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Abstract

Binding of several volatile nitrogen bases to four metalloporphyrin cations was studied by collision-induced dissociation
(CID) as well as ion–molecule reactions in a quadrupole ion trap mass spectrometer. Relative binding energy order was
obtained from the CID data by comparing the stability of metalloporphyrin–amine complexes while accounting for the effects
of the complex size. The efficiencies of ion–molecule association reactions were also used to compare binding in these systems.
The results from these two approaches agree with each other. There appears to be no direct correlation between the proton
affinity of model bases with their metalloporphyrin affinity. This discrepancy is rationalized in terms of steric hindrance and
dipole moment effects.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Metalloporphyrin–ligand binding represents an im-
portant segment of biologically important non-cova-
lent interactions[1]. The central metal atoms of
metalloporphyrins are involved in a number of biolog-
ically important ligand binding processes[2]. Among
these is reversible binding to protein basic sites,
most often the nitrogen of a His side chain[1]. Such
non-covalent complexes can be rather strong, as in
myoglobin and cytochromea, where the heme moiety
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is connected to the protein solely through the heme
iron-histidine nitrogen coordinative bond as shown
in Fig. 1. Metalloporphyrins are also believed to be
involved in the cellular delivery of oligonucleotides
[3]. There are numerous studies of the interaction of
heme or other metalloporphyrins with various ligands
[4,5] in different solvents resulting in the derivation
of binding constants. However, thermochemical in-
formation about metal–ligand bonding in the absence
of solvent effects is not abundant and still remains a
challenge to gather.

Mass spectrometry has been shown to be a pow-
erful tool for characterization of non-covalent com-
plexes[6] including metalloporphyrin–ligand binding
in model systems[7] and heme proteins[8]. The
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Fig. 1. Metal–ligand non-covalent binding in heme proteins.

stability of heme proteins was probed by collision-
induced dissociation (CID)[9] and blackbody infrared
dissociation (BIRD)[10] developed in part by Dunbar
and co-workers[11–13]. The use of mass spectrome-
try to probe the strength of metalloporphyrin–ligand
interactions has been relatively rare. Ridge and
co-workers published a report on nitric oxide affinities
of several iron porphyrins[14]. They used the afore-
mentioned BIRD, associative equilibrium in FT-ICR
conditions, and the radiative association kinetics
(RAK) method developed by Dunbar[15,16].

Although these techniques provide ways to get
accurate thermochemical information, they require
the use of high-cost FT-ICR equipment. CID, which
can be carried out on substantially less expensive
quadrupole ion-trap mass spectrometers, could some-
times offer a worthwhile alternative to these FT-MS
techniques. The utility of CID data to estimate bond-
ing parameters was recognized by Hart and McLuckey
[17] and Colorado and Brodbelt[18] through a vari-
able energy CID technique. Similar to the threshold
CID experiments[19,20] normally carried out on
guided ion beam mass spectrometers, variable en-
ergy CID probes the kinetic stability of ions. CID in
quadrupole ion traps has been widely used for rela-
tive binding energy comparisons between systems of

similar size[21,22]. A qualitative correlation between
CID stability and critical energy has been established
[17,21,22].

In our recent work, we proposed a way to com-
pare CID stability data for metalloporphyrin–ligand
complexes of different size[23]. Here we continue
to evaluate this approach for obtaining the relative
binding energy of several model nitrogen bases to
metalloporphyrin cations. We have picked several
amines whose proton affinities fall between those of
His and peptide N-terminus, the two anchors whose
CID stability/size-dependence is known from our
previous study[23].

Another route to binding energy information that
we are exploring here is ion–molecule association re-
actions between metalloporphyrin cations and volatile
nitrogen bases. The relatively high pressures of the
quadrupole ion trap (compared to FT-MS) environ-
ment do not permit the use of the RAK method for
accurate binding energy predictions. However, we
would like to test the usefulness of comparisons of
association rates for determining the relative order
of binding energies. Also, if associative equilibrium
conditions are achieved[24], the binding thermody-
namics can be easily estimated, similar to FT-MS
experiments[14,25].
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2. Experimental

