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Biomimetic approaches to gas phase peptide chemistry:
combining selective binding motifs with reactive
carbene precursors to form molecular mousetraps
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Abstract

Biomimetic reagents capable of selectively forming non-covalent complexes and initiating intermolecular reactions with
peptides in the gas phase are presented. In the present work, 18-crown-6 ether (18C6) is utilized to bind specifically to various
protonated primary amines, including the protonated side chain of lysine. The use of multiple crown ethers is shown to be
an efficient method for enhancing the binding energy, which is a critical factor influencing the success of these reagents.
The binding energy must exceed any reaction barriers to the desired chemistry, otherwise simple dissociation of the complex
occurs. Two reagents containing acidic and transition metal binding functionalities, respectively, designed to selectively cleave
peptide bonds, are synthesized and tested experimentally. A third class of reagent designed to covalently attach to peptides
utilizing carbene insertion chemistry is also presented. The results demonstrate that combining the recognition and binding
powers of 18C6 with an easily activated diazo group allows for the efficient generation of a highly reactive carbene within a
non-covalent complex. Intermolecular insertion reactions initiated by the carbene can transform these non-covalent complexes
into covalently bound molecules. Electrospray ionization mass spectrometry and density functional theory (DFT) are utilized
to evaluate these intermolecular insertion reactions. The results from experiments with several small molecules and peptides
are presented. These diazo-based reagents prove to be highly versatile molecules capable of binding to, and with appropriate
activation, becoming covalently attached to virtually any molecule that contains a primary amine. For this reason, we have
dubbed them “molecular mousetraps.”
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the post genomic world of proteomics[1],
many substantial advances will be made through
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experiments conducted in the gas phase. Therefore,
understanding and (ultimately) controlling gas phase
peptide chemistry is of paramount importance. For
example, the study of gas phase peptide chemistry
has revealed that selective cleavage of the peptide
backbone will occur at aspartic acid residues[2,3].
It has been further demonstrated that this cleavage
occurs by a displacement reaction that yields a stable
five-membered ring. Understanding this phenomenon
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allows for the accurate prediction of peptide cleavages
in aspartic acid containing peptides. Furthermore,
C-terminal peptide sequencing via a similar mecha-
nism, where the C-terminal amino acids are sequen-
tially removed, has also yielded promising, if limited,
results[4]. Unfortunately, this C-terminal sequencing
is limited to peptides with eight amino acids or less,
severely limiting the utility of this technique for se-
quencing proteins in the gas phase. The addition of
transition metals can also mediate peptide chemistry
in the gas phase[5,6]. Preliminary studies have shown
that Zn2+, Ni2+, and Co2+ will attach to histidine
and promote peptide fragmentation at this residue[5].
These experiments were carried out on a very lim-
ited sampling of peptides, but the resulting cleavages
were highly specific. Similarly, Fe2+ complexes with
cysteine containing peptides enhanced the number of
cleavages observed at the cysteine residues when the
peptide was collisionally activated. These important
initial results illustrate that peptide chemistry can be
influenced by the addition of appropriate reagents.

In an effort to develop experimental methodologies
for the controlled manipulation of peptides in the
gas phase, we have undertaken a systematic study to
develop biomimetic reagents capable of selectively at-
taching to and reacting with peptides in the gas phase.
It is envisioned that these reagents will be capable
of initiating a wide range of chemical reactions, such
as peptide backbone cleavage at specific residues,
as described earlier. With appropriate modifications,
the type of reagents proposed herein could serve as
fluorescent probes, chemical cross-linkers, and se-
quence specific binding agents. In the present work,
we consider two reagents (1 and 2) designed to ini-
tiate selective cleavage of the peptide backbone near
lysine residues. In addition, we present reagents4
and5 designed to covalently attach to lysine contain-
ing peptides following appropriate activation which
generates a reactive carbene center. We first discuss
considerations that led to the design of these reagents.

