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Abstract

Electrospray ionization mass spectrometry is applied for the selective detection of metal ligands after a post-column continuous-flow
ligand-exchange reaction. The detection is based on the specific release of a reporter ligand from a metal-reporter ligand complex by a hig
affinity ligand. Constant infusion and direct-injection experiments are performed to optimize the method. The on-line coupling of a liquid
chromatographic separation prior to the continuous flow ligand-exchange reaction enables the screening for high affinity ligands in comple»
samples. The feasibility of the method is demonstrated by using several ligands with a different affinity for either Cu(ll) or Zn(ll) ions. The
selectivity of the ligand-exchange detection method can be tuned by the choice of the reporter ligand. This is demonstrated by using eithe
2,2-bipyridyl or 5-methyl-1,10-phenanthroline as reporter ligands.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Mass spectrometry; Metal ligands; Ligand-exchange; Screening; Liquid chromatography

1. Introduction ions, e.g., se4¢9]. In principle, this enables the study of
ligand—metal interactions in complex (biological) systems.
The importance of electrospray ionization mass spectrom- A large variety of biological processes rely on the (nhon-)
etry (ESI-MS) and tandem mass spectrometry in the charac-reversible binding and dissociation of specific ligands to
terization of metal complexes and organometallic compounds metal ions, i.e., on ligand-exchange reactions. An exam-
is readily recognizedl]. The adduct formation of analytes ple, crucial to life, is the uptake, transport and delivery of
with various metal ions is also studied in order to either oxygen and carbon dioxide by hemoglobin, containing an
influence the sensitivity, as in coordination §3)3], or to iron—porphyrin active site.
change the fragmentation reactions of the analytes involved  In fact, the study of ligand-exchange reactions by ESI-MS
[4,5]. ESI-MS also plays an important role in the study of opensanumber of research opportunities. A continuous-flow
host—guest complexes, relevant for instance in understanddigand-exchange reaction can be applied to assess (relative)
ing molecular recognition and in the field of supramolecular affinities of various ligands to a certain metal ion, or alter-
chemistry[6-8]. natively the (relative) affinities of various metal ions for a
However, since ESl is a liquid-based ionization technique, particular ligand. While this may be useful for fundamental
it can also be used for the continuous monitoring of liquid- purposes, it also gives way to various more practical appli-
phase reactions, e.g., ligand-exchange reactions with metakations. For instance, it allows the development of screening
and analysis methods based on ligand-exchange reactions.
* Corresponding author. Tel.: +31 205987537; fax: +31 205987543, Recently, we demonstrated the selective detection of phos-
E-mail address: jg.krabbe@few.vu.nl (J.G. Krabbe). phorylated peptides in peptide mixtures separated by liquid
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chromatography, based on the high affinity of a phospho- 0.45um Millipore filter. The nitrate salts of Cu(ll) and

group to Fe(lll) metal ion$10]. Upon mixing the column  Zn(ll) and all ligands were purchased from Sigma—

effluent in a continuous-flow reactor with an Fe(lll)-reporter Aldrich (Steinheim Germany), except for nicotinamide, 2-

ligand complex, the presence of a high-affinity phosphory- (aminomethyl)pyridine and 4-picoline which were purchased

lated peptide in the effluent will release the reporter ligand from Acros Organics (Geel, Belgium).

from its complex with Fe(lll). Using ESI-MS, not only the

change in the free reporter ligand concentration can be mea-=2.2. Solution preparation

sured and quantitated, but also the identity of the phosphory-

lated peptide involved may be establishgd]. Stock solutions of 10 mM of the ligands were prepared
The ability to monitor (relative) affinities of ligands to in methanol, except for 4,7-dimethyl-1,10-phenanthroline

metal ions may also be applied in the discovery of new drugs which had a stock concentration of 4 mM. Cu(ll) and Zn(ll)-

targeting metalloproteind 1,12] as well as in the optimiza-  solutions were prepared in milli-Q water. The reagent solu-

tion of other systems of homogeneous cataly$&. The tion was prepared by adding a stock solution of metal ion to

biological activity of a variety of enzymes is based on cat- a solution of ligand in ammonium formate solution (5 mM;

alytic metal-ligand complexes, for instance the cytochrome pH 6.3) containing 50% methanol. The actual concentrations

P450 enzyme compleil4], in which the iron—porphyrin  of the reagent solutions used are indicated either in the text

active site catalyses the oxidation of endogenous and exoge-or in the legend of the figure.