2.1. Reagents

Hemin (heme chloride), 5,10,15,20-tetraphenyl-
21H,23H-porphine iron(III) (TPP-Fe) chloride, 5,10,
15,20-tetraphenyl-21H,23H-porphine manganese(III)
(TPP-Mn) chloride, 5,10,15,20-tetraphenyl-21H,23H-
porphine cobalt(II) (TPP-Co), pyridine (Py), piperi-
dine (Pipe), diisopropylamine (DIA), triethylamine
(TEN), 4-picoline (MePy), 4-methoxypyridine (MeO-
Py), 3-fluoropyridine (F-Py), diazabicyclo [2,2,2]oc-
tane (DBO), and quinuclidine (1-azabicyclo[2,2,2]
nonane, Qui) were purchased from Sigma-Aldrich
Chemical Company. Acetonitrile and acetic acid were
purchased from Fisher Scientific. All chemicals were
used without further purification.

Complexes of metalloporphyrins with amines were
formed by mixing 20–100�M solutions of a metal-
loporphyrin and an amine in water:acetonitrile (1:1,
v/v).

2.2. Mass spectrometry

Experiments were done on a Bruker Esquire 3000
quadrupole ion trap mass spectrometer (Bruker Dal-
tonics, Billerica, MA) equipped with an ESI source.
Solutions containing 10–50�M of a complex of in-
terest were directly infused by a syringe pump at
a flow rate of 4�L min−1. ESI source conditions
were as follows: Nebulizer gas, 15 psi; dry gas, 5 psi;
capillary temperature, 200◦C. Capillary exit and
skimmer voltages were optimized to maximize the
yield of ions corresponding to them/z of interest.
These ions were isolated in the ion trap and subjected
to CID.

2.2.1. CID experiments
Variable energy CID experiments were done by

ramping the resonance excitation voltage from 0 V
to the value corresponding to the total dissocia-
tion of the complex (this value varied between
0.25 and 0.40 V, depending on the complex). The
fragmentation delay was set to 0 ms, and the frag-

mentation width was 10m/z. E1/2 voltages were
taken as the resonance excitation voltage values at
which the intensity of the porphyrin–peptide com-
plex and the porphyrin ions were equal. The frag-
mentation time was kept constant at 40 ms. Each
data point was an average of three to four measure-
ments.

2.2.2. Ion–molecule reactions
Metalloporphyrin cations were formed by ESI

from 10 to 50�M solutions of the respective chlo-
rides, except for TPP-Co+ which was formed by the
one-electron oxidation of 5,10,15,20-tetraphenyl-21H,
23H-porphine cobalt(II) during the ionization process.
The ions of interest were isolated and stored in the ion
trap for variable periods of time ranging from 50 ms
to 5 s, during which reactions between the metallo-
porphyrin cation and a base were allowed to proceed.
Volatile amines were introduced into the ion trap us-
ing the method of Gronert[26,27], where liquid amine
is mixed into the He delivery line at a rate controlled
by a syringe pump (Fisher). The flow of He was mea-
sured by a gas flow meter (Kurt-Lesker). From the
He/amine flow ratio, an amine pressure in the trap
can be estimated. Pressure of the amine ranged from
1×10−7 to 5×10−6 Torr. The uncertainty in pressure
was about 30%. Metalloporphyrin–ligand complexes
formed in the gas-phase were also subjected to vari-
able energy CID according to the protocol described
above.

2.3. Dipole moments, polarizabilities, and
collision rate constants

Dipole moment values were obtained from the CRC
Handbook [28] or estimated by AM1 semiempiri-
cal calculations using the HyperChem 6.03 program
suite and scaled to match the experimental values
where available. Molecular polarizabilities of model
bases were calculated by the approach of Miller and
Savchik[29]. Ion–molecule collisional rate constants,
kf , were calculated using the Langevin equation and
then dipole-corrected as described by Su and Ches-
navich[30].
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Fig. 2. Variable energy CID curve of heme–pyridine complex.

