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Abstract: The diversity of compound collections re-
quired for finding lead structures in pharmaceutical
research can be provided by means of combinato-
rial organic chemistry. The resultant enormous
number of single compounds but also of com-
pound mixtures represents a challenge for the ana-
lyst. With the introduction of Fourier transform ion
cyclotron resonance mass spectrometry (FTICR-MS
or FT-MS), a new and, as yet, not widespread mass
spectrometric technique (a means of analysis of
such compound libraries with a very high mass
resolution) high mass accuracy and high sensitivity
has become available. Moreover, in combination
with electrospray ionization (ESI), not only high-
throughput measurements via flow-injection analy-
sis (FIA) but also coupling with separation tech-
niques such as high-performance liquid chroma-
tography (HPLC) or capillary electrophoresis (CE) is
possible. Structural verification by way of decom-
posing ions (MS"; n = 2) using a variety of different
dissociation techniques can be performed by
FTICR-MS. This is the first review specifically cov-
ering applications of FTICR-MS in the field of com-
binatorial chemistry. © 2001 John Wiley & Sons, Inc.
Biotechnol Bioeng (Comb Chem) 71:149-161, 2000/2001.
Keywords: FTICR-MS; combinatorial chemistry; li-
brary; mass spectrometry; single bead analysis; re-
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INTRODUCTION

natorial chemistry, both on solid ph&seand in solu-
tion” enables the synthesis of either single compounds
and compound collections in the form of mixtures.
The rapid and meaningful analysis of these compound
collections is required because well characterized
compounds are preferred for biological tests in high-
throughput screenind.

Electrospray ionization mass spectrometry (ESI-
MS) and high-performance liquid chromatography
electrospray ionization mass spectrometry (HPLC-
ESI-MS) have previously been shown to give reliable
information on molecular mass even for extremely
complex peptide librarie$? Presently, mass spec-
trometry offers the best potential for researching com-
plex compound collections produced by combinatorial
synthesis:>** In the wide field of MS methods,
FTICR-MS is especially able to characterize single
compounds in complex mixtures with high sensitivity
because of its very high mass resolving power and
mass accuracy. In combination with an autosampler
this method is suitable for high-throughput analysis.
For this reason FTICR-MS is able to widen the ana-
lytical bottleneck and to keep pace with high-
throughput synthesis and high-throughput screening.

PRINCIPLES IN FTICR-MS

Combinatorial chemistry and high-throughput synthe-
sis'*have been established as key technologies in thiatroduction
lead discovery and lead optimization process. Combi-
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In the wide field of mass spectrometry, FTICR-MS
attracts attention because of its combination of high- to
ultrahigh mass resolution and very high mass accu-



