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Abstract

A novel ion dissociation technique, which is capable of providing an efficient fragmentation of
peptides at essentially atmospheric pressure conditions, is developed. The fragmentation patterns
observed often contain c-type fragments that are specific to ECD/ETD, along with the y-/b- fragments
that are specific to CAD. In the presented experimental setup, ion fragmentation takes place within
a flow reactor located in the atmospheric pressure region between the ion source and the mass
spectrometer. According to a proposed mechanism, the fragmentation results from the interaction of
ESI-generated analyte ions with the gas-phase radical species produced by a corona discharge source.
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Introduction

Tandem mass spectrometry (MS/MS) currently claims a key role in the identification and
characterization of proteins [1-7]. Successful mass spectrometric analysis of peptides and
proteins relies on the ability to systematically sever peptide backbone bonds. In conventional
collision-activated dissociation (CAD) MS/MS, ion fragmentation is activated by collisions
with a buffer gas [8]. However, acquiring structural information through this method becomes
significantly more challenging when the peptide is substantially long (more than approximately
20 residues [9]) or contains either labile post-translational modifications or multiple basic
residues.

Alternative fragmentation methods, electron capture dissociation (ECD) [10] and electron
transfer dissociation (ETD) [11-13], have been recently introduced into the field of proteomics.
Unlike the collision-activated process, ECD and ETD do not cleave chemical modifications
from the peptide, but rather induce random breakage of the peptide backbones. ECD and ETD
can be used as orthogonal (to standard CAD) fragmentation methods to increase the
informational content of tandem MS experiments. In spite of the remarkable prospects for
proteomics, these techniques have been primarily implemented only in mass spectrometers
that have ion traps such as Fourier Transform lon Cyclotron Resonance (ECD case) and
radiofrequency linear ion trap (ETD case) mass spectrometers.

Historically, experiments employing ECD/ETD-type fragmentation have been conducted
inside a vacuum system with an operating pressure of no more than 1 mTorr. However, ion/
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ion and ion/molecule reactions can be very efficient even at atmospheric pressure. For instance,
the use of proton-transfer reactions at the essentially atmospheric pressure is, nowadays, the
most straightforward route to charge reduction of multiply charged peptides and proteins
generated by electrospray. The effectiveness of this approach was first demonstrated by
Orgozalek et al in 1992 by coupling the output of an electrospray with an externally housed
corona discharge source [14]. Later, methods merging electrosprayed cations with corona
discharged anions have been seriously modified and successfully demonstrated [15-18].
Recently, our group has reported the fragmentation of peptides at essentially atmospheric
pressure conditions achieved by merging electrosprayed peptide ions with corona generated
radicals [19].

In this paper, we further explore the developed ion dissociation technique which is capable of
providing efficient fragmentation of peptides and proteins with typical patterns containing
fragments specific to both CID and ECD/ETD. In the presented experimental setup, ion
dissociation occurs within the flow reactor, located in the atmospheric pressure region between
the ion source and the mass spectrometer. The suggested fragmentation mechanism involves
the interaction of ESI-generated peptide ions with hydroxyl radicals originating from the
corona discharge source.

Experimental

All experiments were performed using an LCQ “Classic” instrument (Thermo Scientific, San
Jose, CA). The analyte ions were produced by ESI and the radical species were produced by
corona discharge. The analyte ions and radical species were mixed together within the stainless
steel flow reactor, shown in Figure 1. The internal diameter of the flow reactor was smaller at
the entrance (0.5 mm i.d.) and larger at the mixing region (2.5 mm i.d.). Similar design was
used for proton-transfer reactions near atmospheric pressure by Frey et al [20]. The chosen
dimensions should cause minimal pressure drop through the reactor, since the majority of the
pressure decrease occurs at the long and narrow capillary of MS instrument. The geometry of
the flow reactor defines the gas flow velocity through out the mixing region, thus dictating the
ion-molecule interaction time.

Two standard cartridge heaters (80W, ¥%”0.d., McMaster-Carr, Dayton, NJ) were used to vary
the temperature of the flow reactor in the range 20-500°C. The temperature of the flow reactor
was measured by inserted Nextel coated J-type thermocouple and moderated by a temperature
controller (Model CN9110A, Omega Engineering, Stamford, CT). The temperature of the gas
flowing through the corona discharge was adjusted separately using a coiled tube wrapped with
band heaters (McMaster-Carr, Dayton, NJ, not shown in Figure 1).