3. Results

3.1. Collision-induced dissociation data

Every metalloporphyrin ion–ligand complex yield-
ed a simple CID spectrum resulting in the pro-

Fig. 3. CID mass spectrum of a TPP-Mn+–quinuclidine complex.

duction of the metalloporphyrin cation as a unique
product. We could not find satisfactory experimental
conditions to form complexes of TPP-Co with DIA
and TEA. A typical variable energy CID curve is
shown inFig. 2. From curves like this,E1/2 values
were taken as the voltages required to produce equal
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Table 1
Number of degrees of freedom (DF) and experimentalE1/2 values (Volts) of nitrogen base–metalloporphyrin complexes and polarizability
(α) and dipole moment (µ) values of nitrogen bases

Base α (Å3) (µ) D TPP-M+ base Heme+ base

DF E1/2 (Co) E1/2 (Fe) E1/2 (Mn) DF E1/2

3-Fluoropyridine 9.16 2.09 258 0.31 0.315 0.32 252 0.30
Pyridine 9.18 2.19 258 0.34 0.35 0.35 252 0.325
4-Picoline 11.32 2.70 267 0.37 0.37 0.37 261 0.35
4-Methoxypyridine 11.98 2.95 270 0.38 0.39 0.38 264 0.36
Piperidine 11.36 0.82 276 0.36 0.39 0.39 270 0.37
Diisopropylamine 13.34 0.90 291 0.40 0.40 – 285 0.38
Triethylamine 13.38 0.66 291 0.41 0.40 – 285 0.38
Diazabicyclooctane 13.38 0 285 0.42 0.40 0.395 279 0.38
Quinuclidine 13.70 1.37 288 0.425 0.42 0.41 282 0.40

intensities of the initial metalloporphyrin ion–ligand
complex and the resulting metalloporphyrin cation.
Fig. 3 shows an example of a CID mass spectrum
of TPP-Mn+–quinuclidine complex taken at anE1/2

voltage value of 0.4 V.E1/2 values for complexes of
the four metalloporphyrins and nine ligands are given
in Table 1.

Fig. 4. A mass spectrum of a heme–piperidine association reaction taken after 100 ms reaction time and piperidine pressure of 8.8×10−7 Torr.

3.2. Ion–molecule reactions

Electrospray-generated metalloporphyrin cations
underwent association reactions with model nitrogen
bases by sequentially attaching two molecules of the
base. An illustrative mass spectrum for the association
of heme cation and piperidine is shown inFig. 4. The
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Fig. 5. A kinetic plot for the association reaction of TPP-Mn+ with 4-methoxypyridine.

spectrum displays major peaks atm/z 616 (heme+),
701 (heme+·piperidine), and 786 (heme+·2 piperi-
dine). Kinetic analysis was done for the attachment of
the first ligand only. A typical kinetic plot is given in
Fig. 5. Data were fitted to pseudo-first-order kinetics.
Small induction periods (50 ms or smaller, depending
on the pressure) were observed corresponding to the
time needed to fully thermalize the ions. Data points
within these time periods were not included in the
fit procedures. For each association reaction several

Table 2
Collision (kf ) and experimental (k2) association rate constants (10−10 cm3 s−1) and efficiencies (Φ = k2/kf , %) for reactions of metallo-
porphyrin cations with neutral bases

Base Heme TPP

kf k2 Φ kf
a k2 (Mn) Φ (Mn) k2 (Fe) Φ (Fe) k2 (Co) Φ (Co)

3-Fluoropyridine 13.6 2.3 17 13.5 1.9 14 1.4 10 3.2 23
Pyridine 15.4 2.6 13 15.3 2.1 14 1.5 10 3.3 22
4-Picoline 17.0 2.8 16 16.9 2.5 15 1.9 11 4.0 24
4-Methoxypyridine 17.0 2.9 17 16.9 2.6 15 2.0 12 4.5 27
Piperidine 10.5 2.4 23 10.4 2.0 19 1.5 14 1.4 13
Diisopropylamine 10.5 1.4 13 10.5 – – 1.1 10 – –
Triethylamine 10.1 1.3 13 10.0 – – Eq.b – 0.6 6

a The same collisional rate constantskf were used for TPP-Mn, TPP-Fe, and TPP-Co.
b Eq.: equilibrium was observed.

pressures ranging from 1×10−7 to 5×10−6 Torr were
utilized to ensure no significant pressure-dependence
of the rate constants. Average values of the rate con-
stants were used. No useful kinetics were obtained in
reactions of TPP-Mn and TPP-Co with DIA as well
as TPP-Mn with TEA due to interferences. The reac-
tion of TPP-Fe with TEA reached equilibrium under
experimental conditions. The bimolecular association
rate constantsk2 (in 10−10 cm3 s−1) and efficiencies
(k2/kf , %) are given inTable 2.
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4. Discussion

