
FULL PAPER

DOI: 10.1002/ejoc.200901168

Noncovalent Saccharide Recognition by Means of a Tetrakis(bile acid)–
Porphyrin Conjugate: Selectivity, Cooperation, and Stability

Elina Kalenius,*[a] Juha Koivukorpi,[b] Erkki Kolehmainen,[b] and Pirjo Vainiotalo[a]

Keywords: Molecular recognition / Saccharide recognition / Porphyrin conjugates / Noncovalent interactions / Mass spec-
trometry

Molecular recognition of Glu, Glc2-Glc6 and Mal3 by a tetra-
kis(bile acid)–porphyrin conjugate has been studied by using
ESI-FTICR mass spectrometry. The bile acid conjugate was
observed to form 1:1 noncovalent complexes with saccha-
rides. The conjugate was found to have size-selectivity
towards saccharides with three or more glucose residues.
The Glc3 and Glc4 also formed kinetically the most stable
complexes. The electron capture dissociation (ECD) experi-

Introduction

Saccharides constitute a biologically unquestionably sig-
nificant group of compounds, which possess functions
ranging from recognition processes and membrane trans-
port to immune response and storage of energy.[1] Oligosac-
charides are particularly attractive due to their operation
as biomarkers, and they can be considered as important
molecular signatures of cell phenotype. Whether the objec-
tive is the development of a targeted site-specific drug or
early diagnostics of cancerous modifications, the recogni-
tion of saccharides plays a vital role. Saccharides are, how-
ever, an extremely challenging class of compounds for selec-
tive detection, because they are structurally relatively sim-
ilar, but still have small yet significant differences in their
stereochemistry.[2] An effective and selective chemical probe
for saccharide recognition is under continuous develop-
ment. Supramolecular probes have attracted interest re-
cently, and various chemical structures have been studied.[3]

The utilization of bile acid and other steroid derivatives for
molecular recognition is one of the approaches, and variety
of different conjugates have been prepared.[4] By attachment
of bile acid side-arms to a porphyrin core, an elaborated
supramolecular receptor molecule capable of hydrogen
bonding, hydrophobic/hydrophilic interactions and π-stack-
ing is accomplished.[5] Previously, similar receptors have re-
portedly been able to recognize saccharides in protic me-

[a] Department of Chemistry, University of Joensuu,
P. O. Box 111, 80101 Joensuu, Finland
Fax: +358-13-251-3360
E-mail: elina.kalenius@joensuu.fi

[b] Department of Chemistry, University of Jyväskylä,
P. O. Box 35, 40014 Jyväskylä, Finland

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2010, 1052–10581052

ments revealed that in complexation of an oligosaccharide
three glucose residues interact with the bile acid conjugate,
whereas additional glucose residues are susceptible to frag-
mentation. The ECD results also showed the significance of
the porphyrin centre for complexation of an intact oligosac-
charide. It is obvious that the complexation of an intact sugar
requires at least one bile acid side arm and the porphyrin
centre.

dia.[5b,5c,6] However, detailed information related to recogni-
tion complex formation is still lacking. Here we report a
mass-spectrometric investigation on the recognition of oli-
gosaccharides (Glu, Glc2-Glc6 and Mal3) by deoxycholic
acid porphyrin conjugate 1 (Scheme 1).

Our goal was to determine the selectivity of the conju-
gate towards oligosaccharides with increasing length as well
as to get more detailed information about the complex-
ation. Saccharide recognition by receptor 1 has previously
been studied, but in this current study, especially the origin
of selectivity and operation of the four bile acid side arms
and porphyrin centre was the object of our interest. Al-
though the earlier UV/Vis spectroscopic studies on com-
plexation of oligosaccharides by bile acid porphyrin conju-
gates have suggested strong binding, the results have been
somewhat unclear, and the stoichiometry of the complex-
ation has not unquestionably been revealed.[5c] The bile acid
conjugates have a tendency for self-aggregation, which com-
plicates their analysis in high concentrations.[5c] The con-
centrations used in ESI-MS are only a fraction of concen-
trations used in, for example, NMR or UV/Vis spectro-
scopic experiments, which was hoped to simplify the analy-
sis. Additionally, sophisticated mass spectrometry (such as
Fourier transform ion cyclotron resonance, FTICR) has
been recently successfully used in analysis of various supra-
molecular complexes, and it has been observed to produce
information that is difficult to obtain by other analytical
techniques.[7,8] Electron capture dissociation (ECD)[9,10] is
one of the unique tools available in modern FTICR mass
spectrometers. Previously, it has been mainly used for analy-
sis of binding sites or fragmentation patterns of peptides,
proteins, polymers and some oligosaccharides.[11] For the
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Scheme 1. Tetrakis(bile acid)–porphyrin conjugate 1 and the sac-
charides studied.

