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further investigated for a model peptide. In the positive ion mode, intensive fragmentations are observed,
mainly ascribed to c-sequence ions along with less abundant a- and b- type ions. The same features and
c- ion series are reported for the negative ion mode, thereby suggesting a common mechanistic origin
for the fragmentation in both ion modes. Moreover, it is shown that ECD-like fragmentation under APPI
conditions may retain non-covalent adducts. This interesting property positions APPI as a promising

-sour

eptide fragmentation
CD/ETD

ECD-like technique for in

. Introduction

Mass spectrometry has become an invaluable tool for biopoly-
ers sequencing [1,2]. The exponential growth of the use of mass

pectrometry for proteomics originates back to Klaus Biemann,
ho showed that the mass spectrum of a peptide could be directly

ndicative of its amino acids sequence [3].
Two antagonist methods are used in proteomics. In the bottom

p approach, parts of the protein sequences are obtained by tan-
em mass spectrometry from proteolytic peptides [4]. This method
rovides a highly effective mean of generating partial sequences
ven from globular proteins, and membrane proteins, provided that
he latter posses significant polar segments between the helices
nd their termini [5]. The other approach, referred to as top-down
equencing, consists in fragmenting intact protein ions in the gas
hase and to deduce sequences information from the fragment ion
pectra [6–8]. Although early aspects of top-down were reported
n the middle of the 1980’s [9], proteolysis was routinely employed
ecause of poor efficiency of tandem mass spectrometric methods
or high mass ions.

One of the dominant applications of top-down mass spec-

rometry in proteomics has appeared to be the determination of
ost-translational modifications (PTM) [8,10,11]. Extensive studies
f 8.5–29 kDa protein standards have shown that electron capture
issociation (ECD) has the remarkable ability to induce cleavages at
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the majority of the peptidic backbones [12]. PTMs that survived the
process of ionization may then be localized using ECD or ETD [13].
In addition, it appeared that sequencing the entire protein is sim-
ply not possible with other fragmentation methods for precursors
larger than 5 kDa [14].

For proteins bearing more than 500 residues, the intractability
for top-down MS came out to result from the increasing complexity
of the gaseous molecular ion’s tertiary conformer structure [15–18].
Using a newly developed method, termed pre-folding dissociation
(PFD), Mc Lafferty and co-workers were able to push top-down pro-
teomics to proteins with masses larger than 200 kDa [19], with
the drawback that dissociation was initiated in source and was
fragmenting all the species present, thus requiring pure samples.
Moreover, owing to the collisional nature of PFD, it may be expected
that this method possess the disadvantages of the other collisional
activations, such as disruption of PTMs during excitation, thereby
preventing for their localization. Hence, any other method allow-
ing heavy protein in-source fragmentations with retention of PMT
would be highly appreciable.

A hypothetical in-source ECD would in principle posses such
a combination of properties. Interestingly, atmospheric pressure
photoionization of peptides and small proteins has shown to pro-
duce extensive in source fragmentations [20,21] with production of
c- and z- sequence ions. In the present context, deeper investigation
of the mechanisms at work under APPI conditions becomes espe-

cially important, notably verification whether APPI fragmentation
of peptides show the same properties as ECD, such as retention of
labile adducts.

In the following we report the study of in-source APPI fragmen-
tations of a 15 residues model peptide in both positive and negative
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http://www.elsevier.com/locate/ijms
mailto:alexandre.giuliani@synchrotron-soleil.fr
dx.doi.org/10.1016/j.ijms.2010.08.010


2 A. Bagag et al. / International Journal of Mass Spectrometry 299 (2011) 1–4

nega

i
i
t
i
E
w
d

2

A
C
a
e

4
i
d
p
g

l
i

Fig. 1. APPI mass spectra for DF8 in isopropanol under a) positive ion mode, b)

on modes. Comparison of the fragmentation patterns in both ion-
zation modes and monitoring of the fragmentation with respect to
he amount of dopant infused shows that the mechanism beneath
n-source APPI dissociation of peptide is closely related to ECD and
TD, sharing with them potential of retaining labile grouping. This
ork is a first step to evaluate the potentialities of APPI for top
own proteomics.