4.1. CID data correction for size effects

4.1.1. Heme–amine complexes
Variable energy CID offers a straightforward ap-

proach for binding energy comparisons between sys-
tems of similar size and structure[21]. When there
is a size (or the number of degrees of freedom) vari-
ation between the systems under comparison, size
effects have to be known. Recently[23], we have
determined effects of size on stability for metallopor-
phyrin complexes where the metal is bound to the
side chain of His or the peptide N-terminus. Here
these stability/size-dependence plots are used for
comparisons of model nitrogen base binding.Fig. 6
shows such comparison for heme complexes. The
E1/2 values of heme–nitrogen base complexes are
plotted against the number of degrees of freedom of
the complex. The upper line represents a linear fit for
the data for heme–His-containing peptide complexes,
and the lower line is the fit for the heme–peptide
N-terminus binding data[23]. While there is an ex-

Fig. 6. Dependence of theE1/2 values of complexes of heme and model amines on the complex size. Triangles represent experimental
data fromTable 1. Lines are best linear fits for complexes of heme with His-containing peptides (upper line) and with peptide N-termini
(lower line) taken from[23].

perimental uncertainty associated with these linear
fits, the slopes for heme, TPP-Fe, and TPP-Mn were
found to be nearly identical[23]. This is in agreement
with the findings of Vachet et al.[31] who showed
that a Rice–Rampsberger–Kassel model predicts that
rather substantial differences (in the order of 1 eV) in
critical energies between systems are needed to obtain
a noticeable slope change. In our case, the differences
between binding energies are much smaller.

One can see that the CID stability of all heme-model
nitrogen base complexes under study falls between
those of heme–His and heme-N-terminus. This is
not unexpected, since proton affinities of these
bases (seeTable 1) mostly lie between those of
His (232 kcal mol−1) and the peptide N-terminus
(212–217 kcal mol−1) [32]. The relative heme affinity
order can be constructed by evaluating the y-difference
between the His and model base data inFig. 6. Such
inspection yields the following heme binding energy
order:

N-terminus< TEA ≈ DIA < F-Py< DBO < Pipe

≈ Qui < Py ≈ MePy≈ MeOPy< His side chain
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This order does not correlate well with the proton
affinities of these bases. Polarizability was shown
to be a major factor in the binding of bare metal
cations to substituted pyridines[33,34]. However, po-
larizability effects should be included in the proton
affinity values. To better understand the differences
between the proton affinity (formation of a covalent
nitrogen–hydrogen bond) and heme affinity (forma-
tion of a coordinative iron–nitrogen bond), one should
also take into account the dipole moment values (see
Table 1) of the bases since ion–permanent dipole
interaction will also have a substantial contribution
to the bonding[33,34]. DBO has no dipole moment,
and TEA and DIA have smaller dipole moments than
other bases. In addition, steric hindrance could be a
factor in TEA and DIA binding. It seems that the
combination of a relatively high dipole moment and
a favorable binding geometry puts pyridine, picoline,
and methoxypyridine on top of the heme binding
order.

4.1.2. Tetraphenylmetalloporphyrin–amine
complexes

Analysis of the three tetraphenylmetalloporphyrin
(TPP-Mn, Fe, and Co) complexes performed similarly
to Fig. 6 (data not shown) showed relative binding
energy trends identical to the heme–nitrogen base re-
sults. The similarity between heme and TPP-ligand
binding, and some other iron porphyrin-ligand bind-
ing was shown in the literature[14]. There was very
little difference in nitrogen base binding between iron,
cobalt, and manganese TPPs. This correlates very well
with X-ray structures of TPP–metal complexes with
various ligands where there is less than 1% difference
in metal–ligand distances between Mn, Fe, and Co
[35].

4.2. Comparing CID stability of complexes formed
in solution and in the gas-phase

To test the similarity of structure of ion–neutral
complexes formed in solution as well as in the
gas-phase, we compared their stability under CID
conditions. The gas-phase experiments consisted of

forming a metalloporphyrin cation by ESI, isolating
it in the ion trap, letting it react with a base of inter-
est, isolating the 1:1 complex, and, finally, subjecting
the complex to a variable energy CID procedure. For
all four porphyrins under study, complexes with Py,
Pipe, DIA and TEA formed either in the gas-phase or
in solution had the sameE1/2 values (±0.005 V) in-
dependent of their origin, or way of formation. While
this does not fully prove that metalloporphyrin–ligand
complexes formed by ESI from solution and those
formed in the gas-phase have exactly the same struc-
ture, this gives us some confidence to use gas-phase
studies in these systems to obtain thermochemical
information relevant for solution chemistry.