nous molecules in the cell, and is thus heavily involved in

phase | drug metabolism. 2.3. Setup for infusion experiments
A more common approach to analyze ligands with a cer-
tain affinity for metal ions is immobilized metal affinity The setup for the preliminary infusion experiments on the

chromatography (IMAC]15,16] A major drawback of this ~ on-line mixing of solutions of metal salts and ligands is shown
approach is that all ligands are exposed to the immobilized in Fig. L
metal ion prior to separation, resulting in the possibility that ~ The system consists of a Shimadzu (‘s Hertogenbosch,
a high concentration of an high affinity ligand will exclude The Netherlands) LCMS-2010A, and a separate Shimadzu
the simultaneous enrichment of low affinity ligands by occu- LC-10Ai pump (pump 2). The LCMS-2010A consisted of
pying all available coordination sites. two LC-10ADvp pumps (pumps 1a and 1b), a SCL-10ADvp
Inthe present study, the potential of ESI-MS in monitoring system controller, a SIL-10ADvp autosampler, a CTO-ACvp
ligand-exchange reactions is explored from a more generalcolumn oven and a single quadruple mass spectrometer
point of view. Competition between various ligands for the equipped with an ESI-probe. The binary pumps 1a and 1b
metal ions Cu(ll) and Zn(ll) is investigated in a continuous- are used to generate either a metal ion or a ligand concen-
flow ligand-exchange reactor coupled to ESI-MS. The lig- tration gradient at 10QL/min. Thus, pump 1a is pumping
ands can be introduced into the reactor by means of eitherthe running buffer consisting of methanol/5 mM ammonium
flow injection or after separation by liquid chromatography. formate (50/50, v/v) and pump 1b is pumping a certain con-
The latter opens the possibility to screen mixtures of potential centration of either metal ions or ligand in running buffer. The
ligands for their (relative) affinity to a particular metal-ligand LC-10Ai pump (pump 2) delivers at 1QQ/min either the
complex. Since the reporter ligand can be chosen more freelyligand or the metal ion solution at a fixed concentration. The
in ESI-MS, in contrast to for instance in fluorescence based total flow into the home-made 44, 0.18 mm I.D. knitted
methods, this method opens a way to tune for selectivity of PEEK reaction coil and the ESI-MS was 200/min. The
the method. Additionally, upon introduction of ligands MS reaction coil is thermostated at 80 by means of a water
provides a possibility to monitor not only the reporter lig- bath.
and, but also dissociation of metal—-reporter ligand complexes
and formation of metal-ligand of interest complexes. The 2.4. Setup for direct-injection and
approach further provides insight in the identity of the com- LC-ligand-exchange—ESI-MS
plexes formed under different experimental conditions, e.g.
with respect to solution pH, organic modifier content, and  The general set-up applied in experiments involving
mixing ratios between metal-ions, reporter ligand, and the direct-injection and LC in combination with the continuous-
ligand investigated. flow post-column ligand-exchange reaction coupled to ESI-
MS is very similar to the direct infusion system. An autosam-
plerand an LC column are placed between the binary gradient

2. Experimental pump 1 and the T-piece for the mixing of the solution from
pump 2 (se€ig. 1). For direct-injection experiments, the LC
2.1. Materials column is replaced by a short PEEK tubing.

In the continuous-flow post-column detection system, the
Acetonitrile and methanol were purchased from Baker metal/reporter ligand solution (1@)/min) is continuously
(Deventer, The Netherlands) and were purified over a mixed with a sample carrier flow (1QQ/min), in which
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Direct-injection
and LC

Fig. 1. Schematic drawing of the set-up used in infusion, direct-injection and LC experiments. For the direct infusion experiments, pumps (fenanatéb)

a concentration gradient of either metal ions or a ligand at a flow-rate qiLlL®in (unless otherwise reported), pump (2) continuously delivers the ligand or
metal ion of interest at 100L/min (unless otherwise reported), (4) aD thermostated reaction coil, and (5) the ESI-MS instrument. For the direct infusion

and LC-experiment additionally (3) an autosampler and column (6) are added to the system. In these cases pumps (la and 1b) generate a sample carrier-fl
or a gradient (10Q.L/min LC-gradient or running buffer unless otherwise reported); and (2), the reagent pump provigesrm@Ometal ion-reporter ligand

solution (unless otherwise reported)).

either pure compounds are directly injected, or the column a metal-reporter ligand complex and a ligand of interest. If
effluent from the LC. In the LC-experiments with Cu(ll), a the ligand of interest has a high affinity to the metal ion, it
100 mmx 2.1 mm |.D. Luna Phenomenex C8(2) reversed- forms complexes with the metal ion and thereby releases the
phase LC column (8m particles) is applied, and in the reporterligand. As aresult, the free reporter ligand concentra-
LC-experiments with Zn(Il),a50 mm 1 mm1.D. Luna Phe- tion increases and the concentration of metal-reporter ligand
nomenex C18(2) reversed-phase LC columuifBparticles). related complexes decreases.

