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Molecular recognition of arginine in small peptides by
supramolecular complexation with dibenzo-30-crown-10 ether
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Abstract

The protonated, alkyl-guanidinium side chain of arginine forms a stable noncovalently bound complex with dibenzo-30-
crown-10 (DB30C10) in the gas phase. This gas phase adduct is detected through the use of electrospray ionization mass
spectrometry (ESI-MS). The supramolecular complex is stabilized by extensive hydrogen bonding and ion–dipole interactions
between the protonated guanidinium group and the 10 oxygen atoms present in DB30C10. Competitive collision induced
dissociation (CID) experiments demonstrate that DB30C10 possesses a higher affinity for alkyl-guanidinium ions than the
related compound 27-crown-9 (27C9). This is attributed to the smaller size of 27C9, which does not afford extra space to
accommodate the alkyl portion of the side chain of arginine. Recent experiments in our laboratory have demonstrated the
molecular recognition and quantification of lysine residues in small peptides through the formation of 18-crown-6 (18C6)
adducts. The molecular recognition capabilities of 18C6 and DB30C10 are mutually compatible and can be utilized to deter-
mine whether a peptide contains arginine or lysine (or both) without any prior knowledge of the peptide sequence. Competitive
CID experiments demonstrate that the DB30C10/arginine interaction is stronger than the 18C6/lysine interaction when they
are attached to the same peptide. In contrast to the behavior observed for 18C6 interacting with lysine containing peptides,
multiple adducts of DB30C10 with a peptide containing multiple arginine residues are not observed in great abundance,
limiting the utility of DB30C10 for the quantification of arginine residues. (Int J Mass Spectrom 220 (2002) 87–96)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The field of supramolecular chemistry is devoted
in part to the study of noncovalent molecular inter-
actions (for a good general review see[1]). Among
the myriad applications of supramolecular chemistry,
the focus here will be on the discovery and devel-
opment of specific receptors designed to recognize
biologically relevant species. Recent efforts have pro-
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duced substantial progress in this endeavor utilizing
a variety of hosts including crown ethers[2], lariat
crown ethers[3], cyclodextrins[4], calixarenes[5],
cyclophanes[6], cyclofructans[7], sulfonate dyes[8],
and monosaccharides[9] among others. Although the
majority of these studies have been performed in solu-
tion, the number of gas phase studies of supramolec-
ular chemistry has been increasing[10] and several
of the above examples refer to gas phase work.

For the molecular recognition of a specific side
chain in a peptide or protein, the charged amino acids
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arginine, histidine, lysine, glutamic acid, and aspartic
acid offer the best targets of opportunity. In the gas
phase these remain distinguished as the most basic
and most acidic of the twenty amino acids. The acidic
side chains are difficult to distinguish due to the fact
that both terminate with a carboxylic acid and differ
only in the number of methylenes joining the acidic
functionality to the backbone. The different chemical
functionalities of the basic side chains enhances the
possibility of achieving specificity. Lysine and argi-
nine have received the most attention with regards
to molecular recognition. We have recently demon-
strated the excellent molecular recognition capabili-
ties of 18-crown-6 (18C6) as a specific host for the
side chain of lysine in the gas phase[2]. In these ex-
periments, 18C6 is mixed into a solution with a lysine
containing peptide which is then electrosprayed into
the gas phase. The 18C6 forms a specific complex
with the alkyl-ammonium group on the protonated side
chain of lysine, stabilized by three hydrogen bonds.
This complex forms in solution and is transferred in-
tact to the gas phase using electrospray ionization. The
quantification of lysine residues in small peptides is
possible with this technique through the formation of
multiple adducts[2].

In related gas phase work, Freiss and Zenobi have
utilized a series of sulfonates for the molecular recog-
nition of arginine [11]. The molecular recognition
is primarily due to electrostatic attraction between
the basic guanidinium group of arginine and an
acidic disulfonate. The complexes are detected utiliz-
ing matrix-assisted laser desorption ionization mass
spectrometry (MALDI-MS). The N-terminus is ad-
ditionally recognized by this technique, yielding one
additional peak beyond the number of arginines in
the peptide.

In addition, several cleverly designed molecules
have been developed for the molecular recognition of
arginine in solution. Dougherty and coworkers synthe-
sized a cyclophane based host which utilizes a com-
bination of hydrophobic, cation-�, and ion-pairing
interactions to form a stable complex with arginine
[6]. Schrader and coworkers have developed a series
of bisphosphonate receptors that utilize a combina-

tion of hydrogen bonding, electrostatic interactions,
and cation-� effects to recognize alkyl-guanidinium
groups[12]. Bell et al. are responsible for the “argi-
nine cork”, which demonstrates arginine selectivity
through the formation of several specific hydrogen
bonds, accompanied by electrostatic attraction[13].

