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A miniaturized polymer electrospray-type interface is used to study metal-ion chelation with model
peptides. Taking advantage of the intrinsic electrochemical behavior of electrospray, a sacrificial
electrode is used to generate at the same time electrospray and transition-metal ions coming
from the anodic dissolution of the electrode. The microspray interface provides enhanced mass
transport due to its small dimensions, increasing the yield of possible reactions, in particular

complex formation. Transition-metal electrodes, e.g. copper, zinc, nickel, iron and silver, are
used to obtain on-line complexation with model peptides. It is demonstrated that the use of in-
reservoir sacrificial electrodes is an efficient way to generate metal ions in order to form and study
complexes with peptides, avoiding the addition of metallic salts. Copyright © 2005 John Wiley &

Sons, Ltd.

Metal ions are involved in many biological functions in pro-
teins. They usually enhance the structural stability of biomo-
lecules in a required conformation for further reaction, like
bringing reacting groups together into correct relative orien-
tation for reaction, or undergoing oxidation to insure the cat-
alytic role of the enzyme. In most cases, metal-ion binding to
biological molecules is remarkably selective regarding metal
species and also their oxidation state, e.g. Fe3*, Fe**. Unlike
the alkali and alkaline-earth metals, where the bonding is pre-
dominantly electrostatic, coordination complexes of transi-
tion metals with peptides exhibit binding with a substantial
degree of covalence,' the likely ligands depending on the
intrinsic coordination properties of the metal.

While analytical studies concerning metalloproteins aim at
fully understanding the biological role of metals and its
significance from a biochemical point of view, a second
outlook is based on the analytical utility of metal-protein
complexation. The affinity of metals towards specific func-
tional groups can be used to obtain a specific selection from a
protein mixture. Metal complexation is indeed mainly used
as an affinity tool. Immobilized metal ion affinity chromato-
graphy (IMAC), also called metal chelate affinity chromato-
graphy (MCACQ), was first successfully demonstrated in 1975
by Porath et al. for human serum proteins.> To carry out
IMAC, metal ions, such as Zn>*, Ni>* or Cu®*, are bound to
solid matrices. Stable complexation is usually obtained with
histidine, tryptophan, and cysteine residues of peptides or
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proteins. Binding typically occurs at neutral or slightly alkali
pH, whereas desorption/elution generally occurs via imida-
zole gradients or under acidic conditions.

To study the affinity and the specificity of complexation, a
mixture of the metal salt and the biological compound of
interest is analyzed by mass spectrometry (MS). To further
examine the structural changes induced by the metal
chelation, the stability and the fragmentation pattern of
the complexes are studied by tandem mass spectrometry
(MS/MS). Metal cations have actually been found to direct
amino acid and peptide fragmentations, thus providing
information both on the side chains and on the amino acid
sequence.>* As electrospray ionization (ESI) is a soft
ionization method, ESI-MS analysis of metal cation/peptide
complexes is straightforward and the strength of the
complexes can be assessed. Complexation of metals was first
used with ESI-MS to enhance the detection of amino acids.
The amino acids were analyzed in the form of ternary
complexes with a divalent transition metal and a neutral
ligand, e.g. 2,2'-bipyridine or 1,10-phenanthroline,”” used to
enhance the complexation and to prevent the formation of
neutral binary complexes.”® Metal complexation has also
been explored as an alternative to protonation for ESI-MS
analyses of pharmaceutical compounds.’