racy. This versatile technique is not only applicable incause permanent magnets and electromagnets only
organic, inorganic, and physical chemistry but also inproduce weak magnetic field strengths. With increas-
biotechnological researc. Although, in principle, ing magnetic field strength however, the performance
any internal or external on-line or off-line source canof the FTICR-MS instrument improves. Thus, the
be utilized for sample ionization, the combination with mass resolution is directly proportional to the mag-
electrospray ionization (ESI) or matrix-assisted lasenetic field strength and the highest mass to charge ratio
desorption/ionization (MALDB3®*** is usually en- (m/g) that can be determined in the analyzer cell in-
countered. It is only recently that a new MALDI creases with the square of the magnetic field. This has
source has been developed especially for FTICRled to the use of increasingly strong superconductive
MS.*> Automated sample introduction to facilitate magnets and instruments employing magnets with
high-throughput analysis is simple with the on-linefield strenghts of 11.5 T (Test)or even 20 ! have
technique of ESF but is also possible with the off-line been constructed. Generally, superconductive magnets
MALDI ionization method*’ The capability of ESI to  with magnetic field strengths of 3.0 T, 4.7 T, 7.0 T, or
ionize compounds at atmospheric pressure makes &4 T are used. Liquid helium is required to maintain
amenable to coupling with high-performance liquidthe coil at a temperature of 4.2 Kelvin. Ancilliary
chromatography (HPLCG$*81%and capillary electro- equipment such as rotating pumps, computers, etc.,
phoresis (CEF®~?*The analyzer ceff can be used as have to be protected against the strong magnetic field.
reaction chamber for ion/molecule reactiGhand The magnet can be shielded either passively with iron
multiple-step ion fragmentations may be performedplates or actively by applying a compensatory mag-
for structural analysis. To this end, several techniquesetic field.
are available: infrared multiphoton dissociation The heart of FTICR-MS is the analyzer cell. Here
(IRMPD)?*>?®surface-induced dissociation (SIBY?®  the ions are trapped, exposed to the magnetic field,
blackbody infrared dissociation (BIRDBY, ultraviolet  forced into their cyclotron motion, analyzed, and de-
photodissociation (UVPDJ° collision-induced or col- tected. The use of a cell to trap ions enhances the
lision-activated dissociation (CID or CABYand elec- possible time of detection and thus sensitivity and
tron capture dissociation (ECB¥. resolution. The cell is located in the homogeneous
Since its introduction in 1974 by Comisarow andregion of the magnetic field. In contrast to NMR
Marshall®3interest in FTICR-MS has increased stead{nuclear magnetic resonance) spectroscopy, the mag-
ily and consequently, the number of instruments inet is mounted horizontally and has a wide bore to
stalled worldwide. Though the principle of ICR-MS is accommodate the analyzer cell. The function of the
not new>* it is only since the advent of the ionization analyzer cell is best demonstrated with a cubic*@ell
techniques of ESI and MALDB#**that it has drawn (Fig. 1) although numerous other different designs
the attention of peptide and protein analysts. Amongcylindrical, orthorhombic, etc.) have been bdiit.
the numerous reviews published, Marshall et®dnd  Three opposing pairs of plates forming the cube are
AmsteP® give a good overview and introduction in positioned such that one pair (trapping plates) lies per-
this technique. Further, there are several books whichendicular and the other two pairs (excitation and de-
deal especially with FTICR-M8%38 tection plates) parallel to the magnetic field lines. In

Apparatus

Considering the components of this technique, it is
clear that not only the analytical features of very high
resolution and very high mass accuracy that distin- &
guish FTICR-MS from other kinds of mass spectrom-
eters. For the operation of FTICR-MS, the system is
equipped with three main components: a superconduc-
tive magnet, an ultrahigh vacuum system, and an ana-

lyzer cell?®
To force the ions in their corresponding cyclotron = _
motion a magnetic field is necessary, provided either ———{ magneic fiela|- i

by a per_manent magnet' an elegtromagnet, ora SLqu{ii]ure 1. Scheme of a cubic analyzer cell. The cyclotron motion and the
conductive magnet. The latter is generally used beexcitation process is shown schematically.
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one of the trapping plates is an orifice through whichmotion in a plane perpendicularly to the magnetic
ions can enter the cell (Fig. 1). lons are trapped andield, the so-called cyclotron motion. Movement of
stored for up to hours in the cell by applying a smallions parallel to the magnetic field is not influenced by
voltage to the trapping plates (usually +/- 1-2 Volts,this field. Each ion rotates with its typical frequency in
depending on the polarity of the ions). At the samerespect to its mass-to-charge-ratio/¢), the so-called
time the excitation plates and the detection plates areyclotron frequency. This frequency lies in the range
held at ground potential. The function of the remainingof several kilohertz to several megahertz. The third
two plates are described below. motion, called magnetron motion, which is centered
The third component is the ultrahigh vacuum sys-around the cell axis, arises from the combination of the
tem. Although all types of mass spectrometer requirenagnetic and the electric field. The combination of
vacuum, FTICR-MS is most sensitive in this respectthese three motions leads to a complex three-
As mentioned above, ions can be stored for long pedimensional movement of ions in the analyzer cell.
riods in the analyzer cell. Long dwell times of ions in
the cell are only possible in a very high vacuum be-
cause residual gas molecules from air disturb the mdeyclotron Motion
tion of the ions and so shorten the time for analysis andrh i i £ due t i i
detection. To perform ultrahigh mass resolution analy-. € cyclic motion of 1ons due 1o a strong magnetic
sis, a pressure of I®to 10'° mbars is necessary in field ;i.ﬂ;e basis of ETICR'MIS' errﬁ we elxplaln na
FTICR-mass spectrometry. Such a vacuum is provideﬁggp' led manner the principle of the cyclotron mo-
by turbo molecular pumps or cryogenic pumps. In the ™ L . .
case of ESI, in which solutes are ionized under atmo- In a magnetic field, ions of chargey and velocity