In contrast, Lehn et al. first suggested that large
macrocycles might serve as neutral receptors for argi-
nine, based on the recognition of the guanidinium
group by large crown ethers[14]. This idea is sup-
ported by several related experiments. In synthetic
chemistry, guanidinium has been successfully used as
a template for the synthesis of large macrocycles such
as 27-crown-9 (27C9) as shown in structure1 [15].
X-ray crystallography has shown that both 27C9 and
30-crown-10 (30C10) crown ethers and their deriva-
tives are good receptors for guanidinium, forming
inclusion complexes in the solid phase with a 1:1 sto-
ichiometry[16]. In these complexes the molecules are
coplanar and stabilized primarily through a network
of hydrogen bonds as shown in structure1. For guani-
dinium itself, the 27-crown ethers were found to be the
ideally sized hosts. These results suggest that 27C9
or 30C10 could be utilized for the molecular recogni-
tion of arginine in gas phase experiments in a manner
analogous to that for 18C6 described above[2].

In the present work, experiments are conducted
with various macrocycles to determine which is ide-
ally suited to host the side chain of arginine. Compet-
itive collision induced dissociation (CID) experiments
are utilized to determine the relative bond dissocia-
tion energetics for the various crown/peptide interac-
tions. The molecular recognition capabilities of 18C6
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are utilized in combination with larger macrocycles,
yielding additional information about the amino acid
composition of peptides.

2. Methods

All data were obtained using a Finnigan LCQ ion
trap quadrupole mass spectrometer without modifi-
cation. Soft sampling is crucial for the detection of
these non-covalent complexes. The critical instrument
settings that yield adduct formation include capillary
voltage 14.12 V, capillary temperature 200◦C, and
tube lens offset−39 V. Higher capillary temperatures
dissociate the crown ether/peptide complexes. The
tube lens offset controls the acceleration of ions as
they leave the capillary region. The tube lens volt-
age is minimized to reduce the number of energetic
collisions with the He buffer gas.

Sample concentrations were typically kept in the
∼10 to 100�M range for all species of interest, unless
otherwise noted. All samples were electrosprayed in a
mixture of 80:20 methanol/water. Crown ethers were
added in a two- to three-fold excess to the sample and
electrosprayed with the analyte in order to observe
adducts. Samples were electrosprayed with a flow
of 3–5 mL/min from a 500 mL Hamilton syringe for
optimal signal. Silica tubing with an inner diameter
of 0.005 in. was used as the electrospray tip. No acid
was added to any of the samples, unless otherwise
noted. All chemicals unless otherwise noted were
purchased from Sigma or Aldrich and used without
further purification. 27C9 was synthesized according
to well established techniques[17].

All calculations were performed with the Hyper-
Chem 5.1 Professional Suite. Candidate structures
were identified with molecular mechanics and were
fully optimized at the PM3 semi-empirical level.

3. Results and discussion

3.1. DB30C10

The results for the complexation of DB30C10 with
three peptides are shown inFig. 1. In each case,

the peptide is electrosprayed from a solution with
DB30C10 present in two- to three-fold excess. The
peptide KPPGFSPFR (a bradykinin analog that we
will designate Kbk) forms a single DB30C10 adduct
[Kbk + DB30C10+ 2H]2+, as shown inFig. 1a.
Kbk contains only one C-terminal arginine, and the
results inFig. 1a are consistent with the molecular
recognition of arginine by the DB30C10.Fig. 1b
shows the results for YGGFMRGL (Enk). In this
case, a single DB30C10 adduct corresponding to
[Enk + DB30C10+ 2H]2+ is observed, which is also
consistent with the single internal arginine present in
the peptide. These promising results suggested that
the extension of this method to the recognition of mul-
tiple arginines would be possible. However, as seen
in Fig. 1c, bradykinin (Bk, sequence RPPGFSPFR)
does not form the expected double DB30C10 adduct.
In fact, the single adduct [Bk+ DB30C10+ 2H]2+ is
only observed in low abundance.

These results contrast with those obtained by the
supramolecular complexation of lysine by 18C6.Fig. 2
shows the results of electrospraying a mixture of Kbk
with 18C6 present in solution. As we have recently
demonstrated in our labs[2], 18C6 forms stable gas
phase adducts preferentially with lysine. This inter-
action leads to the base peak inFig. 2, which corre-
sponds to the [Kbk+ 18C6+ 2H]2+ adduct peak. In
Fig. 2, the adduct peaks are much more intense than
the uncomplexed peptide peaks. Furthermore, multiple
adduct peaks are detected, despite the fact that 18C6
attaches only weakly to the N-terminus and the side
chain of arginine.