In addition to the softness of the ionization, another
interesting feature of ESI is its electrolytic nature. An ESI
source can indeed be seen as a special kind of electrochemical
cell,'® where the anode is the electrode in contact with the
analyte solution in the emitter and the mass spectrometer, the
cathode (in positive ion mode, polarity being reversed in
negative ion mode). The conduction through this ‘cell’ is
supported by the motion of ions in the solution and then in
the gas phase before reaching the counter electrode, i.e. the
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mass spectrometer, the limiting step being the droplet
ejection that determines the so-called electrospray current
iE 5.10 From an electrochemical standpoint, the ESI source has
been demonstrated to behave as a controlled-current system.
The law of continuity of the current implies that the Faraday
current ip associated with the oxidation of species from the
electrolyte solution at the electrospray electrode is always
equal to the spray current igs. In positive ion mode, comp-
ounds with the lowest oxidation potential will be oxidized
first and, if the current level is not sufficient, those with a
higher oxidation potential will then undergo oxidation, in
order to keep the current flowing. Since the first proof of
principle of this electrochemical feature by the electrogenera-
tion of Zn>" ions using a zinc emitter,!! it has also been
demonstrated that metal ions could be deposited on or
liberated from the electrospray electrode simply by switching
from negative (for the plating step) to positive ion mode (for
the stripping step),'? the amount of metal ions generated per
unit time being known by the igg current readout, which is
constant under stable spray conditions. Phenanthroline
complex formation induced by the oxidation of metal
electrodes has previously been demonstrated by Van Berkel
and co-workers.'>'*

As suggested by Van Berkel, ” this method avoids the use
of a metallic salt (e.g. CuSO,), therefore preventing signal
suppression induced by anions introduced together with the
metal ion.””> The goal of this study is to use the intrinsic
electrochemical behavior of ESI to generate metal ions
directly from the electrospray anode, used in a sacrificial
way, and to highlight the specific advantages and drawbacks
of sacrificial electrodes for peptide-metal complex studies.
For this purpose, a miniaturized microspray interface,
already described by Gobry et al.,'® is used in order to take

1,14

advantage of the enhanced mass transport induced by the
small dimensions of the device.

The feasibility and efficiency of electrogeneration, and the
subsequent adduct formation, are investigated for two model
peptides and five different metals that are known to chelate to
peptides. Residues such as histidine and cysteine are
considered to be better metal-binding ligands than amides
in peptides, and so a structure that involves a metal chelating
to these groups and the neighboring amide(s) is more
favorable than those involving only amide groups.'” There-
fore, human angiotensin II (DRVYIHPF) and a synthetic
peptide (AIKCTKF) have been tested. It must be stressed that
the first contains one histidine (without cysteine) and the
second one free cysteine (without histidine).

The best candidates to evaluate this method are copper and
zinc electrodes, which are the most abundant metals involved
in metalloproteins and also the easiest to oxidize in view of
their redox potentials (see Table 1). In addition, their low
solvation times favor the complexation (see Table 2). Copper
complexation with proteins is well established for protein
quantification via the Biuret reaction,'®™** and zinc occurs
naturally in many metalloproteins, such as carbonic anhy-
drase, and several proteases and isomerases.” Zinc is also
widely used for the purification of histidine-tagged proteins.

Other common metal complexes have been studied using
nickel, silver and iron electrodes. Although only four proteins
or enzymatic systems are currently known to contain

Copyright © 2005 John Wiley & Sons, Ltd.

Table 1. Redox potential of different redox couples involved
in on-line metal-peptide complexation®®

Eq (V)
O, +4H" +4e” =H,0 1.229
AgJr +e =Ag 0.799
Fe** +e” =Fe** 0.77
Cu"4+e =Cu 0.52
Cu?"+2¢ =Cu 0.34
Ni?* +2e~ =Ni —0.257
Fe?* 4+ 2e¢~ =Fe —0.44
Zn*" +2e =Zn —0.76

Table 2. Solvation times corresponding to mean lifetimes of
a single water molecule in the first coordination sphere of a
given metal ion

Cu** Zn** Fe?™ Ni** Ag"

Solvation time (s) 107° 1077 10°° 107 —

functional redox nickel,? affinity chromatography of histi-

dine-containing peptides is based on the high affinity of N i+
for the imidazole moiety. The interaction of iron ions and
sulfides is common in all biological systems, and these
groups are found at the active centers of a wide variety of
redox and catalytic proteins. Lastly, despite its use as an
antibacterial agent, silver is not involved in any biochemical
function; however, its complexation is implicated in two-
dimensional (2D) gel silver staining.

