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Theformation of the gas phase complexes of a peptide that
does not contain His and Cys residues and OH groups
with up to six Zn atoms during electrospray ionization was
observed.
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The metal-peptide complexes play a critical role in the progres-
sion of neurodegenerative diseases such as Alzheimer’s (AD),
Parkinson’s (PD) and prion diseases (TSEs).! High concentra-
tions of copper and zinc occur in amyloid plaques from AD
brains and in the cerebrospinal fluid (CSF) of patients affected
by both AD and PD. Proteins associated with neurodegenerative
diseases bind several transition metal ions, and metal binding
results in the aggregation of these proteins. It is well known that,
at high pH values, a metal ion can substitute the hydrogen atom of
the amide nitrogen. Such a process is facilitated by the anchoring
of the metal ion in order to chelate to the amide oxygen.? It is
believed that transition metals such as zZn?*, Co?*, Ni** and
Cu?* are chelated mainly to only the amino acids histidine and
cysteine. It was also demonstrated that reducing the pH of the
system below the pK, of the binding site leads to the protonation
of this site and the reducing of metal coordination.3* The Zn
complex of amyloid beta peptide is one of the most biologically
important metal peptide complexes.>® The binding of this peptide
to Zn results in the formation of amyloid plaques and leads to the
progression of the AD.”8 For the investigation of the interaction
of peptides with metals, isothermal titration calorimetry (ITC),
EPR, NMR, IR spectroscopy, X-ray absorption spectroscopy
(XAS), electrochemical methods, and mass spectrometry are
used.® In contrast to other methods, which provide information
on native peptides, mass spectrometry deals with gas phase ions
formed upon electrospray ionization (ESI), matrix assisted laser
desorption ionization (MALDI), etc. The problem of the extent
to which the structure of gas phase ions reflects the solution
phase structure is still under consideration. Only a few times, the
question of the possibility of metal deposition during ionization
processes was raised.’>1 On the other hand, amino acid com-
plexes with transition metals in a gas phase are of considerable
interest.12-14 Unitary and binary complexes of Cu with all amino
acids including optically active amino acids!® were investigated.®
Upon electrospray ionization, the ions [M—nH+mX]™-"* (where
X is an alkali metal ion) can be formed."18 Recently, we found
that such an effect is common for any metal ions, and it con-

© 2016 Mendeleev Communications. Published by ELSEVIER B.V.
on behalf of the N. D. Zelinsky Institute of Organic Chemistry of the
Russian Academy of Sciences.

siderably depends on the desolvating capillary temperature of
the ESI source. For example, the (1-16) Amyloid peptide, which
has three Hys residues, forms a complex with eleven Zn atoms
and each Zn substituted two hydrogen atoms.® We refer to this
effect as supermetallization. Here, we studied the peptide Sub-
stance P [Figure 1(a)], which does not have His and Cys residues
and OH groups; nevertheless, it can be supermetallated by Zn.

Charged droplets of a solution of the peptide and a zinc salt are
produced by ESI. These charged droplets passed through a heating
metal capillary, evaporated and produced ions [Figure 1(b)], which
were measured by a mass spectrometer.’ The desolvating capillary
temperature affects the droplet evaporation dynamics and hence
the formation of gas phase ions. The desolvating capillary tem-
perature plays the major role for controlling the in-ESI source
gas-phase reactions.?0-31

We observed that the metal peptide complexes were formed
if the capillary was heated to 450°C. This effect is unexpected
because the high temperature should destroy all weakly bound
complexes, and metal-peptide complexes are formed via non-
covalent coordination of Zn by several amino acids (usually,
His or Cys). The formation of complexes at a high temperature
allowed us to suggest that they are produced via a different
mechanism. Indeed, the use of high resolution Fourier transform

T Sample preparation. The samples were dissolved in a 1:1 mixture of
water and methanol with the addition of Zn(AcO), and 1% formic acid.
The peptide concentration was 50 uM, and the concentration of Zn ions
was 100 times higher. We used the peptide Substance P (RPKPQQFFGLM
with an amidation at the C-terminus). All chemicals were of analytical
grade.

