Rev. B 1988, 37, 785-789.

Becke, A. D. Density-Functional Thermochemistry. 3. The Role of Exact
Exchange. |. Chem. Phys. 1993, 98, 5648 -5652.

Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. Ab Initio
Calculation of Vibrational Absorption and Circular-Dichroism Spectra
Using Density-Functional Force Fields. . Phys. Chem. 1994, 98, 11623-11627.
Dolg, M.; Wedig, U.; Stoll, H.; Preuss, H. Energy-Adjusted Ab Initio
Pseudopotentials for the First-Row Transition-Elements. J. Chem. Phys.
1987, 86, 866—872.

40.

41.

42.

43.

44.

COPPER CONTAINING MALDI MATRIX 1271

Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A. Self-Consistent
Molecular-Orbital Methods. 20. Basis Set for Correlated Wave Func-
tions. J. Chem. Phys. 1980, 72, 650-654.

Frisch, M. J.; Pople, J. A.; Binkley, J. S. Self-Consistent Molecular-Orbital
Methods. 25. Supplementary Functions for Gaussian Basis Sets. J. Chemn.
Phys. 1984, 80, 3265-3269.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A ;
Cheeseman, ]. R.; Montgomery, J. A. Jr.; Vreven, T.; Kudin, K. N;
Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K; Fukuda, R.; Hasegawa,
J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.;
Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K,;
Voth, G. A; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dap-
prich, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck,
A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul,
A. G,; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A,; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian
03, Revision C. 02; Gaussian Inc.: Wallingford, CT, 2004.

Liu, F.; Press, M. R.; Khanna, S. N.; Jena, P. Stability of Doubly Charged
Transition-Metal Dimers. Phys. Rev. Lett. 1987, 59, 2562-2565.

Dongre, A. R.; Somogyi, A.; Wysocki, V. H. Surface-Induced Dissocia-
tion: An Effective Tool to Probe Structure, Energetics, and Fragmenta-
tion Mechanisms of Protonated Peptides. ]. Mass Spectrom. 1996, 31,
339-350.



	A New Copper Containing MALDI Matrix That Yields High Abundances of [Peptide + Cu]+ Ions
	Experimental
	Chemicals and Materials
	Synthesis of the Copper Complex
	Characterization of the Copper Complex
	Mass Spectrometry
	Theoretical Calculations

	Results and Discussion
	Conclusions
	Appendix A Supplementary Material
	Acknowledgments
	References