EXPERIMENTAL

Human angiotensin II (Bachem, Bubendorf, Switzerland)
(average MW 1046.1; pl 6.74), the cysteinyl peptide (average
MW 810.0; pI 9.32), and methanol (Merck, Darmstadt,
Germany) were used without any further purification.
Deionized water (18.5M(2) was prepared using a Milli-Q
system from Millipore (Bedford, MA. USA). Peptide
solutions consisted of 50 uM in 50:50 (v/v) MeOH /H,0.
Metal-ion on-line complexation is carried out using a V-
shaped microspray interface, shownschematicallyin Fig. 1(a),
which consists of a single microchannel (40 x 100 um) and a

(@)

(b)

Figure 1. (a) Top view of the microspray chip and (b)
microspray in use with the metal electrode in the inlet
reservoir.
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Figure 2. Full scan mass spectrum from the infusion of angiotensin Il using a copper
electrode (t=3min). [M+H]"=1046.47; m/z (1:1 complex)=1107.13; m/z (1:2

complex) =1170.20.

reservoir fixed at its inlet. This polymer microspray inter-
face design and its fabrication have been described
previously.'®***

The chip is lined up with respect to the entrance of the LCQ
Duo ion trap mass spectrometer (Finnigan, San Jose, CA,
USA). Then, the chip reservoir is loaded with 75uL of a
peptide solution. The metal electrode, used as the microspray
electrode, is sanded and rinsed with ethanol and methanol.
The electrode, connected to the high-voltage supply of
the mass spectrometer, is inserted into the solution reservoir
(see Fig. 1(b)).

After the mass spectrometer power supply onset
(U=3.2kV) and starting the mass spectrum acquisition, the
chip is moved closer to the entrance of the mass spectrometer
to generate electrospray and thus to start the dissolution of
the electrode and the subsequent complexation reaction.
When the electrospray is on, the solution is pumped by
pressure-driven flow induced by the level of liquid present in
the reservoir, electroosmotic flow and the electrospray
process. This system is, from a mass-transport standpoint,
different from the one used by Van Berkel et al.:'> The solution
volume is indeed much larger than in the pulled capillary
used by Van Berkel, and the flow rate has been estimated to
500nL/min (25 nL/min for the pulled capillary).

A nanoamperometer is used to monitor the current and its
stability. The current is fixed at 30nA by adjusting the
distance between the microspray outlet and the entrance to
the mass spectrometer for each experiment. Control of this
parameter is a key point in order to be able to qualitatively
compare the complexation reactions. Metal salts (CuSOy,
ZnCl,, AgNO;, NiCl,, FeCl,) were used not only to check
the mass shift obtained with the electrogenerated ions, but
also to evaluate the ‘yield” of electrogeneration against the
addition of salts. Based on experiments performed with
100uM CuSO,4/50uM peptide solutions, the estimated
concentration of the electrogenerated ions should be within
the same range.

Copyright © 2005 John Wiley & Sons, Ltd.

To simplify the assignment of the adducts and the related
ions in the mass spectra presented here, only the mass shifts
have been mentioned.

RESULTS AND DISCUSSION

On-line complexation with a copper electrode
When the copper electrode is used for ESI of the angiotensin
solution, a 1:1 complex is observed a few seconds after the
onset of electrospray, then the 2:1 complex, roughly 1 min
later (see Fig. 2). The shift observed due to the first addition
of copper corresponds to the monoisotopic mass of the metal
minus two hydrogens (see Table 3), which is consistent with
the results obtained by Hutchens and Allen,?® as well as Hu
and Loo.? For the 2:1 adduct, the shift corresponds to 2(Cu—
2H). The charging of the peptide chain due to the Cu*" addi-
tion is certainly compensated for by the removal of two
protons from the backbone. Li et al.*® have demonstrated
that the protons, which are lost for this charge compensation,
are likely to be different from those carrying the charge of
the native peptides. The deprotonation can occur at the C-
terminal carboxylic group or at the phenol moiety of the tyr-
osine residue,” but the most likely source is the protons from
the amide groups coordinated to the metal ion.

