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ABSTRACT: Photoexcitation (using 157 nm vacuum ultra-
violet radiation) of proton-bound peptide complexes leads 
to water elimination and the formation of longer amino acid 
chains. Thus, it appears that proton-bound dimers are long-
lived intermediates along the pathway to peptide formation. 
Product specificity can be controlled by selection of specific 
complexes and the incorporation of blocking groups at the 
N- or C-termini. The product peptide sequences are con-
firmed using collision-induced dissociation. 

While investigating the photodissociation of ions, we found 
that it is possible to deliberately form peptide bonds in the 

gas-phase environment of a mass spectrometer. In this approach 
we create noncovalent, proton-bound dimer ions by electrospray 
ionization (ESI).1 Specific complexes are mass-selected and 
irradiated with 157 nm (7.9 eV) vacuum ultraviolet (VUV) 
photons, and among the observed products are ions with mass-
to-charge (m/z) ratios that are consistent with elimination of 
H2O. Subsequent collision-induced dissociation (CID) of these 
ions reveals the formation of peptide bonds corresponding to the 
synthesis of longer chains of amino acids. That proton-bound 
dimers are long-lived intermediates along the pathway that leads 
to peptide formation is intriguing. Modification of the termini 
of individual reactants provides a means of controlling which 
sequences form. The formation of peptide bonds appears to be 
general over a wide size range and makes it possible to directly 
synthesize peptide-based hybrid molecules. Controlled bond 
formation in gas-phase ions is currently attracting significant 
attention25 and should complement condensed-phase syn-
thetic techniques,6 providing rapid access to many new species 
for study. Additionally, studies of photoinduced bond formation 
in these types of species may provide insight into the origins of 
biologically relevant molecules.710 

The first reported synthesis of a peptide was Fisher’s genera-
tion of the diglycine in 1901.11 His approach was to hydrolyze 
diketopiperazine. Over the next 50 years, syntheses were re-
stricted to short sequences because of limitations imposed by 
solubility, undesirable side reactions, and the cumbersome nature 
of existing analytical techniques required for purification. In 
1963, Merrifield revolutionized peptide synthesis with the in-
troduction of solid-phase synthetic techniques to produce the 
tetrapeptide Leu-Ala-Gly-Val.12 These methods were adopted 
widely to synthesize a range of peptide sizes and sequences 1316 

and were suitable for combinatorial approaches.1719 Despite 
these extraordinary advances, a number of bottlenecks remain, 
including the time required to carry out reactions; incomplete 
reaction steps that reduce yield and lead to unexpected sequences 
and other impurities; and related issues associated with solubility, 

purification, and characterization.20,21 The strategy described 
here leads to only small amounts of peptides and in the unusual 
vacuum environment. However, the synthesis and characteriza-
tion steps are nearly instantaneous, and problems related to 
solubility of longer sequences in solution are alleviated in the gas 
phase by choosing appropriate shorter precursors. 

Scheme 1 illustrates the approach. It is established that proton-
bound dimers of two different peptides can be formed by 
ESI.22,23 One low-energy configuration that is anticipated for 
such a complex is a head-to-tail arrangement between peptides 
that maximizes electrostatic interactions of the amino-terminus 
of each peptide with the carboxylic acid end of the other. Upon 
irradiation, elimination of a single water molecule from the 
complex results in the formation of a peptide bond. This leads 
to longer amino acid chains. In Scheme 1, we show the com-
bination of a simple dipeptide (AK) with the tripeptide (AAA) to 
produce two pentapeptide sequences (AKAAA or AAAAK). 
Experimental data supporting these ideas are shown in Figure 1. 
Noncovalent, proton-bound [AAA+AK+H]+ dimer ions (m/z = 
449.2) are produced by electrospraying a 49.5:49.5:1.0 (v:v:v) 
water:methanol:acetic acid solution containing ∼105 M pep-
tide precursors. Ions are transferred at 300 K through a drift tube 
and accumulated in a linear ion trap (LTQ Velos, Thermo-
Electron, San Jose, CA) that has been modified to allow ion 
activation with light from a F2 laser, as previously described.