Reagents1–5 all rely on molecular recognition
of specific amino acid side chains to form specific
non-covalent complexes in the gas phase. Fortunately,
a significant amount of work developing reagents

that selectively recognize and non-covalently attach
to specific amino acid side chains has already been
reported[7–9]. These side chain hosts represent the
first and simplest form of a biomimetic reagent, one
that is only capable of recognition. It should be noted
that the facile formation of non-covalent complexes is
critical to the success of this type of experiment, and
proper conditions for enhancing non-covalent com-
plex formation have been studied extensively[10,11].

18-Crown-6 ether (18C6) was chosen as the recogn-
ition and binding motif because it is both synthetically
flexible and amenable to non-covalent complexation.
It is well known for its ability to bind both metal
cations and protonated primary amines in both solu-
tion and in the gas phase[12]. This ability is particu-
larly useful for the recognition of lysine, because the
side chain of this amino acid terminates in a primary
amine. 18C6 complexes protonated primary amines
through a combination of three hydrogen bonds and
ion–dipole interactions. Non-covalent complexes with
18C6 bound to protonated primary amines can be
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transferred into the gas phase by electrospray ion-
ization mass spectrometry (ESI-MS). When added to
a solution containing a peptide, the 18C6 complex
with the peptide is typically the most abundant peak
in the spectrum[8]. Appropriately modified lariat
crown ethers behave similarly, forming non-covalent
complexes that can be transferred to the gas phase as
shown previously[13] and in the present work.

Lariat crown ethers1 and 2 were synthesized and
tested to determine their ability to selectively cleave
various peptides. While these reagents did not demon-
strate optimal reactivity, yielding limited results with
regards to peptide cleavage, they serve to illustrate
the important factors in biomimetic reagent design.
Greater success was achieved with reagents4 and5,
which are designed to covalently attach to peptides.
These two reagents containing diazo groups were
complexed with a series of small molecules and pep-
tides. Collisional activation was utilized to generate
a carbene from the diazo functionality without disso-
ciation of the complex. The intermolecular reactions
were studied with ESI-MS and density functional
theory (DFT). Sequential MSn spectra revealed cova-
lent bond attachment between the constituents of the
complex subsequent to the generation of the carbene.
The data demonstrate that the insertion reactions are
sensitive to the presence or absence of N–H and O–H
functional groups. The present work expands upon
our previous work reporting initial experiments with
this class of reagents that we have termed molecular
mousetraps[14].

2. Experimental

2.1. Mass spectrometry

All spectra were obtained using a Finnigan LCQ
quadrupole ion trap mass spectrometer without mod-
ification. The critical instrument settings that yield
adduct formation include capillary voltage 5–15 V,
capillary temperature 200◦C, and tube lens offset
−30 to −50 V. Higher capillary temperatures can
dissociate the non-covalent complexes. The tube lens

offset controls the acceleration of ions as they leave
the capillary region. The tube lens voltage is min-
imized to avoid collisions with the He buffer gas.
Soft sampling is crucial for the detection of these
non-covalent complexes.

Sample concentrations were typically kept in the
∼10 to 100�M range for all species of interest. All
samples were electrosprayed in a mixture of 80:20
methanol/water. The appropriate host was added to
the sample and electrosprayed with the guest in or-
der to observe adducts. Collision activated dissoci-
ation (CAD) was performed by isolating and then
exciting the isolated peak by colliding it with He
buffer gas. Samples were electrosprayed with a flow
of 3–5�L/min from a 500�L Hamilton syringe for
optimal signal. Silica tubing with an inner diameter of
0.005 in. was used as the electrospray tip.