analysis of synthetic supramolecules, ECD has been still
been quite limitedly applied.[12] Therefore, from the analyti-
cal aspect, it was also interesting to test ECD in the case of
supramolecular radial shaped noncovalent complexes.

Results and Discussion

Complex Formation

In the profile spectra measured from MeOH or H2O/
MeOH solutions of conjugate 1 mainly 4+ and 3+ ions, [1 –
4Br]4+, [1 – 4Br – H]3+, and [1 – 3Br]3+ (Figure 1, a) were
observed. The most abundant ion observed had charge 4+.
The sample was not totally homogenous, and 3+ charged
fragments of 1, slight oxidation (ca. 5–20% from the mono-
isotopic peak of [1 – 4Br]4+) as well as partial methylation
(ca. 2–10 % from the monoisotopic peak of [1 – 4Br]4+) were
also observed as impurities in the spectra. The amount of
oxidation varied in different spectra, so it might be possible
that this is not an actual impurity, but is instead caused by
oxidation during the electrospray process.
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Figure 1. Profile spectra measured from solutions containing (a) 1
and (b) 1 and Mal3 1:3. Concentration 4 µ and solvent H2O/
MeOH, 2:1.

Noncovalent 1:1 complex formation was observed be-
tween conjugate 1 and di- and oligosaccharides when only
a threefold amount of saccharide was added to MeOH or
H2O/MeOH solutions of 1. The complexes were observed
at charges of 3+ and 4+, although the abundances of the 3+

complexes constituted only a small fraction (ca. 1–4%) of
the abundance of the 4+ complex (Figure 1, b).

It has been previously suggested that Glu might form 2:1
and 1:1 complexes with conjugates similar to 1, although
the binding constants for formation of Glu complexes were
much lower as compared to complexes formed with oligo-
saccharides.[6] The formation of 1:1 or 2:1 complexes with
Glu (or with any other monosaccharide) was not, however,
observed in our MS spectra. The relative selectivity of con-
jugate 1 towards oligosaccharides with increasing length
was studied by bilateral competition experiments. Accord-
ing to the results (Figure 2), conjugate 1 shows size-selectiv-
ity towards oligosaccharides with at least three glucose resi-
dues. The complexation is clearly intensified upon moving
from biose to triose, and since Glu also failed to form a
complex, it is clear that at least three glucose residues are
required for abundant complexation. The most abundant
complex was formed with Glc4, although the differences be-
tween the oligosaccharides were small. Consequently, the
affinity of 1 towards di- and oligosaccharides follows the
order: Glc2 �� Mal3 � Glc3 � Glc4 � Glc5 ≈ Glc6.
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Figure 2. The results of di- and oligosaccharide competition experi-
ments in the presence of 1, relative intensities (%) presented.

In a competition experiment performed by using ESI-
MS, it must nevertheless be emphasized that the abun-
dances of the ions deduced from the mass spectrum only
reflect the situation in solution, and the absolute abundance
of the ions in a mass spectrum is always affected also by
their chemical and physical properties (solvation energies,
mass, surface activity etc.), which further affect the ESI re-
sponse of an individual complex. In here, the selection of
the competition pairs was performed so as to maintain the
mass and chemical nature of the competitive saccharides as
similar as possible. Consequently, enhanced formation of
the complexes with the saccharides with at least three glu-
cose residues is likely to result from increased concentration
of these complexes in solution and not be caused by differ-
ences in the ESI response of the complexes.