. Material and Methods

The experimental results were recorded using the Photospray
PPI source (Applied Biosystems, Les Ulis, France) fitted with a
athodeon PKS 106 Krypton lamp. The APPI source is mounted on
n hybrid quadrupole time-of-flight Qstar Pulsar i mass spectrom-
ter (ABSciex).

Operating parameters were: Heating temperature = 400 ◦C and
50 ◦C, IS = 1600 V (ion spray voltage), DP1 = 20 V (decluster-

ng potential), FP = 100 V (focusing potential), DP2 = 15 V (second
eclustering potential). The TOF calibration was carried out using

olypropylene glycol standard solutions. Source gas is pure nitro-
en from a generator with less than 5 ppm of oxygen.

The peptide was synthesized by Genepep Prestation (Montpel-
ier, France) with an HPLC purity of 96%. We worked in the flow
nject analysis method, in which 5 �l of a 5 × 10−4 M solutions of
tive ion mode and c) negative ion mode for TFA acidified isopropanol solution.

peptide (denominated DF8 in the following) in isopropanol were
injected into a LC flux of isopropanol.

3. Results and Discussion

3.1. Atmospheric pressure photoionization of DF8

The peptide (denominated DF8) is the 56-70 fragment of the
Human Platelet Factor (PF4) protein, N-terminal acetylated and C-
terminal amidated, namely [22]: Ac-QAPAYKKAAKKLAES-NH2. Its
monoisotopic mass is 1643.85 Da.

Fig. 1a shows the APPI mass spectrum in the 800-1700 m/z range
recorded in the positive ion mode. Along with b- and a- sequence
ions, abundant c- fragment ions are observed. C and z- ions have
already been reported under such conditions [20,21]. Table 1 sum-
marizes the sequence ions observed. Two mechanisms have been
proposed to account for the formation of c- and z- sequence ions
under dopant assisted APPI conditions [21]. In such conditions,
either the LC solvent, or a post column added organic molecule, is

ionized by the VUV photons emitted from the lamp. This ionization
phenomenon produces in the medium reactive species able to react
by proton transfer with the analyte to produce protonated or depro-
tonated molecules. Concomitant to the formation of radical cation
from ionization of the solvent, photoelectrons are also released in
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Fig. 2. Suggested mechanism for ion formati

he medium. These electrons may in turn attach or get transferred
o the protonated protein ions if conditions on the electron affin-
ty of the participants are met [23]. Such an atmospheric pressure
CD-like mechanism was suggested to account for the formation
f the c- and z- ions from doubly protonated molecules [21,24].
urprisingly, it was also reported that singly protonated peptides
ould also give rise to such fragments ions. Another mechanism
nvolving H atom transfer to singly protonated peptides was then
roposed [21,24]. In the present work, isopropanol is ionized by
he VUV photons [25] and act as a self-dopant. It is worth noting
hat photoabsorption by the peptide ion is negligible owing to the
trong absorption by the solvent, and its large excess with respect
o the analyte. Hence, formation of c- and z- sequence ions may be
ntirely ascribed to the APPI processes, that is electron capture (or
ransfer) or H atom transfer.

Interestingly, analysis of the same sample, under the same
xperimental conditions, but in the negative ion mode also pro-
uces abundant fragments (Fig. 1b). Much less has been done in
he study of the dissociation of peptide and proteins in the nega-
ive ion mode [26–28]. Fragmentations of deprotonated peptides
re complex according to Bowie et al. [26], whose group has devel-
ped a particular nomenclature. However, other groups [28,29]
ave adapted the Bieman’s nomenclature [3] to the negative ion
ragmentations. In the following, we make use of the nomencla-
ure proposed by Ewing and Cassady [27], which is based on the
ieman’s nomenclature for the positive, thus allowing a straight-

orward comparison of both ionization modes. Hence, the negative

able 1
ragment ions observed for DF8 in both ion modes.