2.2. Calculations

The energetics of the carbene insertion reactions
were quantitatively evaluated by carrying out reac-
tions with the model compound6. The structures of
all reactants were fully minimized, and several differ-
ent reaction mechanisms were tested. Initial structures
included likely starting points for hydrogen abstrac-
tion, concerted insertion, and ylide formation. The
starting structures for each of these possibilities cor-
responded respectively to: one hydrogen directed at
the carbene, symmetrical presentation of the H–C–H
or O–H bonds, and one lone pair directed at the
carbene. The DFT calculations were carried out us-
ing Jaguar 4.1 (Schrödinger, Inc., Portland, Oregon).
PM5 semi-empirical calculations were carried out
using CACHe Worksystem Pro 5.04 (Fujitsu, Inc.,
Beaverton, Oregon).

2.3. Experimental details for syntheses

Due caution should always be used when han-
dling diazo compounds. Reactions were performed in
flame-dried glassware under a nitrogen atmosphere.
Solvents were dried and purified using activated
alumina columns. Diethylamine was distilled from
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CaH2. 18-Crown-6-methanol was dried prior to use by
heating (∼100◦C) under vacuum. All other reagents
were used as received from commercial sources. Re-
action temperatures were controlled by an IKAmag
temperature modulator.

Compound 1: To a stirred solution of diethy-
lamine (13�L, 0.123 mmol) in THF (500�L) at 0◦C
was addednBuLi (60�L, 2.1 M, 0.126 mmol) drop-
wise. The mixture was stirred for 10 min and then
transferred via syringe to a solution of 18-crown-
6-methanol (30�L, 0.109 mmol) in THF (500�L)
stirred at−78◦C. The solvent was removed under
reduced pressure as the reaction warmed to room tem-
perature. Excess diethylamine was removed by two
consecutive additions of THF (1 mL) and removal
under reduced pressure. The residue was then re-
dissolved in THF (1 mL) and 2,9-bis(bromomethyl)-
1,10-phenanthroline[15] (19 mg, 0.052 mmol) in
CH2Cl2 (4 mL) was added. The resulting solution was
stirred for 24 h, and then ether (10 mL) was added to
precipitate the salt byproduct, which was removed by
filtration through celite. The removal of solvent un-
der reduced pressure yielded1 (37.5 mg, 0.047 mmol,
91% yield) in sufficient purity for experimental use.

Compound 2: To a stirred solution of 18-crown-6-
methanol (47�L, 0.150 mmol), triethylamine (25�L,
0.179 mmol), and dichloromethane (4.5 mL) was
added 1,3,5-benzenetricarbonyl trichloride (20.4 mg,
0.077 mmol). The mixture was heated to reflux for
12 h, and then H2O (1.5 mL) was added and the mix-
ture was again heated to reflux for 1 h. The solvent
was removed under reduced pressure, the residue
dissolved in a minimal amount of dichloromethane
(500 mL), and the undesired salts were precipitated
out of solution with the addition of ether (5 mL). Fil-
tration through celite and removal of solvent under
reduced pressure yielded2 (54.2 mg, 0.071 mmol,
95% yield) in sufficient purity for experimental
use.

Compound 3: An identical procedure as that for the
formation of2 was followed with the exception that the
reaction was quenched with MeOH (500�L) instead
of H2O to yield 3 (49.1 mg, 0.063 mmol, 82% yield)
in sufficient purity for experimental use.

Compounds 4 and 5 were prepared according to
established techniques[14].

3. Results and discussion

Transition metals have been observed to influence
peptide dissociation in previous gas phase experiments
[5,6]. In an attempt to utilize the reactivity of transi-
tion metals for the selective cleavage of peptide bonds,
reagent1 was developed.1 consists of two 18C6 ethers
linked by a phenanthroline moiety, which can bind a
variety of transition metals.Fig. 1ashows that1 forms
an abundant non-covalent complex with the peptide
KK and copper (I). Collisional activation of the base
peak [1 + KK + Cu+ H]2+ results primarily in dis-
sociation of the complex into [1 + Cu]+ and [KK +
H]+ with an additional prominent peak correspond-
ing to the loss of 44 Da from [KK+ H]+. This loss
is most likely explained as elimination of CO2 from
the C-terminus. InFig. 1c, collisional activation of the
much less abundant complex [1 + KK + Cu+ 2H]3+