Relative Stability of the Complexes

The kinetic stability of the saccharide complexes of 1 was
studied by energy-resolved collision-induced dissociation
(CID) experiments. As a tentative experiment the dissoci-
ation route of conjugate 1 (Figure 3, a) was determined.
The dissociation of 1 was quite expected, and it was found
to initiate from the quaternary nitrogen atoms. Four bile
acid side arms were cleaved at the first stage. Subsequently,
loss of four dimethylamine molecules is observed followed
by the cleavage of two methyl radicals.

CID is one of the dissociation techniques commonly
available in mass spectrometers, and it results in activation
of the precursor (isolated) ion and subsequent formation
of fragments by the lowest energy pathway. In host–guest
complexes, the noncovalent interaction has usually the low-
est “bond” energy and it is therefore expected to be rup-
tured resulting in dissociation of the complex to its compo-
nents (a host and a guest). That was also the case in the
CID experiment performed for saccharide complexes of 1,
and their dissociation was observed, which can therefore be
considered as further evidence for their noncovalent nature
(see Figure 3, b). Besides the dissociation of the complex,
further dissociation of [1 – 4Br]4+ was observed.

The energy-resolved investigation of the complex sta-
bility revealed (Figure 4) that the most stable complexes
were formed with Glc3 and Glc4, and that the decreasing
stability order for saccharide complexation can be written
as Glc3 ≈ Glc4 � Mal3 � Glc5 ≈ Glc6, which is in line with
the results obtained from bilateral competition experiments.
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Figure 3. (a) Dissociation route for [1 – 4Br]4+ and (b) CID spec-
trum of [1 – 4Br + Glc3]+ (the peak for fragment at m/z 1261 is not
shown).

The properties of the complexes, which could affect their
ESI response, does not affect their dissociation rate the in
the CID experiments. Therefore, these results can be consid-
ered as a further confirmation on the selectivity trend ob-
served in the bilateral competitions.

Figure 4. Dissociation curves for the complexes of 1. Relative inten-
sities of the isolated complexes are shown as a function of energy.
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Interaction Site

In ECD, the dissociation of an isolated ion is initiated by
a capture of electron(s). ECD is a nonergodic dissociation
method, and noncovalent interactions often remain intact
even if the covalent bonds in the interacting individual mo-
lecules dissociate.[13] Therefore, ECD can be considered
complementary to other mass-spectrometric dissociative
techniques (such as CID), and it provides information on
noncovalent complexes (e.g. binding site information) not
accessible by other tandem mass techniques. Consequently,
it is rather surprising how limitedly this technique has been
utilized by supramolecular researchers. We performed ECD
experiments on free conjugate 1 and on its complexes
formed with Glc3–Glc6 and Mal3 to get more detailed infor-
mation about the location of noncovalent interactions and
the involvement of the bile acid side arms and the por-
phyrin core in the complexation. The dissociation of [1 –
4Br]4+ in an ECD experiment initiates from quaternary ni-
trogen atoms, where electron capture takes place. This re-
sults in a charge-reduced hypervalent (Rydberg) quaternary
ammonium radical.[14] Possibly because of its instability, the
hypervalent radical is not observed in the spectra. Instead,
subsequent eliminations of a hydrogen and methyl radicals
occur. Further dissociation produces mainly neutral, cat-
ionic and radical cleavages from both sides of the quater-
nary nitrogen atom (Figures 5 and 6, a), and the peaks cor-
responding to cationic fragments (m/z 418, 463 and 461) are

Figure 5. Schematic presentation of the possible dissociation of 1 in an ECD experiment.
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clearly detected. Eliminations of neutral N-methyl methan-
imine, as well as eliminations of methyl and dimethylamine
are also observed.

Even if the dissociation of 1 initiates from the side-arms,
it clearly does not proceed to the porphyrin core, which is
not observed to open or dissociate. Consequently, the sta-
bility of the porphyrin core prevents the progress of the
fragmentation along the backbone of the molecule, which
is usually the main fragmentation pattern observed with
biopolymers. Instead, dissociation of multiple side-arms
due to multiple electron captures is observed.