The front-end of the flow reactor had a counter-current flow of “curtain” gas (nitrogen) to aid
the desolvation of droplets generated by ESI and to sweep away unwanted neutral species from
the entrance aperture. The flow reactor was tightly seated onto the heated capillary of the MS
instrument with a ceramic holder that provides a separation distance of 0.5 mm between the
body of reactor and the heated capillary. To improve ion transmission through the reactor into
MS instrument, a variable DC voltage was applied to the body of flow reactor (typically 50—
150 V).

Coronadischarge was utilized for ion/radical generation. A custom-built metal tee was installed
into the stainless steel body of the flow reactor. The top end of the tee connector held a ceramic
tube with platinum wire inside. The side port (1/8” Swagelock) of the tee connector was used
to provide a constant flow of reagent gas through the source. The platinum wire (0.004” o.d.,
Scientific Instrument Services, Ringoes, NJ) was held at a few kilovolts (typically 2 kV)
potential relative to the flow reactor. The corona discharge was created between the sharpened
tip of the platinum wire and stainless steel disk having a small orifice (typically 1 mm)
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separating the corona discharge region from the flow reactor that lay in the counter bore made
in the body of the flow reactor. A power supply (model PS350, Stanford Research, Sunnyvale,
CA) was used to apply a high voltage and to limit a current within the corona discharge source.
A gas flow meter (T-type meter, Aalborg, Orangeburg, NY) was used to control the flow rate
(0-500 cm3/min) of the reaction gas through the corona discharge region.

Electrospray ionization was employed to produce positively and negatively charged peptide
and proteins ions. The solutions were infused into the ESI source (50 um i.d. fused silica
capillary with +/— 2.5 kV voltage applied to the solution via a coupling metal HPLC union) at
a rate of 1 pl/min using a syringe pump (Model 11 plus, Harvard Apparatus, MA).

The peptides and proteins purchased from Sigma (St. Louis, MO) and American Peptides, Inc.
(Sunnyvale, CA) were dissolved in a solution containing 49% water, 49% methanol and 2%
acetic acid. The peptide concentrations used in the ESI experiments were in the range of 5 —
25 uM. All UHP grade reaction gasses (Ar, He, SO,, O, and N») and dry compressed air were
purchased from Airgas East (Hyattsville, MD).

Results and discussion

lon/molecule reaction time

The internal diameter of LCQ “Classic” heated capillary is 0.5 mm therefore this dimension
dictates the gas flow rate throughout the flow reactor. The gas flow rate (G) was precisely
measured at room temperature to be 1020 cc/min. The average linear gas speed (v) through
flow reactor can be calculated using a simple relationship:

4G

Vy=—

nd? (1)

that gives an average gas flow speed of 3.5 m/s through the central channel (2.5 mmi.d.). Thus,
a residence time (and therefore ion/molecule reaction time) can be estimated to be
approximately 10 ms.

lon transmission efficiency

To calculate an ion transmission through the flow reactor of the proposed design, one can apply
the approximated formula derived by Konenkov et al for the fraction of ions lost by diffusion
to the walls [21]:

2

I 2L\ kT
—=exp —5.784-(—)

I d | qUes ()

where | is the transmitted current, | is the entrance ion current, L is the length of the chamber,
d is the diameter of the chamber, k is Boltzmann’s constant, T is the temperature, g is the ion
charge and U is the effective potential difference down the length of the chamber. Since ion
mobility through the chamber is controlled by the gas flow, the effective potential U is given
by equation 3 [22]:

vL
U= 6)
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where v is the average gas flow speed and K is the ion mobility. Using the values calculated
above and K=1cm?/Vs (typical ion mobility), equation 2 gives an ion transmission efficiency
at room temperature through the proposed flow reactor of approximately 95.8%.

According to equation 2, the elevated temperature of the flow reactor would result in an ion
transmission drop with a temperature increase. For example, an increase in temperature to 200°
C will decrease ion transmission down to 93% which still can be considered as relatively high.