spherc presure, Several pup siges e requred (202118 e Loeni (R, €6, () perer
overcome the enormous pressure difference from io les y 9

introduction to ion detection.

F.=q-v®B D
lon Motion L . .
The Lorentz force is directed inward and is coun-
lons describe three discrete forms of motion in theterbalanced by the centrifugal fordg,, which is di-
analyzer cell: trapping motion, cyclotron motion, andrected outward (Fig. 3) and defined by the ion mass

magnetron motion (Fig. 2). After injection into the the ions velocityv,, in the x-y-plane and the orbital
cell, ions undergo harmonic oscillations in the electricradiusr [Eq. (2)].

field between the trapping plates (trapping motion).
Simultaneously, ions in the analyzer cell are exposed m- V2
to the strong magnetic field and undergo stable cyclic F,= 2

m,
2netic fielq
Ce” aXis aXis

trapping motion

cyclotron motion
5 kHz - 5 MHz

"‘magnetron motion
1-100 Hz

Figure 3. Cyclotron motion of ions in the magnetic field induced by the
Figure 2. Scheme of the three ion motions in the analzyer cell. counterbalance of the centrifugal forEe and Lorentz forcd-, .
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Thereby, positive-charged ions rotate counterclocknal, the ions must be excited by applying a sinusoidal
wise and negative ions rotate clockwise (viewed in thesoltage with the excitation plates (transmitter), which
direction of the magnetic field lind) (Fig. 3). By lie parallel to the magnetic fiefd (Fig. 1). The ener-
equating Equations (1) and (2) and introducing thegetically distributed ions of the sanme/q are coher-
frequency componeni. via the rectangular velocity ently excited as in “ion packets,” in which at least 100

w, shown in Equation (3), combined ions of onen/gare necessary to generate a
2 measurable signdf: The coherence of an “ion-packet”
w="Y=9m ©) is only stable over a long period if the magnetic field
Cc

r is sufficiently homogenous and a pressure of °10

the so called cyclotron Equation (4) is obtained, whichmbar orulower prevails in the cell. Otheryv!se the_ lon-
ackets” would be decomposed by collisions with re-

describes the relationship between the ions mass-t&:

; . idual air molecules. For the ion-detection principle
charge-ration/q and the cyclotron frequenay: sidua .
g d y g Comisarov® suggests the model of a rotating mono-

g-B pole (Fig. 4).

YT i m (4) Always when one “ion-packet” passes near the de-
o _ tection plates (Fig. 1) an “image-current” is induced in

Cyclotron motion is characterized by a cyclotron e two plates by attraction (positive-ion detection) or
frequencyvc and each ion of a certaim/q is thus  repyision (negative-ion detection). The result is an al-
characterized by its typ!cal cyclotron frequency. Itternating voltage which fades away with time (tran-
should, however, be pointed out that the measuredient. In this electric magnetic wave (time-domain)
frequency is not strictly identical with the cyclotron e cyclotron frequencies of all ions are contained

frequencyv. but in reality equal to the difference be- (multichannel principle). By accumulation of tran-
tween the cyclotron and magnetron frequency, the lat-

ter being dependent upon the trapping potential. This ~
discrepancy can affect the mass accuracy of a mea- <>
pancy y

surement.