Complex fragments [ag+(Cu-2H)]" and [a;+(Cu-2H)]"
are also generated when spraying with the copper electrode,
although the current has been found to be low and stable
during the whole experiment, apart from any fragmentation

Table 3. Mass shifts (Th) obtained with the different
electrodes, with the metal most abundant isotope masses

Cu Zn Ni Fe Ag
Angiotensin II 60.95 61.90 55.83 53.82 —
AIKCTPF 61.89 61.84 55.94 55.97 105.94
Isotopic mass 62.93 63.93 57.93 55.93 106.90

Rapid Commun. Mass Spectrom. 2005; 19: 1183-1190
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Figure 3. Full scan mass spectrum from the infusion of AIKCTKF using a copper

electrode (t=3min).
complex) =934.13.

due to corona discharges. Even though these two single
adduct a-type fragments are generated during the experi-
ment, none of them are significant when MS/MS is
performed on the adduct (data not shown). This observation
rules out any gas-phase fragmentation. Thus the complexa-
tion itself is directly implicated in the formation of these
fragments. Since these fragments were also generated
when using Cu(Il) salts, cupric ions could induce hydrolysis
of the peptide backbone, as was pointed out by Sigel and
Sigel.*

As illustrated in Fig. 3, the presence of the cysteine residue
seems to have a great influence on copper chelation on the
peptide. A single and a double adduct are each generated
with a significant intensity, the double adduct signal being
markedly higher than that of the angiotensin complex.
Contrary to what is observed for angiotensin (see Table 3),
the mass shift for the single adduct corresponds here to
(Cu-H). For the double addition, the mass shift corresponds
to 2(Cu-H). Again, a fragment is formed, [by+2(Cu-H)]",
and this is at the cysteine residue. These mass shifts have also
been checked by MS analysis of a mixture of angiotensin II
with CuSO; salts (data not shown), ruling out any inter-
ference due to the electrogeneration of cuprous ions (Cu™)
and their complexation before dismutation. Since the
deprotonation does not compensate for the charge carried
by the cupric ion, the reduction of the latter to cuprous ion
(Eg=0.159V vs. SHE) in the presence of the thiol moiety
when complexation occurs is the most likely reaction, as
already demonstrated by several groups.*' =%

For each peptide, a decrease in the signal-to-noise ratio has
also been observed, which was not observed for microspray
generation with a platinum wire. Surprisingly, the same
additions were observed by Jiao and Freiser,* although
copper salts were used. They attributed these peaks to
contamination coming from the salt sample. However, this is
not likely with a sacrificial electrode. Hence, this phenom-
enon could be linked to the complexation reaction or to gas-
phase reactions inherent to ESI.

Copyright © 2005 John Wiley & Sons, Ltd.

[M+H]" =810.33; m/z (1:1

complex) =872.27; m/z (1:2

On-line complexation with a zinc electrode

A strong complexation occurs between Zn>" and angioten-
sin, as shown in Fig. 4. A double adduct is also produced,
even though its intensity is very weak compared with the
corresponding copper adduct signal. The mass shift is
equivalent to (Zn-2H) for the single adduct, which is in
agreement with the results of Hu and Loo and Loo and co-
workers,?”*® and 2(Zn-2H) for the double adduct. In contrast
to the experiments with copper, no fragment is observed in
the full scan mass spectrum (see Fig. 2). As expected from
its use in IMAC, histidine is a primary anchor for zinc, since
avery high tagging yield is obtained despite alower solvation
time than for the cupric ion (see Table 2). When the cysteinyl
peptide solution is infused, a 1:1 and a 1:2 complex are also
observed, the latter being lost in the background (see Fig. 5).
The tagging is less efficient than in angiotensin II complexa-
tion. This could be due to the lower affinity of the zinc ion
(borderline Lewis acid) for the thiol moiety of cysteine (soft
Lewis base). As for angiotensin, the mass shifts of the single
adduct and the double adduct correspond, respectively, to
(Zn-2H) and 2(Zn-2H).