yields the loss of CO2 directly. In the absence of the
copper (I) ion, no loss of 44 Da is observed for either
charge state, suggesting that copper (I) effectively ini-
tiates this reaction. Unfortunately, this chemistry only
occurs with very short peptides that end with KK or
RK, and reagent1 did not initiate any other cleav-
ages. A wide variety of peptides and different tran-
sition metals including Ag(I), Fe(III), Co(II), Zn(I),
Zn(II), Mn(II), Ni(II), Pd(II), and Cu(II) were tested.
Many of these experiments failed to produce an abun-
dant non-covalent complex, and when the complex
was formed and isolated the result was simple disso-
ciation in every case where the peptide contained an
internal KK sequence.

These results can be rationalized by insufficient
binding energy of the non-covalent complex in the
gas phase. The presence of a cationic transition
metal trapped between two positively charged ly-
sine residues results in unfavorable coulombic in-
teractions that effectively reduce the binding energy
of the complex. The binding energy is reduced by
∼80 ± 10 kcal/mol for inserting a singly charged
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Fig. 1. (a) ESI-MS of1, copper (I), and KK. An abundant complex is formed. (b) MS2 on the doubly charged complex results in simple
dissociation. (c) MS2 on the triply charged complex results in the loss of CO2 from the C-terminus of the peptide. Bold downward arrow
indicates the peak being subjected to collisional activation.
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transition metal ion as determined by PM5 calcula-
tions. This explains why only minimal complexation
(or none) occurs for internal KK sequences, and the
reduced binding also leads to the exclusive dissocia-
tion of these complexes upon collisional activation.
A deprotonated C-terminus effectively mitigates the
unfavorable interactions and increases the binding
energy by neutralizing the central positive charge.
Therefore, reagent1 is suitable for selectively attach-
ing near the C-terminus of peptides that end in KK or
RK/KR, however it did not prove effective at cleaving
peptides in the gas phase.

As mentioned before, selective cleavage at aspar-
tic acid residues has been observed in the gas phase
previously, indicating that acid/base chemistry may
provide an alternate route for cleaving peptides in the
gas phase[2,3]. Reagent2 was designed based upon
this premise. Reagent2 contains two 18C6 ethers
linked by benzoic acid. Deprotonation of the acid is
assisted by favorable electrostatic interactions upon
complexation with two protonated lysine residues.
The ESI mass spectrum for a solution of2 and KKKK
is shown inFig. 2a. The doubly charged adduct [2 +
KKKK + 2H]2+ forms the base peak in the spectrum.
Collisional activation of this peak results primarily in
dissociation of the complex. However, there are addi-
tionally two peaks corresponding to the loss of water
and the N-terminal lysine. To verify that this chemistry
was initiated by the benzoic acid, an additional exper-
iment was conducted where the acid was converted
to a methyl ester (3). The results are shown inFig. 2c
and are nearly identical to those shown inFig. 2b.

Therefore, it is likely that2 is merely a spectator
adduct, which is sufficiently strongly bound to remain
attached after a covalent bond cleavage has occurred
but does not directly affect the cleavage process.
Earlier studies of selective cleavages at aspartic acid
residues suggest that this process is favored due to the
proximity of the aspartic acid side chain to the pep-
tide backbone, with acidity enhanced by a proximal
positive charge[2]. The observation that the similar
reactivity of glutamic acid (with the addition of a
single methylene) is greatly reduced in comparison
suggests that the reaction has very special geometrical

constraints. It may be that the acidic group in2 can-
not exploit the same reaction pathway as inferred for
aspartic acid cleavages because it is not held in close
proximity to the peptide backbone. Nevertheless, the
results from2 are important because they demonstrate
that biomimetic reagents with multiple crown ethers
have sufficient binding energy to mitigate dissociation
in favor of peptide cleavage processes.