lons with differentm/q can be analyzed, detected,
and separated by way of their different cyclotron fre-
guencies. Becausg. is inversely proportional ton/q,
the smaller the mass-to-charge-ratio, the higher the -1.11
corresponding cyclotron frequency. The cyclotron fre- @ %
quency depends only upon the ion’s chaggiés mass
m and the magnetic fiel&, which, in general, is con-
stant. In this respect FTICR-MS is unique compared
with other mass spectrometry techniques. Because the
velocity of the ions plays no role, translational energy
focusing as encountered in all other types of mass
spectrometer, is not necessary. In addition, the path
length described by ions during rotation within a mea-
surement can amount to several kilometers, in contrast
to a magnetic sector field instrument, where the ion
pathlength is a maximum of a few meters Iofig.

receiver

rotating

111
® monopole
Signal Generation y

After introduction, the ions are stored in the analyzer
cell using the trapping plates (Fig. 1). Simultaneously,
they start their cyclotron motion because of the mag-
netic field. Under these initial conditions the ions are ~
distributed statistically in the cell. lons with the same c—>

m/q have the same cyclotron frequency but different electrons

energies and Consequently different velocities in th(:"ir:igure 4. Signal generation induced by the rotating monopole. As a
orbits and different radii. To obtain a measurable Ssig-esult, an “image-current” is produced.
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Figure 5. Obtained time-domain signal (transient) and its conversion into a mass spectrum using the algorithm Fourier transformation (FT).

sients, the signal-to-noise-ratio can be improved by th8ecausey. is inversely proportional ton/q[Eq. (4)],
factor of n¥2. This complex signal is then converted the resolutiorR-,,,\, also varies inversely with mass-
from the time-domain to the frequency-domain byto-charge-ratio. Using the heterodyne mode, a narrow
Fourier transformation (FT). Employing Equation (4) range around the sample frequency can be measured
and with constant magnetic field, the frequency specwith a long transient duratioi and thus still higher
trum can be converted into a mass spectrum (Fig. 5yesolutions than in the commonly used broadband
mode can be obtained:®°
Resolution Using ESI for ionization, a highly symmetrical and

In general, maximum attainable resolution is desire&lgh-molgcuIar-welght pgrylene bisimide pIatmum
complexX®was measured in the heterodyne mode with

in all analytical techniques to enhance the signal ca- . .
pacity for a given detection range. Fourier transform® Ezsrzrsi?\?é%tliosgg L:g t%ﬁg?r’locgotégvf\i/ye'}@bl25;3“;
ion cyclotron resonance mass spectrometry is capablcem [M-5(F.CS _)]58 ispshown 9
of extremely high mass resolution, much higher than 3= = . -

Even the isotopic pattern of multiply-charged poly-

other mass spectrometric techniques. . :
There are two modes of detection. The most compeptICIeS or proteins of up to several kDa can be re-

mon. the broadband mode. allows detection over golved. The isotopic distribution gives information
wide m/q range. Mass resolutions of up to 200,000abOUt the charge state and consequently about the mo-

(FWHM, full width at half maximum) can be achieved '€CUlar mass of the sample.

for low values ofm/q Still higher mass resolution-up

to millions-can be achieved in the heterodyne detecMass Accuracy

tion mode (narrowband detection, mixer mode). N _ _

This very high resolution is a consequence of thd" addition to the very high mass resolution, FTICR-
simplicity of the cyclotron equation [Eq. (4)], which MS is able to def[ermlne ions with a very hlgh_ mass
has been explained above. As shown in equation (SCcUracy. The difference between the experimental
the resolutionReyy,, iNCreases both with increasing MaSSMex, and calculated mass,c is generally ex-

transient duratio and with increasing cyclotron fre- remely small. Mass accuracy is usually defined as
quencyvc. shown in Equation (6).

e T alc — Mex
Rewnm = UT (5) mass accurac{ppm) = Meare " Mexp 4 6

(6)

alc
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tions, the mass accuracy also depends partially on the

r.i.: ! [M-5(F,CSO,)]*s resolution. Other possible interfering factors such as
] 3 3 magnetic field inhomogeneit§ or magnetic drift® do
0.8 1 not reduce mass accuracy when using superconductive
] magnets.
0.6 1
04 ] FTICR-MS IN COMBINATORIAL CHEMISTRY
N To date relatively few articles dealing with combina-
0.2 ] $ torial chemistry in combination with FTICR-MS have
1 g been puplished. These articles, however, do exemplify
0.0 MM%J why FTICR-MS is a valuable analytical technique in

combinatorial chemistry.