24 

Figure 1a shows the selected [AAA+AK+H]+ precursor signal at 
m/z = 449.2. Upon collisional activation, these ions heat up and 

Scheme 1. Peptide Formation of AAAAK and AKAAA Pen-
tapeptides from the [AK+AAA+H]+ Complex upon 157 nm 
Irradition 
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dissociate, primarily by the loss of the AAA neutral, producing the 
large [AK+H]+ peak (m/z = 218.2). The AK neutral loss channel, 
resulting in [AAA+H]+ (m/z = 232.2), is also observed, but the 
ion signal is much smaller. This analysis is consistent with our 
assignment of [AAA+AK+H]+ as a noncovalent complex. 
When the accumulated [AAA+AK+H]+ complexes are irra-

diated with the F2 laser, we obtain the fragment ion spectrum 
shown in Figure 1c. In addition to peaks observed from dissocia-
tion of the noncovalent complex, many new types of ions that 
arise from breaking covalent bonds can be observed, similar to 
those previously reported in 157 nm photofragmentation studies 
of peptide monomer ions.25,26 One difference that stands out is 
the observation of the [M18+H]+ peak (M#) at  m/z = 431.2. 
This ion must arise from the loss of neutral water. While elimi-
nation of water or ammonia upon thermal activation of peptide 
monomer ions is well known,27 there are no reports of this 
phenomenon for noncovalent peptide complexes. These types of 
species normally dissociate to form monomer units. 

To understand the origin of water elimination, we have colli-
sionally activated the [M18+H]+ ion (M#) that appears from 
photoexcitation (Figure 1c). The resulting CID spectrum is shown 
in Figure 1d. Interpretation of this spectrum is somewhat com-
plicated. Assuming that both [AKAAA+H]+ and [AAAAK+H]+ 

are formed, peaks at m/z = 200.0, 342.2, and 360.1 correspond 
to the b2, b4, and y4 ions from the AKAAA sequence. The 

m/z = 147.0, 214.0, 218.1, 257.2, 285.2, 289.2, and 360.1 
fragments can be assigned to the y1, b3, y2, a4, b4, y3, and y4 ions 
of AAAAK. 

This interpretation requires that it is possible to eliminate 
water from either end of the complex (Scheme 1) and form 
peptide bonds that link the smaller units together to produce a 
longer amino acid chain. In this sense, the proton-bound com-
plex presents itself as a well-defined, long-lived intermediate 
along the pathway to larger peptide formation. With this in mind, 
it should be possible to control which sequence is formed by 
simply blocking the end of one of the peptides. This prevents 
water elimination from one head-to-tail region of the complex, as 
shown in Scheme 2, where the amino terminus of the precursor 
AAA peptide is acetylated, to produce ac-AAA. 

Figure 2 shows the results of experiments that are analogous to 
those described above; however, we first have acetylated the 
amino terminus of the tripeptide AAA. By blocking this group, 
photoexcitation of the noncovalent complex should produce 
only the ac-AAAAK sequence. As discussed above, we first select 
the proton-bound dimer precursor (Figure 2a) as the proposed 
intermediate for [ac-AAAAK+H]+ formation. A CID analysis 
confirms that this complex corresponds to the noncovalent 
[ac-AAA+AK+H]+ complex (Figure 2b). Upon 157 nm irradia-
tion, a small peak corresponding to the [M18+H]+ water-loss 
product at m/z = 473.3 is detected (Figure 2c). Finally, Figure 2d 
shows the CID spectrum of the m/z = 473.3 ion. This spectrum is 
remarkably simple, and a nearly complete set of y and b ions 
corresponding to only the ac-AAAAK sequence is observed. 
Additionally, this spectrum is indistinguishable from that ob-
tained upon fragmentation of [ac-AAAAK+H]+ ions, where the 
precursor ac-AAAAK peptide (here, used as a standard) was 
produced by solid-phase synthesis. The AKAAA sequence has 
clearly been suppressed by acetylating the sequence AAA, 
providing exquisite reaction control. It is noteworthy that no 
evidence for cross-linking involving the lysine residue butylamine 
group is observed. 