The gradients used in the LC-experiments are reported intext  Cu(ll) and Zn(ll) were chosen as metal ions since they
and in the legend of the figure. The mixing of the two flows play an important role in various processes in biochemistry
is improved by a home-made 4@, 0.18 mm I.D. knitted [14,17,18] and because they exhibit a distinct isotope pat-

PEEK reaction coil placed in a thermostated bath of®0 terns, which simplifies the detection of complexes in the mass
spectra. A variety of ligands were chosen in order to have a
2.5. Mass spectrometry settings wide range of affinities between the ligands and the metal

ions (se€Table J). Since the complex formation with these
MS detection was performed in positive-ion ESI. The metal ions and ligands is almost instantaneous and mainly

probe voltage was 4 kV. Nitrogen (99.999 % purity, Prax- dependent on mixing, the reaction coil volume, which was
iar, Oevel, Belgium) gas flowwas setat 1.5 L/min. A nitrogen added for better mixing can be kept small. This is favorable
counter gas flow was set at 0.06 MPa. It was applied for betterwith respect to the reduction of band broadening.
solvent evaporation. The curved desolvation line (CDL) tem-  Preliminary experiments demonstrated that the presence
perature and the block temperature were set af COESI- of methanol or acetonitrile as an organic modifier did not sig-
MS data were acquired by switching between full-spectrum nificantly influence the ligand-exchange reaction. In this case
mode and selected-ion monitoring (SIM), detecting a num- methanol was added to achieve better electrospray ionization
ber of specificn/z-values related to the reporter ligand, the conditions.
metal—-reporter ligand complex, the ligand of interest and/or ~ Buffering of the solution pH must be performed in order
complexes of the metal-ion and the ligand of interest. In to achieve stable complex formation and ionization condi-
addition to the ligand and complexz-values, a systemmon-  tions. In most cases, the complex formation constants are
itoring compound (SMC) was continuously detected in SIM pH-dependent, because at a pH below tkig of the ligand
during the direct injection and LC-experiments. the complex formation is influenced by competition for the

ligand between M and the metal ion. Generally, a low pH

is favorable in positive-ion ESI-MS, because it provides bet-

3. Results and discussion ter protonation of most ligands. On the other hand, at pH
higher than 7, insoluble metal hydroxides may be formed. A
3.1. General considerations pH of 6.3 (pH before mixing with methanol) resulted in a

good compromise between the ligand-exchange reaction and
The setup of the continuous-flow ligand-exchange sys- ESI-MS response.
tem (seeFig. 1) is based on the continuous monitoring by In attempt to identify unexpected ion suppression upon
means of ESI-MS of the ligand-exchange reaction betweenanalyte injection, pyridine was continuously introduced and



J.G. Krabbe et al. / J. Chromatogr. A 1093 (2005) 36-46 39

Table 1

Stability constants of ligands used in this research (obtained from NIST Database 46; Critically selected Stability Constants of Metal Coengilenes, V
(2004))

Ligand Ka mlz [M+H]* Metal ion K1 B2 B3

Pyridine 5.24 80 cu(ln 2.54 38 57
Zn(l 1.05 145

4-Picoline 6.05 94 Cu(ll) 2.88 5.07 6.77
Zn(I) 1.40 2.11 2.85

2-Aminomethyl-pyridine 8.65 109 Cu(ll) 9.50 17.2
Zn(ll) 5.28 9.44 12.3

Benzimidazole 5.56 119 Cu(ll) 3.43 6.41 8.92
Zn(ll 1.61

Nicotinamide 3.31 123 Cu(ll) 1.65 2.69 3.19
Zn(l 0.78 1.15

2,2-Bipyridyl 441 157 cu(ln 8.12 13.63 17.0
Zn(I 5.34 9.96 14.0

1,10-Phenanthroline 4.92 181 Cu(ll) 9.13 15.84 21.0
Zn(ll) 6.38 12.08 17.3

5-Methyl-1,10-phenanthroline 5.27 195 Cu(ll) 8.55 15.0 20.1
Zn(ll) 6.62 12.6 18.3

4,7-Dimethyl-1,10-phenanthroline 5.95 209 Cu(ll) 8.76 16.0 22.0
Zn(l 6.90 13.1 19.1

monitored as a system monitoring compound (SYA0)19] theory was good, as demonstrated by a typical example of