T T T

1484.3 1485.3 1486.3 m/z Investigation of Compound Collections
Figure 6. Ultahigh mass resolution spectrum of a highly symmetric and (Nonpeptides and Peptides) Produced by

high-molecular-weight perylene bisimide platinum complex. The Combinatorial Chemistry

M-5(F,CSO)]®* ion could be measured up to a resolution of 600,000, . . .. . .
EFWﬁ,\j). 1 P With its capability to measure with a very high mass

resolution and mass accuracy, FTICR-MS is predes-
tined for the investigation of complex mixtures such as

Thus, the mass accuracy of different masses oveahose produced in combinatorial chemistry. Jung and
the wholem/grange can be compared. co-workers validated the synthesis of a library of het-

Accurate mass determination is important for con-erocyclic compounds synthesized by the split-mix-
fident verification of compound identity. With FTICR- method. In a three-step proceddfesix sublibraries
MS the elemental composition of small molecules upcontaining 24 trisubstituted pyrazole carboxylic acids
to 500 Da can generally be reliably determined. Beeach were synthesized. They were analyzed both by
cause the number of possible molecular formulae inFTICR-MS and micro-HPLC-FTICR-MS. Figure 7
creases exponentially with mass and with increasinghows the ESI-FTICR-MS-spectrum of a sublibrary
number of different elements, nonambiguous determithat was obtained using 4-fluorophenylhydrazél
nation of the elemental composition may require aas phenylhydrazine component. All compounds were
mass accuracy of 1 ppm and better. This feature is dbund with a relative mass error of better than 2 ppm.
importance, for example, for the analysis of natural The high resolution of the method is highly advan-
products. Thus, the identity of the synthetic antibiotictageous for this purpose. Compounds with very similar
tetramic acid reutericyclftf with the natural product masses can be detected as well-resolved signals. As an
from aLactobacillus spcould be exactly verified. For example, part of the spectrum is shown (Fig. 8). Two
the product a mass ([M + H] of 350.232683 Da was molecules that differ by only 0.1 amu yielded well-
found. Comparison with the calculated massseparated signals using broadband detection.
(350.232585 Da) of natural reutericyclin leads to a A limitation for the number of compounds in a mix-
mass accuracy of 0.28 ppm. Because of this the ekure that can be measured without previous separation
emental composition £H4,NO, could be determined is due to different ionization probabilities that can
unambiguously. Fourier transform ion cyclotron reso-cause signal suppression. Also isomeric compounds
nance mass spectrometry is able to measure with sugllentical elementary composition) cannot be detected
a high mass accuracy that even the mass of the missinigdividually. In this case HPLC-FTICR-MS is the
electron has to be considered when calculating the iomethod of choice. The results of a micro-HPLC-
mass of a positively charged ion. If the mass of the=TICR-MS measurement on an analogous sublibrary,
electron were not subtracted, the calculated mass abtained by reaction with phenylhydrazihkCl are
reutericyclin would be 350.233134 Da leading to apresented as a contour plot (Fig. 9). Here, signal sup-
relative mass error of —1.29 ppm, which is 1.57 ppmpression could be avoided. On the right side of the
higher than the accuracy of 0.28 ppm mentionedigure, a magnified section shows, among other com-
above. pounds, four brominated compounds (marked with an

In addition to inhomogeneities in the electric field asterisk) identifiable by means of the typical isotopic
due to the trapping voltage and space-charge interaclistribution. Using FTICR-MS we recently analyzed
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Figure 7. ESI-FTICR-MS of a sublibrary of 24 pyrazole carboxylic acids, all of them were detected.