Although the cleaving of peptide bonds remains
an important goal, covalent attachment to peptides
is another important reaction that is often used for
cross-linking peptides and proteins[16]. Molecular
mousetraps4 and5 are designed to covalently attach
to peptides containing lysine residues or any other
molecule which contains a protonated primary amine.
Both 4 and 5 contain a reactive diazo group, which
yields a highly reactive carbene upon collisional ac-
tivation. Experimental and theoretical results for the
interactions of4 with 1,6-diaminohexane have been
reported previously[14]. In order to understand the
underlying chemistry, we have performed several
experiments with simple small molecules to further
elucidate the reaction pathways.

3.1. Reactions with small molecules

In Fig. 3a, the ESI spectrum for a solution of
1-aminohexane (A) and 4 is shown. The complex
corresponding to [4 + A + H]+ clearly forms the
base peak in the spectrum, demonstrating the excel-
lent recognition of4 for protonated primary amines.
This complex is subjected to collisional activation in
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Fig. 2. (a) ESI-MS of KKKK with 2, demonstrating excellent recognition. (b) MS2 on the base peak leads to the loss of the N-terminal
lysine. (c) Control experiment with3 yields same results as in (b), suggesting that2 is merely a spectator adduct and does not initiate the
cleavage of the N-terminal lysine. Bold downward arrow indicates the peak being subjected to collisional activation.
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Fig. 3. (a) ESI-MS of 1-aminohexane (A) and4 demonstrating excellent recognition. (b) MS2 on the base peak leads primarily to the loss
of N2 and the generation of the corresponding carbene. (c) Further excitation does not result in loss ofA, suggesting that an intermolecular
insertion reaction has occurred. Bold downward arrow indicates the peak being subjected to collisional activation.
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Fig. 3b. The loss of N2 is the only major product
observed, yielding the reactive carbene (denoted by
:4) in nearly 100% yield. Theoretical results at the
B3LYP/6-31G** level with methane and the similar
carbene:6 suggest that C–H insertion occurs with
little or no barrier in a concerted fashion[17]. In
Fig. 3b, the carbene (:4) can react withA by C–H in-
sertion at various points along the hydrocarbon chain.
This is confirmed inFig. 3c, where no dissociation
of A is observed after further collisional activation.
Instead several covalent bond cleavages are observed,
corresponding to the loss of a CH2CH2O link from
18C6 and another corresponding to the loss of an
entire crown. This suggests that C–H insertion does
in fact occur and leads to the covalent attachment of
the host/guest complex.

Hydroxyl groups are found in three amino acid side
chains and can exhibit enhanced reactivity towards
carbenes.Fig. 4a and bshow the results for CAD ex-
periments with4 and 1,6-aminohexanol (B) which is
used as a model compound. InFig. 4a, the CAD of
[4 + B + H]+ leads to similar results to those ob-
tained previously for 1,6-diaminohexane[14]. The ini-
tial loss of N2 is accompanied by an additional loss of
18C6CH2OH. The MS3 spectrum is shown inFig. 4b
for the CAD of [: 4+B+H]+. The loss of CH2CH2O
leads to the base peak inFig. 4b, while the loss of
18C6CH2OH is secondary. The loss of CH2CH2O is
not present in the MS2 spectrum inFig. 4a. This sug-
gests that the loss of 18C6CH2OH in Fig. 4a and b
proceed by two different reaction mechanisms and that
the two products produced inFig. 4a are generated
competitively rather than consecutively.

The two proposed reaction pathways are shown
in Scheme 1and are similar to those proposed for
the comparable 1,6-diaminohexane system[14]. DFT
calculations on:6 and H2O at the B3LYP/6-31G**
level support the formation of an intermediate ox-
onium ylide. The formation of the ylide proceeds
without barrier from several different starting geome-
tries. Precedence for this mechanism can be found
in previous studies, which have revealed oxonium
ylide formation in reactions of various alcohols with
carboethoxycarbene, a closely related molecule[18].

Scheme 1.