Pyridine has similar ionization characteristics as most of the Zn(ll) and 5-methyl-1,10-phenanthroline ig. 2a (experi-
ligands studied, but shows low affinity to Cu(ll) or Zn(ll)and mental) andrig. 2b (theory), respectively. These experiments

does not interfere in the ligand-exchange reaction. also enabled us to have a detailed look at the various com-
plexes formed under these conditioRig. 2c shows the result
3.2. Preliminary infusion experiments of the reversed experiment where the concentration of ligand

is kept constant and a metal concentration gradient is applied

|n|t|a”y, infusion experiments were performed' using in time. One of the interesting issues revealed in such exper-
pumps la and 1b, sefig. 1, for either a flat concentra- iments between Cu(ll) and Z;Bipyridyl is the observation
tion gradient of a metal ion with a fixed concentration of Of a Cu(l)-2,2-bipyridyl complex, see trace 4 ifig. 2c. It
ligand via pump 2, or vice versa. From a fundamental point- is known[22], that in the presence of methanol Cu(ll)-ions
of-view, a genera| concern in deve|oping a continuous-flow are reduced to Cu(l)'ions. The reduction is slow in solution,
ligand-exchange reaction with ESI-MS detection is that the but quite fast in electrospray ionization. The infusion exper-
complexes observed in the electrospray mass spectrum mayments provide information about the possibility to use the
notrepresent the complexes formed in solution, e.g., due to in-SPecific ligand as a reporter ligand. Furthermore, also certain
source fragmentation or selective ion Suppression_ A|though miz-traces can be Obtained, which can function as additional
good agreement between the complexes observed in the mas€porter traces, and can be correlated to metal-ligand com-
spectrum and the complexes formed in solution was demon-Plexes.
strated in various cas¢20,21], we decided to perform some When studying metal-ligand interactions in general the
additional studies, taking advantage of the production of kinetics of complex formation and dissociation should be
the complexes in a continuous-flow reactor with continuous Kept in mind. One can think for instance of a ligand with a
monitoring of the Comp|exes formed by means of ESI-MS. hlgh aﬁlnlty for the metal ion but slow formation kinetics.
We also considered that the picture on complex formation Despite the high affinity of the ligand to the metal ion, com-
might be obscured by issues related to different ionization Plex formation will not be observed when using a continuous
efficiencies of ligands and metal—ligand complexes with dif- flow set-up described in this paper.
ferent composition ratios. Therefore, a computer program
was developed enabling the prediction of the (relative) con- 3.3. Direct-injection—ligand-exchange—ESI-MS system
centrations of the various complexes under the prevailing
conditions in the metal ion or ligand concentration gradient ~ The direct injection of ligands of interest in a continu-
system. These theoretical complex formation profiles were ous flow ligand-exchange—ESI-MS detection provides the
compared with experimental ones, acquired in the infusion possibility to monitor specifion/z-values in SIM mode,
experiments. In general, the agreement of experiment with enabling the simultaneous detection of the reporter ligand, the
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Fig. 2. (a) Complexation profile of Zn(ll) and 5-methyl-1,10-phenanthroling.M®f Zn(ll) is continuously pumped at 1Q0L/min. The gradient starts()

at after 5min from 100% running buffer in 60 min upto 100% 5-methyl-1,10-phenanthroline solutiop®350%). (b) Theoretical calculations for Zn(ll) and
metal ion and 5-methyl-1,10-phenanthroline. For comparison with (a). The calculated concentration of the different complexg$/{]@eéghlotted against

the total concentration of introduced ligandi] M). (c) Reversed complexation profile of Cu(ll) and"22pyridyl. 100uM 2,2-bipyridyl in running buffer
(methanol/5 mM ammonium formate (50/50, v/v)) is pumped continuously ag.ll@in (pump 2). The gradient starts at 48.5 min from 100% running buffer

in 8 min upto 100% Cu(ll) solution (5@M) followed by a continuous flow of 100% Cu(ll) solution for 8 min and than decreasing again to 100% running buffer

in 8 min. (1) [Cu(Il)(bipy)(HCOO)]*; (2) [Cu(I)(bipy)2(HCOO™)]*; (3) Cu(ll)(bipy)(NO3~)]*; and (4) [Cu(l)(bipy)]*.