4.3. Ion–molecule association results

An ion–neutral association reaction can be analyzed
in terms of the detailed mechanism inEq. (1)

(1)

wherekf is the bimolecular rate constant for collisional
complex formation (orbiting rate),kb the unimolec-
ular redissociation rate constant,kr the unimolecular
rate constant for IR photon emission from the ener-
gized complex, andkcβ is the bimolecular rate con-
stant for collisional stabilization of A+B∗ by collision
with neutral M (He in ion traps), and A+B∗ is the
metastable collision complex.

This mechanism gives the following expression for
the overall bimolecular rate constantk2:

k2 = kf kr

kb + kr
+ kf kcβkb[M]

(kb + kr)2
(2)

In ion trap conditions, where He pressure is on the
order of millitorrs, three-body collisional stabilization
of the complex is predominant and the first term can
be ignored. The kinetics will simplify to give the fol-
lowing expression for the association efficiency:

Φ = k2

kf
= kcβkb[M]

(kb + kr)2
(3)
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In this equation the He collisional efficiencyβ is not
known, but it should be nearly constant for similar
metalloporphyrin ion–neutral ligand complexes pro-
vided there is no great variation in the ligand size. The
kr is normally much smaller thankb which, in turn, has
a direct connection to binding energy and the size of
the system[16]. Thus, if the ligand size is similar, the
association efficiency should reflect the relative bind-
ing energy order.

Table 2 lists the association rate constants and
efficiencies obtained for the reactions between four
metalloporphyrin cations and volatile nitrogen bases.
For most systems, the efficiencies are in the range of
10–25%. The large uncertainty in pressure measure-
ments present in these experiments does not allow
us to make useful comparisons in these systems,
similar to low-pressure radiative association limita-
tions [16]. It seems that TEA and DIA do display
one of the lowest efficiencies, in agreement with the
CID data. One interesting case is the association of
TPP-Fe cation with TEA, where equilibrium con-
ditions were established. This supports the finding
that TEA has one of the lowest affinities towards
metalloporphyrins among the nitrogen bases under
consideration since for all other systems under exper-
imental conditions the equilibrium lies considerably
towards the association side. The equilibrium data
will permit the calculation of�G in this system, and
a way to calculate the binding energy,�H, through
�S modeling in a future work. The differences in
the association efficiencies between heme, TPP-Fe,
and TPP-Mn are not significant. This is supported
by the work of Ridge and co-workers who mea-
sured similar NO affinities for heme and TPP-Fe
[14]. TPP-Co displayed slightly higher association
efficiencies for most nitrogen bases compared to
other metalloporphyrins. As an outlook for the fu-
ture use of this approach, it seems that larger dif-
ferences in ligand binding energies are needed for
successful discrimination of association efficiency
data. It is also desirable to work in the regime of
substantially lower association efficiencies where
pressure uncertainties will not play such a large
role.

5. Conclusions

Relative binding energy order was obtained for
heme and three tetraphenylmetalloporphyrin cation
complexes with nine model nitrogen bases from
variable energy CID experiments. The data were
interpreted by accounting for the size effects us-
ing the metalloporphyrin–peptide complex “stability
versus size” diagrams. Pyridyl ligands displayed
the highest metalloporphyrin affinity, which does
not correlate well with their relative proton affinity.
This discrepancy is rationalized in terms of rela-
tively high dipole moments of substituted pyridines
as well as the absence of steric hindrance in their
binding. Not much variation was found between
tetraphenylporphyrin-iron, manganese, or cobalt bind-
ing. Metalloporphyrin cation–ligand ion–molecule as-
sociation reactions in an ion trap were also tested as a
way to probe the binding energy order of different ni-
trogen ligands. The large pressure uncertainty in these
experiments rendered them inconclusive as the asso-
ciation efficiencies were quite similar in all systems.
The efficiencies were on the low side for diisopropy-
lamine and triethylamine, in agreement with the CID
data. Moreover, equilibrium was reached in the reac-
tion of TPP-Fe+ with triethylamine, which provides
a direct route to thermochemistry of this system.
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