This phenomenon is observed for a range of amino acid chain 
lengths and sequences, as shown in Table 1. Thus, we can direct 
the formation of a range of well-known or exotic species for 
study. For example, combination of the pentapeptide ac-RPPGF 
and tetrapeptide SPFR can be used to produce the nonapeptide 
ac-RPPGFSPFR (acetylated bradykinin). Alternatively, inclusion 
of unnatural amino acids into the noncovalent intermediate com-
plex allows formation of species such the tripeptide ac-AAA 
that incorporates a dodecylamine group at the C-terminal end 
(Table 1). Finally, it is well known that, by incorporating more 

Figure 1. (a) Isolation spectrum of the [AAA+AK+H]+ complex ions, 
and MS/MS spectra of [AAA+AK+H]+ obtained by (b) CID and 
(c) 157 nm irradiation. Product ions from the [AK+H]+ and [AAA+H]+ 

are highlighted in red and blue, respectively. # indicates the loss of water. 
(d) CID spectrum of the water-loss product (M#) in spectrum c. Peaks 
are assigned according to the two possible peptide sequences, AAAAK 
(red) and AKAAA (blue). 

Scheme 2. Peptide Formation of ac-AAAAK Pentapeptides 
from the [ac-AAA+AK+H]+ Complex upon 157 nm Irradition 
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than two peptides into the ESI process, a complex combination 
of complexes can be obtained; thus, the approach extends 
naturally to make a range of related species. Because this is done 
inside the mass spectrometer, the method is rapid, selective, and 
sensitive, making it possible to produce and analyze species for 
study even with limited reagents. That gas-phase proton-bound 
dimers exist as long-lived intermediates along the pathway to 
peptide formation raises interesting possibilities about the me-
chanisms that direct bond formation. One possible mechanism 
that is consistent with the experimental findings is the Norrish 
type I reaction.28 In this case, a hydrogen bond is formed be-
tween the oxygen on the C-terminus and the hydrogen on the 
N-terminus (Scheme 1). Photoexcitation leads to homolytic 
cleavage of the bond between the carbonyl carbon and the 
hydroxyl oxygen on the C-terminus of one peptide ion. This is 
followed by hydrogen abstraction from the N-terminus of the 
other peptide ion by the newly formed hydroxyl radical. The final 
step is radical recombination to form the peptide bond. It is of 
interest to elucidate the structures of such complexes, as well as 
the role and location of the excess proton. 
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precursor peptides synthesized peptides 
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LN LNLN 

AK, KL AKKL, KLAK 
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GPGG, AK GPGGAK, AKGPGG 
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angiotensin II (DRVYIHPF), HL DRVYIHPFHL (angiotensin I), 

HLDRVYIHPF 
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SPFRRPPGF 

ac-RPPGF, SPFR ac-RPPGFSPFR 

AAA, AK AAAAK, AKAAA 

ac-AAA, AK ac-AAAAK 

ac-AAA, Met-enkephalin ac-AAAYGGFM 

ac-AAA, dodecylamine ac-AAA-dodecylamine 

bradykinin fragment 18 (RPPGFSPF) RPPGFSPFRPPGFSPF 

Figure 2. (a) Isolation spectrum of the [ac-AAA+AK+H]+ complex 
ions and MS/MS spectra of [ac-AAA+AK+H]+ obtained by (b) CID 
and (c) 157 nm irradiation. Product ions from the [AK+H]+ and [ac-
AAA+H]+ are highlighted in red and blue, respectively. # indicates the 
loss of water. (d) CID spectrum of the water-loss product (M#) in  
spectrum c. Peaks are assigned according to the peptide sequence, ac-
AAAAK. Within experimental uncertainty, this spectrum is indistin-
guishable from CID spectra obtained for ESI-generated [ac-AAAAK+H]+, 
where the precursor ac-AAAAK peptide (here used as a standard) was 
produced by solid-phase synthesis. 
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