metal-reporter ligand complex, the ligand of interest and/or the reporter-ligand-complex traces. It is a relative affinity, as
complexes of the metal-ion and the ligand of interest. In ana- it relates to the affinity of the reported ligand for the metal ion.
lyzing mixtures of unknown compounds for their affinitytoa This means that one can actually tune the ligand-exchange
metal ion, the ESI-MS system may provide additional struc- reaction, depending on the application (see below). Several
tural information about the unknown ligands as well. parameters influence the response of the sy$ié e.g.,
Low-affinity ligands show low or no complex formation, the solvent pH, as discussed above, and the ratio between
whereas high-affinity ligands form complexes with the metal the metal ion and reporter ligand concentrations. A signifi-
ion. Therefore, the relative affinity of a ligand for the metal cantexcess of reporter ligand increases the background signal
ion can be derived from the changes in the ESI-MS trace of resulting in a higher noise. An excess of metal ion results in
the free reporter ligand concentration or the dissociation of unoccupied ligand binding sites leading to a reduced release
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Fig. 3. Direct-injection—ligand exchange-MS experiments with specific ligands. Numbers indicate the traces of protonated ligands injected.; (8) ED
4-picoline; (3) benzimidazole; (4) nicotinamide; (5) 1,10-phenanthroline; (6) 5-methyl-1,10-phenanthroline; (7) 4,7-dimehtyl-1,10yulieeaft, indicates
the reporter ligand trace (2;Ripyridyl, [M+ H]*; m/z 157) and C, indicates the complex related trace ([Cu(II}{Bigyridyl)(HCO,™)]*; m/z 264). Reagent
conditions; 5QuM Cu(ll)-(2,2-bipyridyl)2 in methanol/5 mM ammonium formate (50/50, v/v); flow-rate 2Q@min. Mass spectrometric conditions; SIM
and scan in the positive mode. All ligands had a concentration ofMd@absolute introduced amount 1 nmdlBince EDTA has an overall negative charged
under these conditions, it is not observed in positive electrospray mass spectrometry.

of reporter ligand in the ligand-exchange reaction. For opti-  Another important issue, demonstratedHig. 3, is that
mum response, bidentate reporter ligands were mixed with not all of the injected ligand forms complexes with the metal

metal ions in a concentration ratio of two to one. ions. A fraction of the ligand continues to exist as a free
ligand in solution, and can thus be monitored by ESI-MS.

3.4. Direct-injection-ligand-exchange—ESI-MS with Some relevant traces of the protonated molecules of injected

Cu(Il) ligand are also shown iRig. 3. When dealing with unknown

ligands, this feature can be used for identification purposes.
As a first test of the system, direct injection of some blank  In general, injection of ligands with an affinity to the

solvent, of EDTA, which is a known strong complexing agent metal ion comparable to or higher than the reporter ligand,
for Cu(ll), and some other ligands of interest were performed. €.9., 1,10-phenanthroline, 5-methyl-1,10-phenanthroline,
The ligand 2,2bipyridyl was used as reporter ligand. Some and 4,7-dimethyl-1,10-phenanthroline, resulted in a positive
results are summarized Fig. 3. Upon injection of EDTA, a response in the reporter trace and a negative response in the
positive response is observed in the reporter ligand trace (atcomplex related trace, whereas the low affinity ligand, e.g.,
milz157), indicating that a ligand-exchange reaction occurred. 4-picoline, and nicotinamide, did not show any response in
At the same time, a loss of response was observed in theeither the reporter ligand trace or in the complex related trace
trace related to the Cu(ll)-2:dipyridyl complex trace (at  (cf. Table ). Benzimidazole does show a negative response,
miz 264). No response change was observed upon injectionhowever, the negative signal is related to ion suppression,
of the blank. since a negative response is also observed in the SMC-trace.
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Both low and high affinity ligands are observed at their spe- ands by injection in ligand-exchange systems with different
cific m/z-value as protonated molecules. Additional increas- reporter ligands.
ing responses could be observedndt-values not related To demonstrate this in practice, two ligands with dif-
to the Cu(I)-2,2-bipyridyl complex, but in fact related to  ferent affinity were chosen to serve as reporter ligands. In
the formation of a complex between the injected ligand and each system, a set of ligands with different affinities were
Cu(ll) (or Cu(l), see above). It must be mentioned, that some introduced. Some results of monitoring both the reporter lig-
complexes formed, e.g., the Cu(I)-EDTA complex, are not and at its specifien/z and its complex with the metal ion
observed in positive-ion ESI-MS, because they carry an over-are shown inFig. 4. The data clearly show that the com-
all neutral or negative charge. plex traces related to the metal-reporter complex give dif-
Compared to other high-affinity ligands tested, EDTA ferent responses with different reporter ligandsFlg. 4a,
gives a higher reporter ligand response but a lower responses-methyl-1,10-phenanthroline is used as a ligand of inter-
change of the metal-reporter ligand complexes. A possible est and 2,2bipyridyl as reported ligand. Since 5-methyl-
explanation is that the hexadentate EDTA upon complex 1,10-phenanthroline has a higher affinity to Cu(ll) thari-2,2
formation with a metal ion releases one, two or possibly bipyridyl, a positive response is seen in the reporter ligand
even three bidentate reporter ligands. On the other hand,trace. On the other hand, when 2if#pyridyl is used as a
the bidentate 1,10-phenanthroline ligand, for instance, dis- ligand of interest, no response is observed in the 5-methyl-
places only one reporter ligand. This implies that the choice 1,10-phenanthroline (reporter ligand) trace (Beg 4b).
of the reporter ligand can also have a distinct influence on  Upon injection of benzimidazole as a ligand, a negative
the sensitivity of the system as a detector for the injected response was observed in the metal-reporter trace, as indi-
ligands. In this respect, the number of coordination sites of cated by the arrows iRig. 4a and b. This decrease in response
the metal ion and especially the nature of the reporter ligand is not corresponding with ligand-exchange, but is due to ion
as a monodentate or polydentate ligand is very important. suppression. A similar decrease was observed in the trace of
With a monodentate reporter ligand, a bidentate ligand of the system monitoring compound (data not shown).
interest may (depending on kinetics and steric hindrance) It is tempting to qualitatively or even quantitatively cor-
in the ligand-exchange reaction release two reporter ligandsrelate the relative intensity of the response with the relative
and therefore enhance the response of the ligand-exchangstability constants, i.e., to investigate whether a ligand with
detection, measured from the change in the reporter liganda higher affinity results in a higher release of reporter ligand.