libraries of pyrazolic esters formed by esterificationbasket” method based on a multistage accurate mass
with an alkylating polymet? spectrometric (MAMS) technique as suggested by
Walk et al*® investigated the elemental composi- Wu.>3Here, a compound from combinatorial synthesis
tion of 14 compounds in a sublibrary forming part of was used whereby the complexity of this library was
a split-mix library of 140 different pyrrole amides syn- 25,650. In accordance with the known starting mate-
thesized on Rink amide AM resit. The sample con- rials of the synthesis, only the elements C, H, N, O,
sumption was 1.4 pmol per compound, the averagand S were considered. Using the technigue MAMS
mass resolution 38,000 (FWHM) and the average relathe molecule was decomposed in four fragmentation
tive mass error 1.05 ppm. The same sublibrary wasteps. The small masses of the fragments and conse-
also investigated using HPLC-FTICR-MS. The num-quently their uniqgue elemental composition permitted
ber of plausible elemental formulae was generally onéhe reconstruction of a single possible elemental com-
of two, at a maximum three, when the elements conposition of the original compound. However due to
sidered in the calculation were restricted to C, H, N, Ojnherent problems, such highly complex mixtures are
and S. Such elemented composition studies were alsuf less and less of interest for test purposes.
used for the synthesis control of a library oF The first determination of compounds from dy-
substituteda-Aminonitriles>? Despite the very high namic combinatorial libraries (DCL) using FTICR-MS
mass accuracy of FTICR-MS, the number of possiblevith regard to a fragmentation of the compounds
elemental compositions increases with increasingFTICR-MS/MS) was carried out by Poulsen et®al.
mass and with the number of elements potentially presn DCLs, the library composition is not static but
ent. rather can change by interactions of library members
This can be overcome by performing a “basket in avia covalent or noncovalent mechanisms according to
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Figure 8. Magnification of part of Figure 7. Two adjacent signals are separated by using ESI-FTICR-MS. Compound A shows the isotopic pattern which
is typical for presence of one bromine atom.

the selection pressure exerted by the individual librarynfusion with pneumatically supported ESI in both the
members?® This method, which mimics the situation positive- and the negative-ion mode. A decrease in the
in natural systems, still poses several probléfSor mass accuracy and resolution was observed with in-
example, the number of types of chemical reactiongreasing complexity of the library. As a result, 29
for the necessary equilibrium modulation due to thecomponents (81%) could be identified in the small
reversibility of the reaction is very limited. Poulsen etlibrary, 54 (70%) in the library of medium complexity.
al.>* used monomers derived from amino acids and3ecause of the presence of several sets of isomeric
carrying a dimethoxy acetal and a hydrazide groupcompounds in the most complex library, only 103 sig-
Under acidic conditions these monomers form pseudarals were to be expected from the 120 compounds. Of
peptide macrocyclic hydrazones (Scheme 1). DCLshese 103 signals, 68% could be assigned. Here, rela-
prepared from one monomer contained up to 16 cyclicive mass errors of 10 ppm and better were obtained.
oligomers while a mixture of twvo monomers led to 130Previous and later investigations of this group con-
products. The heptamer was decomposed using collfirmed the capabilities of FTICR-MS for combinato-
sion-induced dissociation (CID) leading to the loss ofrial library characterization®°*
1 to 6 monomer units from the parent ion. The CID Winger and Campafiéinvestigated a library of the
was performed with very little energy, so that no lossoctapeptide [SIIN-X-EKL], where X can represent any
of H,O, NH, or CO was observed. Masses were deof the 19 natural amino acids (excluding cysteine),
termined with a relative mass error of better than 1Qusing positive-ion ESI combined with FTICR-MS.
ppm. In addition, the existence of sequence isomers ifthe analysis of this library of low complexity with
DCLs generated by two monomers was confirmed byFTICR-MS makes sense because the amino acids ly-
FTICR-MS/MS. Later on, this group investigated sine and glutamine differ in mass by only 0.036 mass
DCLs of macrocyclic disulfides in water by also using units. The two relevant components could be resolved
FTICR-MS>® with FTICR-MS without prior HPLC separation. In
Fang and co-worker§ investigated libraries of 36, addition, it was possible to resolve the fifSC isoto-
78, and 120 compounds derived from a xanthene agic signals of the K- and Q-substituted octapeptides
core molecule and 8, 12, and 15 amino acid buildingrom the monoisotopic signal of the glutamic acid (E)
blocks with regard to purity and completeness. Theanalogue. It was also found that the methionine con-
mass spectra of the libraries were determined by dire¢tining peptide was oxidized during processing and/or
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Figure 9. Contour plot of a sublibrary of 24 pyrazole carboxylic acids obtained by performing HPLC-FTICR-MS. The signals of the four brominated
compounds are marked with an asterisk.