In the ECD spectra of the Glc3 and Mal3 complexes
(Figure 6, b), the main peaks correspond to dissociated 1,
but in addition some peaks corresponding to fragments
from the complexes are also observed. The fragments from
the complexes consist of the intact saccharide and the disso-
ciated 1, which has lost 1–3 bile acid side arms. Fragments
that consist of an intact saccharide and the porphyrin cen-
tre are not observed, neither are ions which consist only of
a side-arm and an intact saccharide. Instead, fragments that
consist of 1,4A or 1,4X fragments (for nomenclature see[15])
of the saccharide and the bile acid side arm (m/z 463) are
observed. Based on these limited experiments alone, how-
ever, it is difficult to tell whether the absence of certain frag-
ments can be used to make further conclusions about the
interaction site, although negative information is generally
used in the interpretation of mass spectra. Hopefully, as this
technique will be applied more for this kind of rather small
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Figure 6. ECD spectra from (a) [1 – 4Br]4+, (b) [1 – 4Br +
Mal3]4+and (c) [1 – 4Br + Glc4]4+. The isolated ion marked with
an asterisk.

supramolecular complexes, the extent of justified conclu-
sions will also be specified. However, it seems evident from
this data that the porphyrin centre is significant for com-
plexation of an intact oligosaccharide, and it seems that
complexation of an intact sugar requires at least one bile
acid side arm and the porphyrin centre.

Accordingly, the peaks corresponding to fragment ions
consisting of the intact saccharide and dissociated conju-
gate 1, which has at least one intact bile acid side-arm, are
observed in the ECD spectra measured from the complexes
formed with longer oligosaccharides (Glc4–Glc6) (Figure 6,
c). In addition, dissociation of glucose residues from Glc4,
Glc5 and Glc6 complexes was observed. Elimination of glu-
cose residues were, however, observed only up to triose. It
should be noted that the corresponding eliminations from
Mal3 to Mal2 or Glc3 to Glc2 were not observed. It there-
fore seems that three glucose residues have a closer interac-
tion with the bile acid side-arm and the porphyrin core of
the conjugate than the additional residues. As a conse-
quence, the additional glucose residues are susceptible to
fragmentation.

Conclusions

Previous studies on saccharide complexation by using
UV/Vis spectroscopy showed very high apparent binding
constants. However, these experiments suffered from clus-
tering of conjugates, and stoichiometry or selectivity of
complexation could not be revealed. Our MS experiments
showed 1:1 complex formation and size-selectivity of 1 for
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oligosaccharides containing at least three glucose residues.
The affinity of 1 is highest for cellotriose and cellotetraose,
which also form the kinetically most stable complexes. A
remarkably clear selectivity difference is observed between
the cellobiose and higher oligosaccharides. This is rational-
ized by the ECD results, which show that in complexation
of an oligosaccharide three glucose units interact with the
bile acid conjugate, whereas additional glucose residues are
susceptible to fragmentation. The ECD results also showed
the significance of the porphyrin centre for complexation of
an intact oligosaccharide. It is obvious that the complex-
ation of an intact sugar requires at least one bile acid side
arm and the porphyrin centre.

ECD has so far been rarely used to study binding sites in
supramolecular recognition complexes. However, our first
experience of the applicability of this technique is promis-
ing. Though ECD has its limitations (e.g. the requirement
of highly, preferably positively, charged ions), in our opin-
ion, it also bears real potential in revealing such infor-
mation on complexation that is hard to obtain by other
analytical techniques. Unfortunately the knowledge on this
technique in the case of rather small supramolecular as-
semblies is still in its infancy, and the extent of conclusions
justified on basis of ECD data will hopefully be specified as
this technique is applied more for various supramolecular
complexes.

Experimental Section
Materials: The synthesis and characterization of tetrakis(bile acid)–
porphyrin conjugate 1 have been reported earlier.[5c] Conjugate 1
was dissolved in methanol, the final samples were prepared in
methanol or MeOH/H2O, 1:2 with a conjugate concentration of
4.0 µ. The saccharides are commercially available. All saccharides
were dissolved in H2O and 1:3 conjugate/saccharide molar ratios
were generally used.