Charge reduction of ions formed in ESI source at elevated temperatures

The mean charge state of electrosprayed peptide and protein ions depends on the experimental
conditions, such as solvent used. We assume that the temperature of the background gas also
affects the charge state distribution through the following mechanism. The maximum surface
charge density of ESI droplets sustained by a given liquid depends on its surface tension [23].
In the case of charged spherical droplets, this is given by [24]:

N? 2=87(28()D3(J' (4)

where N is the number of charges, e is the elementary charge, &g is the permittivity of the
surrounding medium, D is the diameter of the droplet at which droplet instability occurs (the
Rayleigh limit) and ¢ is the surface tension. For a given solvent, all of these parameters are
constants except surface tension that is dependant on temperature. The general trend is that
surface tension decreases with the increase of temperature, reaching a value of 0 at the critical
temperature (T,). There are only empirical equations to relate surface tension and temperature,
such as Guggenheim-Katayama equation [25]:

n

o=0o(1 - =)
0 T, (5)

Thus, the maximum charge state of ESI ions decreases with an increase in the temperature of
the surrounding medium.

To confirm this hypothesis, we have experimentally studied the temperature effect on the
charge distribution for a variety of peptides and proteins and found a pronounced charge
reduction with temperature. The typical charge state distribution of ESI-generated Substance
P ions as a function of flow reactor temperature is shown in Figure 2. In the temperature range
of 380-440°C, used in all fragmentation experiments, we observed only single-charged peptide
ions. No ion signal was observed for temperatures more than 440°C.

Experimental results

For any new dissociation technique, fragmentation of Substance P ions is, nowadays, a general
benchmark test. Figure 3a displays an example of a fragment ion mass spectrum obtained from
Substance P precursor ions, where the ion dissociation takes place within the above described
flow reactor at essentially atmospheric pressure conditions. The spectrum contains a set of
singly charged product ions with dominating b- and proposed to be c- fragments. The presence
and intensity of the fragment ions depend on the temperature and gas flow through corona
discharge. No fragmentation was observed for temperatures less than 350°C, after which the
fragmentation efficiency increases roughly exponentially. We have observed that a reaction
gas flow rate of 250-300 cm3/min was optimal in terms of fragmentation efficiency. Since the
total gas flow through the heated capillary of the LCQ “Classic” is 1020 cm3/min, the optimal
ratio of merging gas flows through the ESI and corona ion sources was ~ 3:1 for the present
configuration of the flow reactor.
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The occurrence of fragmentation was independent of the corona polarity. Fragmentation
efficiency was directly proportional (up to certain threshold) to the current through the corona
discharge. Notably, in terms of fragmentation efficiency the current-limiting regime was
preferable with an optimal current through corona discharge of 100-200 pA. No fragment ions
were observed without corona discharge.

The fragmentation occurred for a variety of gases (SO,, Ar, Ny, O, etc) flowing through
corona. No fragmentation was observed when helium was used as a reaction gas. The addition
of water (H,0) or hydrogen peroxide (H,O5) vapors to the corona discharge region
significantly enhanced (up to ~100 times) the fragmentation efficiency, as it shown in Figure
3b. Although the majority of observed fragment ions were originated from the MH* precursor
ions, also some sodium-cationized fragments were produced from the co-existing [M+Na]*
ions. It is noteworthy to state that the ratio of c- to b- fragment ions was generally independent
of H,O/H,0, vapor concentration in the corona discharge region, thus strongly indicating that
c-ions are formed as opposed to oxidized forms of b-type ions.

In negative ESI mode, we have observed fragmentation patterns similar to the positive mode
(series of c-, b- and y-fragments) but with more prominent y-and sometimes c- fragments. The
representative fragment ion mass spectrum obtained from Substance P precursor ions in
negative mode is shown in Figure 4.

The extensive fragmentation was also observed for a large variety of peptides and small
proteins, including bradykinin, substance P, y-endorphin, insulin, and melittin. Figure 5 shows
an example of such fragment ion mass spectrum obtained in positive ESI mode from
Bradykinin precursor ions.

In positive ESI mode, a charge reduction effect was observed with the negative corona
discharge at flow reactor temperatures of less than 100°C (data not shown). Similar results
were observed by the Lloyd Smith group [20] and were assigned to a charge neutralization
reaction between ESI-generated peptide/protein cations and corona-generated anions.
Noteworthy that a similar effect could be achieved just by heating the flow reactor without an
ignition of corona discharge through the mechanism described earlier.