MS analysis. All experiments were performed on a LTQ FT Ultra
(Thermo Electron Corp., Germany) mass spectrometer equipped with a 7T
superconducting magnet. lons were generated by an lonMax Electrospray
ion source (Thermo Electron Corp.) in a positive ESI mode. The desolvating
capillary temperature was varied from 50 to 450°C. The length of the
desolvating capillary was 105 mm, and its inner diameter was 0.5 mm.
The sample infusion rate was 1 ul min-%, and the needle voltage was
3000 V.
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Figure 1 (a) The structure of Substance P. (b) The design of the experiment. Charged droplets evaporate inside the heated capillary producing peptide
complexes with zinc. (c), (d) Measured (top) and simulated (bottom) mass spectra for the charge states 2+ and 1+. Inserts: measured (top) and simulated

(bottom) isotopic distributions within the single complex.

ion cyclotron resonance (FT ICR) demonstrates that the masses
of Zn adducts obey the equation

Mcomplex = Mpeptide + r”VIZn —-2nMH + ZMHv

where Mz, My and Mpgyiqe are the masses of zinc, hydrogen
and the peptide, respectively; n is the number of Zn adducts,
Mcomplex iS the mass of the formed complex, and z s the charge.
Such a relationship was proved by the coincidence of the measured
and simulated isotopic distributions [Figure 1(c),(d)]. Therefore,
the formation of a complex occurs via the replacement of two
hydrogen atoms by a Zn atom.

We used electron capture dissociation (ECD) and collision
induced dissociation (CID) for studying the structure of com-
plexes. All the adduct peaks of the secondary charged Substance P
were fragmented, and fragments were identified. Figure 2 shows
that, with increasing the number of Zn atoms in the complex,
the fewer fragment ions can be observed. Such results are well
demonstrated for the case of ECD fragmentation [Figure 2(b)].
The secondary charged Substance P ion produces a series of

singly charged ions from c, to singly charged Substance P.
With increasing the number of zinc, short c-ions can no longer
be detected and, for the case of six zinc atoms, only a singly
charged complex is observed. These results indicate that zinc
atoms bound to different amino acids residues create the strong
frame that binds and stabilizes the molecule. This is consistent
with the size and geometry parameters of the Zn ion, which is
too big to form double bound with one nitrogen atom. Similar
results were obtained for the CID fragmentation. With the increase
in the quantity of Zn atoms, the number of observed fragments
decreases, and starting from three Zn atoms b-type fragment ions
are not revealed in the spectrum. Summarizing the results, we
can see that, for the case of five Zn atoms, the [cq+5Zn] and
[yg+52n] ions are observed. It indicates that all five Zn atoms
are either localized in the fragment KPQQFFG, or most likely
that zinc binds to different sites and migrates during fragmentation.

We studied the temperature dependence of the formation of
complexes with zinc for different charge states of Substance P
ions (Figure S1, Online Supplementary Materials). It can be seen
that a triply charged ion readily forms a complex with one zinc
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Figure 2 Measured (top) and simulated (bottom) isotopic distribution for the (a) yy and (c) ¢, fragments of the complex [M + 5Zn — 8H]?*. Identified
fragments in (b) CID fragmentation and (d) ECD fragmentation for complexes with different numbers of Zn.

atom at 100°C. With increasing the temperature, the relative
intensity of Zn-adduct decreases and triply charged complexes
are not detected at 400 °C. For triply charged peptide, we did not
observe complexes with more than one Zn atom. Doubly and
singly charged peptides incorporate up to six Zn atoms with the
increase of the temperature. Such a behavior may be similar to
the supercharging phenomenon that also takes place under
specific ESI parameters.3233 Different behaviors of different
charged states of Substance P in the formation of complexes with
Zn are similar to the behavior of different peptides and proteins
during gas phase H/D exchange experiments. Lower charge
states correspond to more folded conformation and higher to more
open. Coulomb’s repulsion resulting in starching of the molecule
for higher charge states may be a concurrent process to the
formation of zinc frame. As a consequence, high charge states
will incorporate fewer Zn atoms.

Thus, we found that even the peptide that does not bear Hys
or Cys residues can be supermetallized during ESI ionization.

This work was supported by the Russian Science Foundation
(grant no. 14-24-00114).

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.mencom.2016.03.008.
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