One interpretation of this data would suggest that
the low abundance of the DB30C10 peaks inFig. 1
is the result of very weak gas phase binding between
DB30C10 and the side chain of arginine, but further
experimentation detailed afterwards shows this not
to be the case. Recent related work in our labs has
shown that the solution phase binding constant for
crown/ion complexes is related to the abundance of
the adduct peak observed in the gas phase[18]. Solu-
tion phase data on related crown ethers suggests that
a low solution phase binding constant for arginine
by DB30C10 may be a contributing factor to the low
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Fig. 1. (a) ESI-MS of KPPGFSPFR (Kbk) with DB30C10. This peptide forms one adduct with DB30C10, corresponding to the single
arginine present. (b) ESI-MS of YGGFMRGL (Enk) with DB30C10. The single expected adduct is observed. (c) The ESI-MS of
RPPGFSPFR (Bk) with DB30C10 yields only a single, low intensity adduct where two are expected.
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Fig. 2. ESI-MS resulting from the addition of 18C6 to a solution of KPPGFSPFR. In this case, the adducts are the most intense peaks
present, and multiple 18C6 adducts are easily observed.

observed abundance of adducts in the gas phase. This
may account for the low adduct abundance observed
for bradykinin. Furthermore, molecular modeling
demonstrates that the size of DB30C10 may lead
to unfavorable steric interactions when two or more
DB30C10 molecules are complexed with a peptide.
The relative sizes are shown with the example of
DB30C10 bound to GRG in structure2. Despite the
low abundance of the gas phase adducts, DB30C10
forms strongly bound complexes with arginine once
in the gas phase as will be detailed afterwards.

As discussed above, Boer et al. have suggested that
the 27-crown ethers are the optimally sized hosts for
guanidinium, because the crystal structure data indi-
cates that the 30-crown ethers are slightly too large

[16]. In order to ascertain the optimal host for arginine
in the gas phase, we performed a competitive CID ex-
periment in which both 27C9 and DB30C10 were at-
tached to the dipeptide RR.1 Fig. 3 shows the results
for the CID of the [RR+ DB30C10+ 27C9+ 2H]2+

complex. Two fragments are observed which both cor-
respond to the loss of a neutral crown ether, but the
DB30C10 is retained by RR more often than 27C9
by a factor of 4. This suggests that arginine, with
the larger alkyl-guanidinium side chain, prefers the
larger DB30C10 host. Molecular modeling and crys-
tal structures[16] indicate that for 27C9 to interact
with arginine, the guanidinium group must pivot out of
the plane of the crown ether, weakening the hydrogen
bonds that stabilize the complex. Thus for arginine,
the 30-crown ethers appear to be optimally sized.

3.2. DB30C10 and 18C6

The formation of DB30C10/peptide complex does
not preclude the addition of 18C6 adducts if the pep-
tide contains lysine residues in addition to arginine.

1 Although these two arginines are not identical, it is anticipated
from molecular modeling that the bond dissociation energies will
be largely determined by the interaction of the crown ether with
the side chain. Secondary interactions such as hydrogen bonds
with the backbone should be largely equivalent for both of these
crowns.
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Fig. 3. CID spectrum of diarginine with 27C9 and DB30C10 both attached. The DB30C10 is retained preferentially, demonstrating a
higher bond dissociation energy for the larger crown. The peak with an underlined label is being dissociated.

In other words, it is possible to form a complex be-
tween a peptide and both crown ethers simultane-
ously.Fig. 4shows the results for such an experiment
with the peptide TKPR. This peptide contains one
lysine and one arginine, which should yield at least
three different complexes, two corresponding to each
crown attached individually and one complex with
both crowns attached. As expected,Fig. 4 shows that
[TKPR+DB30C10+3H]3+, [TKPR+18C6+2H]2+,
and [TKPR+ DB30C10+ 18C6+ 3H]3+ are all ob-
served. Therefore the crown ether based arginine and
lysine molecular recognition techniques appear to be

Fig. 4. ESI-MS of TKPR with both 18C6 and DB30C10. 18C6 attaches to the lysine and DB30C10 attaches to the arginine, demonstrating
the compatibility of the two experiments.

mutually compatible. In fact, for reasons which re-
main unclear, the presence of both crowns enhances
the abundance of both adducts. Furthermore, a mixed
peak such as [TKPR+ DB30C10+ 18C6+ 3H]3+

raises the issue of which crown ether is more strongly
bound.