An addition of H,O, vapors to the corona discharge region produced a sufficient intensity of
fragment ions to attempt pseudo-MS3 analysis, where the conventional CAD technique is
applied in the 3-D ion trap to the accumulated precursor fragment ions (e.g. c-type) formed
within the flow reactor. Figure 6 illustrates the quality of such pseudo-MS3 mass spectrum
acquired in a single scan. In this particular experiment, Substance P precursor ions were first
dissociated within the flow reactor, and resulting fragment ions were accumulated (50 ms
injection time) in the 3-D trap of LCQ “Classic”. Then the presumed c4+ fragment ion was
isolated and subsequently fragmented using the conventional collision-activated dissociation
technique. The resulting pseudo-MS3 spectrum shows a series of b-, y- and a- ions as well as
their ammonia or water losses, consistent with previous reports on CID of c-type ions [26,
27].

Suggested mechanism

The fact that the ion dissociation process is independent of the corona polarity implies a radical-
induced mechanism of ion fragmentation. We suggest the following underlying scheme to
describe the fragmentation, although a few other possibilities can be also hypothesized:

[M+H]"+OH" — fragments
[M - H] +OH — fragments )
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In the suggested scheme the fragmentation is caused by hydroxyl radicals, which are common
bi-products of the corona discharge. The likely source of OH radicals is water, via a reaction
with a high-energy species produced in the corona discharge, such as the singlet-D oxygen
atom:

0O('D)+H,0 — 2 - OH )

In a typical experiment, electrospray is the source of water vapor. Adding water (H,O) or
hydrogen peroxide (H»O5) vapors directly to the gas flowing through the corona discharge
dramatically increases the intensity of the fragments. This is one more sign in favor of a
hydroxyl radical-induced dissociation (HRID).

The fact that hydroxyl radicals can cause backbone cleavage of peptides and proteins in the
liquid and gas phases is well-known in biochemistry [28,29]. Cleavage of the protein results
from hydroxyl-radical abstraction of the backbone C,-H hydrogen atom. A C, centered radical
is generated that reacts with oxygen and leads to main-chain cleavage. At room temperature
the rate of this initial abstraction (typically 107 M~1s~1) is much slower than the rate of reactions
at side-chains (108-10° M~1s71) [30,31]. The most frequent side-chain reaction is oxidation,
preferentially observed at methionine and cysteine residues [32]. At room temperature, the
main-chain cleavage reactions can be observed only if hydroxyl radicals are present at high
doses [33-36]. We assume that an increase in temperature to 400°C (i.e., significant vibrational
activation) results in a significant increase in the rate of hydroxyl-radical abstraction that now
significantly exceeds the rate of the side-chain reaction (although side-chain oxidation may be
still present). Another interesting observation was the loss of 29 Da for Substance P ions (singly
charged peptide and its fragments) and 30 Da for Bradykinin fragment ions, shown in Figures
3a and 5, respectively. MS/MS experiments on Bradykinin ion fragments confirmed that is
related to the loss of CH,O at the serine side chain. It is noteworthy to mention that ECD and
ETD methods also have a propensity to lose small groups at different aminoacid residues (see
Table 13.2 in [37]).

Since hydroxyl radicals are neutral species, their interaction with peptide and protein ions does
not lead, unlike ECD and ETD processes, to direct charge reduction. As a result, the HRID
pathway is feasible even for single-charged peptides. In our experiments, only singly charged
precursor ions as well as all resulting fragment ions were observed in mass spectra at flow
reactor temperatures higher than 380°C. However, with the existing design of the flow reactor,
the possibility, that fragmentation takes place also for 2+ and 3+ peptide ions that may be
present in small amounts within the flow reactor, can not be completely excluded.

Similar peptide fragmentation patterns were observed recently as a side-effect in Atmospheric
Pressure Photoionization (APPI) source [38,39]. In APPI, peptide and proteins ions interact
with a hot (400-450°C) reaction gas (“dopant”) undergoing irradiation by UV krypton lamp.
Although the authors of these publications attempt to explain the mechanism of the observed
phenomenon through either an electron transfer process or an interaction with free hydrogen
radicals (contrary to work of Demirev [40]), we suggest the above described hydroxy! radical-
induced mechanism where OH radicals are formed from water vapor by UV light. The
aforementioned publications [38,39] also confirm c- and z- fragmentation patterns for single-
charged peptide ions.