All of the experimental and theoretical data support
the reaction mechanisms shown inScheme 1for any
system with an alcohol (unprotonated amines react by
a very similar pathway as shown previously)[14]. In
fact, the additional loss of 294 in the MS2 spectrum
is indicative of the presence of alcohols and amines.
In Fig. 4c, further excitation of the complex follow-
ing the loss of one 18C6 results primarily in the loss
of the other 18C6 without the accompanying loss of
anyB. In the absence of both crowns, the retention of
the B can only be explained by an insertion reaction
which has transformed the non-covalent complex into
a molecule.

Reagent5 contains only a single crown ether con-
nected to a diazo functional group, with an ethyl es-
ter connected to the side opposite 18C6. The results
for complexing allylamine (C) and 1,4-diaminobutane
(D) with reagent5 are given inFig. 5. Collisional ac-
tivation of the complex [5+C+H]+ results primarily
in the loss of N2 (Fig. 5a). Further excitation of the
product peak yields the loss of neutral EtOH and a
multitude of other peaks inFig. 5b. However, disso-
ciation of C is not observed, suggesting that covalent
attachment has been achieved. Carbene insertion into
double bonds is a well documented phenomena in so-
lution and is the most likely explanation for the results
observed here[19].

Experiments withD and 5 yield results simi-
lar to those obtained with host4 and protonated
1,6-diaminohexane except that the loss of EtOH is
observed in addition to the loss of 18C6CH2OH. In
Fig. 5c it is shown that the loss of EtOH is approxi-
mately twice as abundant as the loss of 18C6CH2OH.
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Fig. 4. (a) MS2 on [4 + B + H]+ yields similar results to those for 1,6-diaminohexane. (b) MS3 spectrum is notably different, suggesting
that peaks produced in (a) occur competitively. (c) Further excitation of the complex does not result in any dissociation of theB. Bold
downward arrows indicate peaks being subjected to CAD.
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Fig. 5. Experimental results for host2. (a) MS2 on complex with
allylamine (C) results in the loss of N2. (b) MS3 spectrum reveals
many fragmentation pathways, none of which lead to dissociation
of the guest. (c) CAD spectrum of 1,4-diaminobutane (D) and 2
loses N2, EtOH, and 18C6CH2OH. (d) MS3 spectrum on peak
containing no 18C6 ring fragments rather than dissociating, offer-
ing compelling evidence for covalent attachment between the host
and guest. Bold downward arrows indicate peaks being subjected
to CAD.

This is consistent with the proposed reaction mecha-
nisms. InFig. 5d, a fragment that contains no 18C6
is subjected to CAD.D (mass 88 Da) does not dis-
sociate from the complex. Since there is no crown
ether present to bind to a primary amine, the data in
Fig. 5d offers compelling evidence that indeed what
was once a non-covalent complex is now a molecule.

All of the data obtained by reactions with small
molecules suggests that covalent attachment occurs
rapidly and almost exclusively when the complex con-
taining4 or 5 is subjected to CAD. The corresponding
carbenes (:4 and :5) can undergo insertion reactions
with a wide variety of different functional groups. The
appropriate next step is to see whether these reagents
can covalently attach to peptides themselves.

3.2. Peptides

Reagent4 is designed to bind to peptides containing
two lysine residues. The ESI spectrum for4 complexed
with the simple peptide KGK is shown inFig. 6a.
Abundant adduct peaks are observed, indicating ex-
cellent recognition. InFig. 6b, the [4+KGK +2H]2+

peak is subjected to collisional activation. The loss
of N2 leads to the base peak in the spectrum, with
an additional loss of 294 Da being observed as well.
No dissociation is observed, suggesting that the ap-
propriate combination of high binding energy and low
activation barriers has been achieved for reagent4.
Further collisional activation inFig. 6cdoes not lead
to any dissociation of KGK, again confirming that
an intermolecular reaction has occurred. Very sim-
ilar results are obtained for other peptides contain-
ing two lysines in close proximity, such as INLKA-
IAALVKKVL, AAKRKAA, and KK. If the singly
charged [4 + KGK + H]+ complex is subjected to
CAD, then a neutral loss of4 yields the only observed
product. This appears to suggest that two crown ethers
are necessary to achieve sufficient binding energy for
the intermolecular reaction to occur. However, it will
be demonstrated below that this is not the case.