Fig. 5 shows the results of a series of experi-
ments conducted to determine the relative binding
strengths of 18C6 and DB30C10 to lysine and argi-
nine, respectively. In each experiment, a peptide
containing arginine and lysine is electrosprayed with
both 18C6 and DB30C10. The peak corresponding to
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[peptide+18C6+DB30C10] is then isolated and sub-
jected to mild CID, leading to the loss of the crown
ether with the lowest gas phase binding energy. The
peptides RK, TKPR, and Kbk were chosen for their
range in size and relative positions of lysine and argi-
nine. As seen inFig. 5a–c, the DB30C10 remained
attached to the peptide preferentially over 18C6 by a
substantial margin in every case.Fig. 5d shows the
results for the same experiment with tetralysine. In
this case, the peptide contains no arginine residue.
Although peptides lacking arginine will not bind
DB30C10 to a significant extent, we found that it
was possible to form, in low abundance, non-specific

Fig. 6. In the absence of lysine, CID on the [peptide+18C6+DB30C10] peak yields no competitive dissociation, with all of the DB30C10
being retained over the 18C6. Similar results are obtained for both (a) YGGMRGL and (b) RGDS. This allows for the distinction of
lysine vs. arginine containing peptides without prior knowledge of the sequence. In each case, the peak with an underlined label is being
dissociated.

complexes with multiple, sequential lysines present.
The results are reversed inFig. 5d, with the 18C6
remaining attached to tetralysine preferentially over
DB30C10.

These results further support the notion of selec-
tivity for complexation of 18C6 and DB30C10 with
lysine and arginine, respectively. If adduct formation
were the result of non-specific interactions with the
peptides, then the relative binding energetics would
be difficult to predict. As clearly illustrated by the
data in Fig. 5, this is not the case. For arginine
containing peptides, DB30C10 has a higher binding
energy. In the absence of arginine, lysine contain-
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ing peptides bind 18C6 with a higher affinity. Each
crown binds specifically to a particular amino acid.
The bond strength of the [18C6+ NH4]+ complex is
71±3 kcal/mol[19]. The experimental bond dissocia-
tion energy for 18C6 attached to a protonated primary
amine in the gas phase is not known, but is estimated
to be >50 kcal/mol[20]. The bond dissociation energy
for DB30C10 attached to a guanidinium ion should
prove to be even higher in the gas phase. This likely
results from the more extensive hydrogen bonding
along with favorable ion–dipole interactions (see
structure1).

The combination of the 18C6 and DB30C10 ex-
periments yields more information about the compo-
sition of a peptide than can be obtained from each
experiment individually. If a peptide contains only ly-
sine, then experiments such as that shown inFig. 5d
will demonstrate that there are no arginines present. If
the peptide contains both arginine and lysine, then the
number of lysines can be quantified and the presence
of at least one arginine can be confirmed by experi-
ments such as those shown inFig. 5a–c. Fig. 6 shows
the results for the competitive dissociation of the cor-
responding [peptide+18C6+DB30C10] peak for two
peptides that contain only arginine. In the absence of
lysine, 18C6 will form a weakly bound complex with
the N-terminus of the peptide. Upon CID only the loss
of the 18C6 is observed. The DB30C10 is retained
without competition from 18C6 adducts for arginine
containing peptides that do not contain lysine (Fig. 6).
This allows for the discrimination between arginine
and arginine and lysine containing peptides because
only peptides that contain both amino acids will yield
CID peaks in which both 18C6 and DB30C10 are re-
tained. This would allow the lysine and arginine con-
taining fragments of a tryptic digest to be identified
without any prior knowledge about the sequence of a
protein.

4. Conclusions

DB30C10 forms a specific, strongly bound complex
with the alkyl-guanidinium group in the side chain of

arginine in the gas phase. This interaction can be used
to identify the presence of arginine in a peptide with-
out any prior knowledge of its sequence. DB30C10
is a better host for arginine than 27C9 because the
larger crown ether affords the extra space needed
to accommodate the alkyl portion of the side chain.
Comparison with lysine recognition by 18C6 demon-
strates that the relative bond dissociation energy for
the DB30C10 system is greater. Notwithstanding, the
bond dissociation energy for 18C6 is greater than that
for DB30C10 in lysine containing peptides that do not
contain arginine, demonstrating the specificity of both
interactions. This is the first example of the molec-
ular recognition of arginine by a neutral host in the
gas phase.

Further development in the field of molecular recog-
nition of biological molecules will lead to advances in
proteomics and our understanding of how biological
systems employ molecular recognition themselves.
The results presented in this paper allow for the partial
sequencing of peptides in the gas phase, but the ability
to use DB30C10 as a delivery agent for a wider range
of site specific chemistry in the gas phase is even more
promising. This can be accomplished through the de-
velopment of lariat crown ethers, which have a variable
side chain covalently attached. Similar work utilizing
18C6 is currently in progress in our laboratory, but the
high binding energy of the DB30C10 offers an excel-
lent opportunity to develop chemistry that can be in-
duced on the peptide by the lariat prior to dissociation
of the crown ether. Through such reagents, the selec-
tive cleavage of peptides in the gas phase, or the deter-
mination of gas phase structures could theoretically be
accomplished.
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