Fragment ion m/zmeas

Positve ion mode

[M + H]+ 1644.9458
c14 1557.9303
c13 1428.8721
c12 1357.8405
c11 1244.7587
c10 1116.6619
c9 988.5500
c8 917.5038
c7 846.4722
Negative ion mode
[M-H]− 1642.9898
(c14-2H)− 1555.9520
(c13-2H)− 1426.8880
(c12-2H)− 1355.8505
(c11-2H)− 1242.7441
(c10-2H)− 1114.6266
(c9-2H)− 986.5049
(c8-2H)− 915.4345
(c7-2H)− 844.5013
(c7-2H + TFA) 958.4155
(c8-2H + TFA) 1029.4879
(c9-2H + TFA) 1100.5565
(c10-2H + TFA) 1228.6521
(c11-2H + TFA) 1356.8090
(c12-2H + TFA) 1469.8434
(c13-2H + TFA) 1540.8670
peptide under negative ion APPI conditions.

ion mode mass spectrum at Fig. 1b shows mainly a distribution of c-
fragment ions ranging from [c7-2H]− to [c14-2H]−, which are iden-
tical to that observed in the positive ion mode c7+ to c14+ (Fig. 1a).
Fewer b- and a- ions are observed in the negative mode with respect
to the positive ion mode.

The ionization mechanisms in the negative ion mode in APPI
are known to be dominated by the reactions of the photoelectrons
[21,24]. Keeping this in mind and owing to the similarity between
the c-sequence ion distributions in both ion modes (Fig. 1a and b),
we naturally come to the conclusion that a common mechanism
might be at the origin of the fragmentation for both ion modes.
On the one hand, observation of the c- ions in the negative ion
mode may be explained by electron attachment. The mechanism
proposed by Syrstad and Turecek [29], although originally dedi-
cated to the positive ion mode is compatible to the negative ion
mode. Our adaptation of the Syrstad and Turecek [29] mechanism
is shown at Fig. 2. The neutral peptide attaches an electron to a car-
bonyl moiety, which leads to the formation of the amide superbase.
On the other hand, formation of the deprotonated species may be
ascribed to either proton transfer or charge transfer, in agreement
with literature data [21,24].

At Fig. 1c, the mass spectrum in the negative ion modes for
trifluoroacetic acidified solutions is presented. Although this acid-
ification has no effect in the positive ion APPI mass spectra (data
not shown), drastic changes are observed in the negative ion mode
(Fig. 1c). The [M–H]− ion becomes more abundant. Additional b-
and a- fragments are detected and a new c- ion series appears
shifted at +114 (see Table 1). This series is assigned to TFA adducts
and spans over the same sequence range as the original c- series
(Fig. 1b). Such adduct is not observed on the b- and a- series and is
preserved only by the c- sequence ion formation. B- and a- sequence
ions may then have a thermal or collisional origin, which could dis-
rupt the TFA adduct. In contrast, the mechanism at the origin of
the APPI c- fragment ions preserves labile adducts. This property is
totally parallel to ECD and position APPI as a promising mean for
producing in-source ECD-like fragmentations.

4. Conclusion

This work reports the study of a model peptide under APPI in
both positive and negative ion modes. Intensive fragmentations
are observed and are dominated by the formation of c- sequence
ions in both ionization modes. Moreover, the negative c- ion series
retain labile adducts such TFA. A mechanism, involving electron
attachment to the carbonyl moiety of the peptide, is proposed
to account for those observations. This mechanism is an exten-
sion of those classically admitted for ECD. APPI then appear to
be a promising mean to produce in-source ECD. This potential
could reveal especially useful for top-down proteomic of large pro-
teins.
References

[1] S.A. Martin, K. Biemann, in: J.A. McCloskey (Ed.), Methods in Enzymology, vol.
193, Mass Spectrometry, Academic Press, New York, 1990, p. 455.



4 al of M

[

[

[

[

[

[

[

[

[
[
[

[
[

[

[
[

A. Bagag et al. / International Journ

[2] E. de Hoffmann, V. Stroobant, Mass Spectrometry. Principle and Applications,
John Wiley & Sons Ltd, 2001.

[3] K. Biemann, Mass Spectrometry. Organic Chemical Applications, McGraw–Hill,
New York, 1962, pp. 260-296.