Conclusions and Future Directions

A novel method for peptide and protein fragmentation at atmospheric pressure is successfully
demonstrated for a set of common peptides and small proteins. The fragmentation patterns
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observed often contain c-type fragments that are specific to ECD/ETD, along with the y-/b-
fragments that are specific to CAD. In the suggested mechanism, the fragmentation is caused
by hydroxyl radicals that are common bi-products of corona discharge. The new dissociation
method is equally efficient for positive as well as negative peptide and protein ions. Unlike
ECD or ETD, the HRID technique seemsto be directly applicable to single-charged ion species,
since the fragmentation is induced by neutral radical species. A challenging aspect, however,
is related to the fact that currently there is no capability for precursor ion selection. Also, the
physical proximity of ion generation and ion/radical reaction regions holds some uncertainty
in the charge state distribution of ions entering the flow reactor. These problems can be
addressed if ion mobility [41,42] or field asymmetric waveform ion mobility [43,44] analyzers
are interfaced between the atmospheric pressure ion source and the ion/radical flow reactor.
This would allow users to selectively isolate target compounds based on a number of physical
properties, including charge state and molecular conformation.
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Figure 1.
Schematic diagram of the flow reactor installed onto the heated capillary of the MS instrument.
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Figure 2.

The ratio dependence of the 2+/1+ charge state intensities of ESI-generated Substance P ions
on flow reactor temperature.

J Mass Spectrom. Author manuscript; available in PMC 2009 July 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Vilkov et al.

2
3

28888
o
N
o
U'II
Z
I
w

Page 12

70 b 24.5
65 4 +
LY . MH*-29
255 5 1308.7
5
(M+Nay)*
<
%45 5904 MH+ 1369.7
g b,-NH, ‘ 29 cgtNa \
35 C -
30 6 y8 hardd 1347.7
7234
- s C8 | Y0
6755 c 1094.6 177.7 1306.7
1 3 547.4 692.5 85.5 l 1260.7
10 45143 518.4 8465 75256 793.4 Ll 1042 1385.7
5 1395.7
0
500 600 700 800 1000 1100 1200 1300 1400
496.5
4
624.5 C5
b, bs
4795 ‘ 075
cs+Na
646.6
c,+Na ‘ bs+Na
5185 /
|
ye*+Na M+*+Na
5904 | | C6-29 763.5 +
| NH.+N MH*-29 1369.8
‘ 746.5 y6— 3 a
| | +
| | 723.4 c.+Na MH
586.2 “ so24 | 8 1308.9 1347.7
i 1| : ‘
/1 . |7747 8515 o708 10077 '°0+° 11268 1306.7 113857
| ‘ 774 | 8 ‘ ‘ 1165.8 1194.7 .
| L i I n bl g T W i - CI 1399.9
i ! Wi TR R R TN 1 4 Ll h )
500 600 700 800 1000 1100 1200 1300 1400
m/z
Figure 3.

Figure 3a. A fragment ion mass spectrum of Substance P, acquired by summing 50 scans. The
corona discharge and electrospray had positive polarity. The flow reactor was maintained at a
temperature of 420°C and the carrier gas (pure nitrogen) flow through the reactor was 280

cm3/min.

Figure 3b. A fragment ion mass spectrum of Substance P, acquired in a single scan. The corona
discharge and electrospray had positive polarity. The flow reactor was maintained at a
temperature of 420°C and the carrier gas (pure nitrogen with an addition of H,O5 vapor) flow

through the reactor was 280 cm3/min.
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Figure 4.

A fragment ion mass spectrum of Substance P, acquired in a single scan. The corona discharge
had positive polarity and electrospray had negative polarity. The flow reactor was maintained
at a temperature of 420°C and the carrier gas (pure nitrogen with an addition of H,O, vapor)
flow through the reactor was 280 cm3/min.
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Figure 5.

A fragment ion mass spectrum of Bradykinin, acquired in a single scan. The corona discharge
and electrospray had positive polarity. The flow reactor was maintained at a temperature of
400°C and the carrier gas (pure nitrogen with an addition of H,O, vapor) flow through the
reactor was 250 cm3/min.
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Figure 6.

Pseudo-MS3 mass spectrum obtained from Substance P precursor ions by combination of the
fragmentation within the flow reactor and the conventional CAD MS/MS on c4+ fragment
(m/z = 496.1) generated in the first fragmentation step.
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