concentration, by a factor of two. Table 2displays the limit of detection (LOD) for the differ-
ent injected ligands with both ligand-exchange reactions. It
3.5. Tuning selectivity is clear that under the given conditions similar concentra-

tions of low affinity ligands will not give a response in the

In the past, ligand-exchange reaction detection systemsligand-exchange detection method, whereas the high affin-
based on fluorescence detection were descri284] ity ligands do. While a qualitative correlation appears to be
Compared to such a system, the proposed method based onbserved, drawing conclusions must be done with great care,
ESI-MS has major advantages in a greater freedom in choos-because the actual response is the result of various interre-
ing the reporter ligand. The ability to protonate or deprotonate lated parameters. As indicated above, the relative release of
a ligand for ESI-MS detection is more common than the reporter ligands is determined by the character of the injected
presence of a fluorophore in the ligand. In applications of ligand (mono- or polydentate) and of the reporter ligand. In
the ligand-exchange reactor for the monitoring of biologi- addition, the ESI-MS response of a certain concentration of
cal reactions, this advantage will be even more pronounced,the reporter ligand might be influenced by other components
because in such cases often derivatization had to be applied ton the mixture, i.e., a certain injected ligand might result in
enable fluorescence detection of the relevant reporter ligandsa relative suppression of the reporter ligand response with-
[19]. out acting as a clear ion suppression agent. In addition, some

The greater flexibility in the choice of the reported lig- of the complexes formed will have no net positive charge
and can actually be exploited to tune the selectivity of the and are not detected by positive-ion ESI-MS at all. A com-
ligand-exchange detector to include or exclude ligands with plete quantitative assessment of the responses obtained in the
relatively low affinities for the metal ion. For instance, when ligand-exchange reactor is beyond the scope of the present
a reporter ligand with a moderate affinity to the metal ion study.
is chosen, all injected ligands with an affinity higher than
the reporter ligand (at a certain concentration) will give a 3.6. LC-ligand-exchange—ESI-MS with Cu(Il)
response in the ligand-exchange detector. On the other hand,
when a high-affinity reporter ligand is chosen, some of the A possible application area of the ligand-exchange ESI-
ligands giving response in the system with the moderate- MS detection system is in the screening of (complex) mix-
affinity reporter ligand, are not detected anymore by the tures, e.g., combinatorial libraries, biological samples, or
ligand-exchange detection system. This opens the possibilitynatural extracts, for ligands with particular affinities to cer-
to actually determine relative binding affinities of new lig- tain metal ions. This might for instance be useful to screen
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Fig. 4. Responses of the ligand-exchange detection of injections of ligands with different affinities for Cu(ll). Numbers indicate the tracestfthligands
injected. (1) EDTA (K> KgrL), (2) benzimidazole, (3) nicotinamide, (4) 2{@pyridyl, (5) 5-methyl-1,10-phenanthroline. Two different ligands are chosen
as reporter ligand (RL). (a) Reagent conditionspB0 Cu(l1)—(2,2 -bipyridyl), in methanol/5 mM ammonium formate (50/50, v/v); (R) = RL ='2hBoyridyl
([M+H]*; mlz 157); (C) = complex related trace (Cu(ll)(2&ipyridyl)(HCO,™)]*. (b) Reagent conditions; 30M Cu(ll)—(5-methyl-1,10-phenanthrolinel)

in methanol/5 mM ammonium formate (50/50, v/v); (R) =RL =5-methyl-1,10-phenanthroline ([M:+Hl} 195); (C) =complex related trace (Cu(ll)(5-
methyl-1,10-phenanthroline) (HGO)]*;" reporter ligand in the other experiment. All ligands had a concentration ofulD(absolute introduced amount