[4] M. Mann, M.S. Wilm, Anal Chem 66 (1994) 4390–4399.
[5] J. Carroll, M.C. Altman, I.M. Fearnley, J.E. Walker, PNAS 104 (2007)

14330–14335.
[6] J.A. Loo, C.G. Edmonds, R.D. Smith, Science 248 (1990) 201–204.
[7] J.M. Ginter, F. Zhou, M.V. Johnston, J Am Soc Mass Spectrom. 15 (2004)

1478–1486.
[8] N.L. Kelleher, H.Y. Lin, G.A. Valaskovic, D.J. Aaserud, E.K. Fridriksson, F.W. McLaf-

ferty, J Am Chem Soc 121 (1999) 806–812.
[9] K. Hirayama, R. Takahashi, S. Akashi, K. Fukuhara, N. Oouchi, A. Murai, M. Arai,

S. Murao, K. Tanaka, I. Nojima, Biochemistry 26 (1987) 6483–6488.
10] F.W. McLafferty, E.K. Fridriksson, D.M. Horn, M.A. Lewis, R.A. Zubarev, Science

284 (1999) 1289.
11] F. Meng, B.J. Cargile, L.M. Miller, A.J. Forbes, J.R. Johnson, N. Kelleher, Nat.
Biotechnol 19 (2001) 952–957.
12] S.K. Sze, Y. Ge, H. Oh, F.W. McLafferty, Proc. Natl. Acad. Sci. U. S. A 99 (2002)

1774–1779.
13] N.L. Kelleher, R.A. Zubarev, K. Bush, B. Furie, B.C. Furie, F.W. McLafferty, Anal.

Chem 71 (1999) 4250–4253.
14] N. Kelleher, Anal. Chem 76 (2004) 196A–203A.

[
[
[
[

ass Spectrometry 299 (2011) 1–4

15] C.S. Hoaglund-Hyzer, A.E. Counterman, D.E. Clemmer, Chem. Rev 99 (1999)
3037.

16] K. Breuker, H.-B. Oh, D.M. Horn, B.A. Cerda, F.W. McLafferty, J. Am. Chem. Soc
124 (2002) 6407.

17] H. Oh, K. Bruker, S.K. Sze, Y. Ge, B.K. Carpenter, F.W. McLafferty, Proc. Natl. Acad.
Sci. U. S. A 99 (2002) 15863–15868.

18] H. Zhai, X. Han, K. Breuker, F.W. McLafferty, Anal. Chem 77 (2005) 5777.
19] X. Han, M. Jin, K. Breuker, F.W. McLafferty, Science 314 (2006) 109–112.
20] A. Delobel, F. Halgand, B. Laffranchise-Gosse, H. Snijders, O. Laprevote, Anal.

Chem 75 (2003) 5961.
21] D. Debois, A. Giuliani, O. Laprevote, J. Mass Spectrom 41 (2006) 1554–1560.
22] R. Montserret, M.J. McLeish, A. Böckmann, C. Geourjon, F. Penin, Biochemistry

39 (2000) 8362–8373.
23] J. Kauppila, T. Kotiaho, R. Kostiainen, A.P. Bruins, J. Am. Soc. Mass Spectrom 15

(2004) 203–211.
24] A. Giuliani, D. Debois, O. Laprévote, Eur. J. Mass Spectrom 12 (2006) 189–197.
25] NIST Chemistry WebBook, NIST Standard Reference Database Number 69, Ed by
W.G. Mallard and P.J. Linstrom. National Institute of Standards and Technology:
Gaithersburg, MD, 20899, USA, http://webbook.nist.gov (2003).

26] J.H. Bowie, C.S. Brinkworth, S. Dua, Mass Spectrom. Rev. 21 (2002) 87.
27] N.P. Ewing, C.J. Cassady, J. Am. Soc. Mass Spectrom 12 (2000) 105.
28] A.G. Harrison, J. Am. Soc. Mass Spectrom 12 (2001) 1–13.
29] E.A. Syrstad, F. Turecek, J. Am. Soc. Mass Spectrom 16 (2005) 208.

http://webbook.nist.gov/

	Atmospheric pressure photoionization of peptides
	Introduction
	Material and Methods
	Results and Discussion
	Atmospheric pressure photoionization of DF8

	Conclusion
	References