Mass Spectrometry: The MS experiments, except for the determi-
nation of the dissociation route, were performed by using an APEX
Qe Fourier transform ion cyclotron resonance (FT-ICR) mass spec-
trometer equipped with 4.7 T superconducting magnet, Infinity®

ICR cell, AP2 electrospray ion source and pre-cell quadrupole
interface. The required 1�10–9 Torr vacuum was maintained by
rotary vacuum pumps and turbomolecular pumps supplied by Ed-
wards (Edwards High Vacuum International, Crawley, UK). The
sample was introduced to a 70° off-axis sprayer (stainless steel
metal capillary) through a syringe infusion pump (Cole–Parmer
74900 series, Cole–Parmer Instrument Company, Vernon Hills, IL)
at a flow rate of 90 µLh–1. N2 was used as a nebulizing (room
temperature, 0.3 to 1.0 psi) and counter-current drying gas (1.5 to
3.0 psi, 150 to 225 °C). The generated ions were collected at the
end-plate electrode (3.2 to 3.5 kV) and passed through a dielectric
glass capillary (entrance and exit potentials 4.2 to 4.5 kV and
350 V, respectively). After this, ions were focused with a skimmer-
1 (20 to 24 V), pre-hexapole, skimmer-2 (7.5 to 12 V) to a (rf) hexa-
pole (5.2 MHz, 300 Vp-p), which was used to accumulate the ions
for a predefined time (0.2 to 1.0 s). From the hexapole, ions were
extracted from the ion source and transferred to an ICR cell by
electrostatic focusing of transfer optics. In the ICR cell, ions were
trapped with the use of the SidekickTM technique before conven-
tional frequency sweep excitation and broadband detection. Data
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sets of 256 k, consisting of 16 summed scans, were used. The mea-
surements and data handling were accomplished with Bruker
XMASS software, version 6.0.2. The mass spectra were externally
calibrated with an ES tuning mix (Hewlett–Packard, Palo Alto,
CA). The composition of the complexes was confirmed by compar-
ing the experimental monoisotopic m/z values and isotopic patterns
with the theoretical values calculated on the basis of natural abun-
dances. Competition experiments were performed with a conjugate/
saccharide1/saccharide2 ratio of 1:1:1. Each experiment was carried
out on five different samples and each sample was measured five
times. The overall variance was calculated from the standard devia-
tion of sampling and the standard deviation of the measurement
(stot

2 = s1
2 + s2

2). Measurements or samples were rejected if the
average deviation of a suspect value from the mean was four or
more times the average deviation of the retained values.

The MSn CID for dissociation route determination was performed
by using Bruker Esquire 3000 plus QIT mass spectrometer (Bruker
Daltonik, Bremen, Germany) equipped with an ESI source. The
sample was introduced to the ion source at a flow rate of
150 µLh–1. N2 (LC-MS-NGM 11 nitrogen generator, Bruker Dal-
tonik) was used as a nebulizing (3 psi) and counter-current
(2 Lmin–1) drying gas. Helium (grade 5.6, AGA Espoo, Finland)
was used as the buffer/collision gas. The high vacuum varied in the
range of 10–6 to 10–5 mbar. The following voltages were generally
adjusted: capillary –5000 V, capillary exit 170 V, skimmer 40 V, oc-
topole-1 13.50, octopole-2 1.00 V, lens-1 –12 V, and lens-2 –50 V.
However, the ion charge control target was 20,000, maximum al-
lowed acquisition time 200 ms, and the value for the trap drive 70.
In the CID the fragmentation amplitudes from 0.30 to 0.70 were
used. The Instrument was controlled and the data were processed
by using a Bruker Daltonics Compass 1.1 for Esquire/HCT. Each
spectrum was an average of spectra collected within 1 min, each of
these containing 24 individual scans that were averaged before be-
ing sent from the instrument to data system.

For energy-resolved collision-induced dissociation (CID) experi-
ments the precursor ions were isolated twice in order to achieve a
clean isolation, using the CHEF procedure.[16] Isolated ions were
thermalized during a 3.0 s delay, translationally activated by an on-
resonance radio frequency (RF) pulse and allowed to collide with
a pulsed argon background gas. Each spectrum was a collection of
16 scans. Comparable conditions were maintained by keeping the
parameters of the pulse program constant.

The isolation for ECD experiments was performed in quadrupole
and the precursor ion was subsequently irradiated with low-energy
electrons provided by the indirectly heated hollow dispenser cath-
ode (irradiation time 200–400 ms, cathode bias 0.2–0.4 V, heating
current 1.7 A, and lens voltage 10 V) mounted at the back end of
the ICR cell on axis.
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