1 nmol).

for inhibitors of metal-containing enzymes or other metal- To test the efficacy of on-line LC—ligand-exchange—ESI-
based homogeneous catalytic systems. Screening of compleMsS detection, various experiments were performed. Gradient
mixtures can be performed via an on-line coupling with elution, with either methanol or acetonitrile as organic mod-
LC in order to separate the mixture prior to introduction ifier, was used to obtain an acceptable separation of a test
into the ligand-exchange reactor. Because a fraction of themixture of ligands. Although both acetonitrile and methanol
ligand introduced in the reactor is not involved in the ligand- can be used as organic modifiers, methanol is used in further
exchange reactor, on-line ESI-MS and MS-MS detection on-line LC experiments.

enables the identification of the unknown compounds in a  Fig. 5 displays the chromatogram obtained when a test
mixture with affinity to the metal ion. This can be performed mixture of ligands with different affinities to Cu(ll) is ana-

in the same run. lyzed by means of the LC-ligand-exchange—ESI-MS detec-

Table 2
Estimated limit of detection (LOD) (signal-to-noise ratio (S/N) = 3) for ligand-exchange detection of the different ligands using two differtattligands
with corresponding different affinities

R.L.: 2,2-bipyridyl R.L.: 5-methyl-1,10-phenanthroline
Introduced ligands S/N (19oM) Estimated LOD (.M) S/N (100.M) Estimated LOD (.M)
4-Picoline N.D. - N.D. -
Benzimidazole N.D. - N.D. -
Nicotinamide N.D. - N.D. -
2,2-Bipyridyl R.L. - N.D. -
1,10-Phenanthroline 5.17 57 4.57 66
5-Methyl-1,10-Phenanthroline 4.62 65 R.L. -
4,7-Dimethyl-1,10-Phenanthroline 4.13 73 3.68 81
EDTA 13.2 20 19.8 15

R.L., reporter ligand; N.D., not detectable. The LODs are based on the response of the reporter ligand.
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Fig. 5. LC-ligand-exchange—ESI-MS chromatogram for ligands with an affinity for Cu(ll). (R), reporter ligand trace ((Mm#/tH157); (C1), [Cu(ll)(2,2-
bipyridyl)(HCO,™)]* and (C2), [Cu(ll)(2,2bipyridyl)2(HCO, )] *. LC conditions; 100 mnx 2 mm I.D. C8 (3um particles). A gradient ran from 100% A to
100% B in 2 min and remained stable at 100% B for 10 min at a total flow ofl@®in. A, methanol/5 mM NHHCO, (pH 6.3) (35/65, v/v); B, methanol/5 mM
NH4HCO; (pH 6.3) (50/50, v/v). Reagent conditions; @® Cu(l1)(2,2 -bipyridyl), in B. The injected mixture contained: (1) 2-(aminomethyl)-pyridine; (2)
nicotinamide; (3) benzimidazole; (4) 4-picoline; (5) 1,10-phenanthroline; (6) 5-methyl-1,10-phenanthroline; and (7) 2,9-dimethyl-hitHaiiee. All
ligands had a concentration of 1@M (absolute introduced amount 1 nmol).

tion method. In this experiment, 2;Bipyridyl was chosenas  Lewis acid in biological systems and is involved in all kind of
the reporter ligand. biochemical reactionl7]. Compared to Cu(ll)-complexes,

In the top trace inFig. 5 the reporter ligand trace Zn(ll)-complexes are generally weaker, which might pose a
is given, showing response changes upon elution of lig- challenge in the ligand-exchange detection.
ands with higher affinity to Cu(ll). In the middle, a trace The setup used in monitoring Zn(ll)-related ligand
related to the Cu(ll)-reporter ligand complexes, also show- exchange is identical to the one used in the detection for
ing response changes upon elution of ligands with higher Cu(ll)-related ligand exchange (skfg. 1). Like with Cu(ll),
affinity to Cu(ll). The lower traces show a ‘conventional’ also Zn(ll)-complexes can be easily recognized by means
LC—ESI-MS chromatogram of the separated ligands in the of their specific isotope pattern. Preliminary experiments,
mixture. Peaks that show up in the lower trace, but do not such as a study of the complex formation profiles and direct
appear in the upper two traces, correspond to compoundsnjections of ligands with different affinities for Zn(ll), were
with a low affinity to Cu(ll), e.g., nicotinamide and 4-picoline  performed (data not shown). This demonstrated that a sys-