Reagent5 only contains a single 18C6, and will
therefore only bind to a single lysine, reducing the
overall binding energy relative to4. The spectrum
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Fig. 6. (a) ESI-MS of KGK and4 demonstrating abundant non-covalent complex formation. (b) MS2 on [4 + KGK + 2H]2+ yields the
expected loss of N2. (c) Further CAD reveals that the peptide has been trapped by the molecular mousetrap and the two molecules are
now covalently attached. Bold downward arrows indicate peaks being subjected to CAD.
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Fig. 7. (a) ESI-MS of KGK and5 demonstrating abundant
non-covalent complex formation. (b) MS2 on [5 + KGK + 2H]2

yields the expected loss of N2. (c) Further CAD reveals that the
peptide has been trapped by the molecular mousetrap and the two
molecules are now covalently attached. (d) MS2 on the singly
charged complex results in simple dissociation. Bold downward
arrows indicate peaks being subjected to CAD.

in Fig. 7ashows that5 forms abundant non-covalent
complexes with KGK. Isolation and collisional activa-
tion of the doubly charged complex [5+KGK+2H]2+

results exclusively in the loss of N2, generating the
reactive carbene inFig. 7b. Reisolation and further ac-
tivation of this peak inFig. 7cyields fragments corre-
sponding to the loss of the C-terminal and N-terminal
lysine residues and the loss of 17 Da (presumably
NH3). Simple dissociation is not observed, indicating
covalent attachment through an intermolecular reac-
tion occurred. The loss of lysine from both termini
of the peptide suggests that either attachment of the
crown is not selective for one lysine over another, or
that the insertion reaction is not selective, or both.

CAD of the singly charged [5 + KGK + H]+ com-
plex again results in loss of the neutral mousetrap5
exclusively as seen inFig. 7d. The exact cause for
this interesting behavior is not known, but the results
can be explained by at least two possibilities. Either
the binding energy of the complex is enhanced by the
addition of a second proton, or the absence of the sec-
ond proton enables a lower energy dissociation path-
way. Regardless of the cause, it is observed in general
that complexes with higher charge states tend to fa-
vor intermolecular reactions, while lower charge state
complexes tend to favor simple dissociation. In very
similar reactions to those shown inFig. 5b and c,
reagent5 has been covalently attached to many pep-
tides including: INLKAIAALVKKVL, AAKRKAA,
KPPGFSPFR, GGK, and GGKAA.

4. Conclusion

These experiments demonstrate that development
of biomimetic reagents capable of directing peptide
chemistry in the gas phase is possible. The first suc-
cessful examples of such reagents have been given.
The search for a reagent that selectively cleaves pep-
tides in the gas phase is still ongoing, but we have
shown that with the proper combination of high bind-
ing energy and low reaction barriers, it is possible to
initiate intermolecular reactions in non-covalent com-
plexes with peptides. Furthermore, it is shown that
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sufficient binding energy to favor peptide cleavage
over complex dissociation can be achieved with two
18C6 ethers attached to two lysines. Molecular mouse-
traps capable of covalently attaching to any lysine
containing peptide are presented herein. This type of
molecule represents the first step towards the develop-
ment of gas phase cross-linking reagents. It is antic-
ipated that the knowledge acquired from these initial
results will allow for the development of other reagents
capable of initiating controlled peptide chemistry in
the gas phase. Although in the present study, we
have only considered the activation of these adducts
to initiate covalent attachment in the gas phase, it
should also be possible to effect similar chemistry in
solution, with carbene formation initiated by either
photochemical or metal catalyzed processes[20].
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