On-line complexation with a nickel electrode
The complexation of nickel with angiotensin and the syn-
thetic peptide is markedly less efficient (less than 7%) than
with the previous metals, as shown in Figs. 6 and 7. Similarly
to zinc (see Table 3), the mass shifts correspond to (Ni—2H),
which indicates that the charge of the metal cation is intact
and is compensated for by the loss of two protons. Referring
to Table 2, the nickel ion solvation time prevents a high com-
plexation yield, but a longer time for reaction by lengthening
the channel could help to compensate for this limiting step.
The adduct signals are, however, intense enough for further
analysis, such as MS/MS, to be carried out.

On-line complexation with an iron electrode
The complexation yield of angiotensin with iron is quite low,
as shown in Fig. 8, with a mass shift of (Fe—2H). Smith and

Rapid Commun. Mass Spectrom. 2005; 19: 1183-1190
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Figure 4. Full scan mass spectrum from the infusion of angiotensin Il using a zinc
electrode (t=4min). [M+H]"=1046.47; m/z (1:1 complex)=1108.33; m/z (1:2

complex) =1172.20.

Moini could also detect a high level of angiotensin-iron com-
plex using a highly rusted iron wire as the electrospray elec-
trode in an acidic medium.*® However, they found a mass
addition corresponding to the metal monoisotopic mass. As
shown in Fig. 9, the cysteinyl peptide complex mass also cor-
responds to the addition of the monoisotopic mass of iron. This
last result is not in accordance with results obtained by Nemir-
ovskiy et al.,'”” since they reported a (Fe—H) shift for a cystei-
nyl adduct, using the metallic salt. It must also be stressed that
the mass shifts obtained with the nickel and iron cysteinyl pep-
tide adducts are particularly similar. Investigations based on
MS/MS analyses of these complexes will help to distinguish
them through specific fragmentation pathways.

Iron complexation seems to be highly dependent on
experimental conditions, involving either the metallic salt

“ [M+2H]2+

40 405.73

or the electrospray electrode. The low efficiency and the
uncertain pathway of the iron chelation are based on the
homogeneous reaction of ferrous ion with water and oxygen:

1
2Fe?" + 3H,0 + 50, — 2FeOOH + 4H S

which results in the precipitation of FeFOOH on the electrode,
ie. rust, and many subsequent processes.*® Reaction (1)
induces a pH drop, which could result in the appearance of
the [M+3H]’" in the spectrum (see Fig. 9). In addition, the for-
mation of the oxide layer, observed after each experiment,
decreases the amount of iron available for anodic dissolution.
Some water oxidation should then take place in order to
maintain the igs level, thus inducing a pH drop. Thus, reac-
tion (1) implies that the electrogeneration of Fe®' for

[M+HT"

810.33

+ (Zn-2H)
87227

+2(Zn-2H)
W=
w0 10c

Y YT L T
1000 1100 1200 1300 1400

Figure 5. Full scan mass spectrum from the infusion of AIKCTKF using a zinc
electrode (t=4min). [M+H]"=810.33; m/z (1:1 complex)=872.27; m/z (1:2

complex) =938.13.

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 6. Full scan mass spectrum from the infusion of angiotensin Il using a nickel
electrode (t=4min). [M+H]™ =1046.47; m/z (1:1 complex) = 1102.33.
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Figure 7. Full scan mass spectrum from the infusion of AIKCTKF using a nickel
electrode (t=3min). [M+H]* =810.33; m/z (1:1 complex) = 866.33.
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Figure 8. Full scan mass spectrum from the infusion of angiotensin Il using an iron
electrode (t=2min). [M+H]* =1046.47; m/z (1:1 complex) = 1100.33.
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Figure 9. Full scan mass spectrum from the infusion of AIKCTKF using an iron
electrode (t=3min). [M+H]" =810.33; m/z (1:1 complex) = 866.33.

complexation should be carried out in degassed solutions to
hinder the passivation of the electrode.