(cf. Table 7). tem based on Zn(ll) can be developed with the same ease as
a system based on Cu(ll).
3.7. LC-ligand-exchange—ESI-MS with Zn(II) Fig. 6 shows a chromatogram obtained after LC sep-

aration of a test mixture of ligands and a zZn(ll) ligand-

Most of the results discussed in this paper were obtained €xchange—ESI-MS detection. The same type of traces are
using Cu(ll) as metal ion. Obviously, the ligand-exchange shown as inFig. 5 for the Cu(ll) system. Again, we only
detection principle is not limited to the use of Cu(ll) alone. detect a positive increase in the reporter ligand trace and an
LC-ligand-exchange—ESI-MS detection based on reactionsdecrease in signal in the metal-reporter ligand complex trace
of phosphopeptides with Fe(lll)-MCB (methylcalcein blue) when a ligand of interest was present which had a higher
complexes was reported earligh0]. Some of our results  affinity to Zn(Il). Under those conditions a ligand-exchange
with Zn(Il) are discussed in this section. Zn(ll) is a common reaction occurred.
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Fig. 6. LC—ligand-exchange—-ESI-MS chromatogram for ligands with an affinity for Zn(ll). (R), reporter ligand trace ([Mmk]157); (C), complex
related trace [Zn(I1)—(2,/2bipyridyl)(HCO,~)]*. LC conditions; 5mmx 1 mm 1.D. Phenomenex Luna C18(2)(& particles). A gradient was operated at
50L/min between pumps 1a and 1b. The gradient ran from 20% B upto 85% B in 6 min where A was, methanol/54/I@0®BI (pH 6.3) (20/80, viv);
B, methanol/5mM NHHCOO (pH 6.3) (80/20, v/v). Reagent conditions; 8@ Zn(l1)—(2,2 -bipyridyl), in methanol/5 mM NHHCOO (pH 6.3) (50/50,
v/v). The injected mixture contained: (1) 2-(aminomethyl)-pyridine; (2) nicotinamide; (3) pyridine (also SMC); (4) 4-picoline; (5) 1,10ptodinani6)
5-methyl-1,10-phenanthroline; and (7) 4,7-dimethyl-1,10-phenanthroline. The concentration of the ligands pgd€olute introduced amount 1 nmol).

In general, the LC mobile-phase composition mightinter-  The use of ESI-MS for detection allows a free choice of
fere with the ligand-exchange detection. For instance, LC reporter ligand, and therefore the affinity of the reporter lig-
performed under acidic conditions caninterfere since aligand and to the metal ion, compared to other approaches, e.g.,
may be protonated under these conditions. Buffer comaptibil- based on fluorescence detection. Additionally, MS provides
ity issues may be overcome by choosing a suitable buffer the possibility to monitor not only the reporter ligand, but
in the ligand-exchange reaction to control the pH of the also dissociation of metal-reporter ligand complexes and
ligand-exchange reaction. Of course, the current methodol-formation of metal-ligand of interest complexes. Moreover
ogy requires compatibility of the buffer used with electro- information about the ligand of interest can be obtained This
spray MS detection. is especially interesting when dealing with unknown ligands.

During method development, direct-infusion experiments

provide insight in the identity of the complexes formed

4. Conclusions under different experimental conditions, e.g. with respect
to solution pH, organic modifier content, and mixing ratios

In the present paper, we have demonstrated that by on-linebetween metal-ions, reporter ligand, and the ligand inves-
coupling of the ligand-exchange—ESI-MS detection with an tigated. The selectivity of the ligand-exchange detection
LC separation, it is possible to screen mixtures of ligands method can be tuned by the choice of the reporter ligand.
for their relative affinity to a particular metal-reporter ligand This is demonstrated by using either "20@pyridyl or 5-
complex. Although the interactions of selected ligands with methyl-1,10-phenanthroline as reporter ligands. In case that
Cu(ll) and Zn(ll) was investigated, the approach can be con- the system should be used for the screening of low affinity
sidered as a template to study selective interactions betweernalytes it is preferable to use a low affinity reporter ligand
other ligands and other metal ions in a similar way. for detection. The same strategy should be followed when
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screening of low concentrations of high affinity ligands is [3] M. Gaub, A. von Brocke, G. Roos, K.A. Kovar, Phytochem. Anal.
considered. 15 (2004) 300.
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In IMAC, where all ligands are exposed to the immobilized L.S. Wang, J. Chem. Phys. 116 (2002) 6560.
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