Another pathway could be the reoxidation of ferrous ion to
ferric ion. Since the oxidation state is increased, the
coordination can be drastically modified. To identify whether
the oxidation state of the iron could affect the efficiency of the
complexation, FeSO, and FeCl;-6H,O salts were successively
tested, using a platinum electrode to generate the spray.
However, not only does the oxidation state not change the
complexation efficiency dramatically, but none of the
mass shifts obtained for those complexes ((Fe-2H) and
(Fe-3H) for the Fe(Il) and the Fe(IIl) salts, respectively)
corresponds to the mass shift obtained with the iron
sacrificial electrode. Therefore, complex formation by using
the sacrificial electrode does not follow the same pathway.

[M+HT"

810.33

[M+2H2+

800

The formation of small clusters on the electrode could explain
this unexpected behavior.

On-line complexation with a silver electrode

No complexation was observed with angiotensin after 10 min
of infusion, even if silver has been found to form aqueous
phase complexes with sulfur- and non-sulfur-bearing pep-
tides and proteins.”® However, this result is in agreement
with the classification of hard/soft metals and ligands.*
With the cysteine-containing peptide (AIKCTKPF), a single
adduct is formed, as shown in Fig. 10. The mass shift corre-
sponds to (Ag—H). The low complexation is due to the passi-
vation of the electrode: an AgCl film is actually generated at
the electrode surface during each experiment, therefore pre-
venting the silver ions from reacting with the peptides.

+(Ag-H)

916.20

900
miz

+2(Ag-H)
1024.07

2 b )

b

N ™
1000 1100

Figure 10. Full scan mass spectrum from the infusion of AIKCTKF using a silver
electrode (t=3min). [M+H]*=810.83; m/z (1:1 complex)=916.20; m/z (1:2

complex) = 1024.07.

Copyright © 2005 John Wiley & Sons, Ltd.
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Table 4. Adduct relative signal intensities after 5 min
infusion (100% = native peak) for each experiment

Angll+M** Pep+M** Angll4+2M**  Pep-+2M**
Cu?* 58% 55% 5% 61%
Zn>* 70% 25% 4% 5%
Fe?* 9% 7% — —
Ni?+ 15% 7% — —
Agt — 19% — 6%
CONCLUSIONS

The present paper demonstrates that on-line complexation
based on the electrolytic behavior of a microspray chip is effi-
cient and stable over time, allowing the study of the metal-
ion/peptide complexes. Copper and zinc are particularly
well suited for the generation of transition-metal cations and
their on-line chelation to peptides, as shown by the complexa-
tion yields obtained (see Table 4). As mentioned earlier, their
redox potentials and solvation times (see Tables 1 and 2) are
the most suitable for an efficient on-line complexation.

Further investigations, such as measurement of pH condi-
tions and solvent composition that are known to influence the
spatial conformation of peptides, should be carried out. The
detection of phosphorylated peptides could also be assessed
since the immobilization through the phosphate groups
occurs at low pH, which favors signals of peptides in ESI-MS.

Considering that equivalent complexation was obtained
with much higher salt concentration than is electrogenerated
(see Experimental section), chelation probably occurs mainly
in the microchannel, where small dimensions provide higher
reaction yield. The electrode end is located at the inlet
reservoir of the chip and, based on the computational studies
of Van Berkel et al.”” metal ions are probably mainly
generated at this extremity and migrate directly into the
microchannel, towards the microspray outlet.

This easy-to-use microspray does not, however, guarantee
steady-state mass transport, as illustrated by the change in
signal-to-noise ratio in the case of the copper electrode. That
is why a previously introduced microspray interface similar
to the one used in this study could advantageously be
substituted for the latter interface. That interface has been
found to efficiently perform on-line electrochemically
induced modification of peptides.***! Tt consists of a
microchannel with a carbon band electrode at its bottom that
can be plated with the metal of interest. In simple infusion
configuration (pressure-driven pumping), laminar flows
and steady-state regimes are obtained. These conditions are
the most favorable for on-line complexation optimization,
based mainly on the chip design.** The use of an embedded
sacrificial microelectrode should be a good option to enhance
the on-line complex formation in a reproducible manner.
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