M " braries. Even at the relatively low resolution obtained
Meo&“@wwzﬁﬁ;—f@i ”YRH'N with the common broadband detection (R =
ome O R e n=217 20,000), an extremely detailed analysis of the library

. . . . H-Xxx-Xxx-Lys-OH and a semiquantitative data
Scheme 1. Generation of DCLs from amino acids derived monomers . . .
equipped with both hydrazide and aldehyde (protected as a dimethox?ﬂalySIS for a library of 1‘bcompounds was possible.
acetal) functional groups. R represents the amino acid side-chain. Using heterodyne detection and a stronger magnetic

field improved separation of adjacent signals of a more
handling, leading to a nominal molecular mass idencomplex hexapetide library g, = 120,000).
tical to that of the phenylalanine analogue. All the Ramijit et al®®identified the components of a library
results were confirmed by coupling liquid chromatog-containing 19 dodecapeptides simultaneously within
raphy with a quadrupole MS as detector. Later onthe mass windows of 1380-1385 and 1395-1400 Da
Winger and Castof performed a coupling from using direct infusion ultrahigh mass resolution ESI-
HPLC to FTICR-MS and a fragmentation (FTICR- FTICR-MS without a prior separation. Within these
MS/MS) to study a mixture containing eight cyclopep-detection windows an average resolution of 275,000
tides. (FWHM) was achieved, allowing the resolution of
In the same year Nawrocki et &l.studied the de- monoisotopic signals from th&C signals of other

generacy and diversity of selected small-peptide comeonstituents. For example the monoisotopic signal of
binatorial libraries containing f0to 10" compounds the asparagine analogue, which differs only by 0.0189
using FTICR-MS. Experimental mass spectra weranass units from thé3C signal of the aspartate ana-
compared with simulated results to pinpoint where disiogue, could be resolved by measuring with a relative
crimination during synthesis had led to incomplete li-mass error of better than 2.8 ppm.
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Automation (High-Throughput Analysis) mately 15 pmol left sufficient product for subsequent
ibiological testing. Samples were analyzed with an av-
(?rage resolution of 100,000 and an average mass ac-
curacy of 2.63 ppm. The whole procedure is shown in

With the pressure to save time and costs, interest
automation of analysis (high-throughput analysis) an
verification of the data is prevalent especially in the _.
: . . .. “Figure 10.
pharmaceutical industry. Particularly the on-line ion

. . All separated beads were examined, the masses of
sources ESI and APCI (atmospheric pressure ChemIC%I 18 compounds were found and the elemental com-
ionization) but also the off-line source MALDI are X

amenable to coupling with an autosampler. ES| an(§)osition calculated automatically. The position of each
' compound in the vial rack was assigned. With the

APCI also can be used to monitor the eluent of an ) .
automated HPLC. Though these techniques are fré_esolutlon used, the calculation programme creates up

quently used with other types of mass spectrometel four possible formulae for each compound. The
FTICR-MS is the first choice (albeit the most expen_correct formula was determined by common exclusion

sive) because of its outstandingly high mass resolutioft!/€S: A further example for the high resolution of the
and mass accuracy. FTICR-MS in the automated mode is given in Figure

Walk et al'® was one of the first investigators to 11. The zoomed spectrum shows the typical isotopic

perform high-throughput analysis with FTICR-MS by Pattern causelg by two bromine atoms.
coupling an automatic sample injector with ESI as Tutko et al-” also used automated FTICR-MS and

ionizing interface. The sampling rate was one mea2dditionally FTICR-MS/MS analysis to determine a
surement every 2 minutes leading to a throughput o20-compound library using the off-line ion source

300 samples per night. The subsequent data processiMfA\LDIl. The samples were deposited on an auto-
was also automatica”y performed. indexed mUItlpIe Sample (A'MS) disk which is rotat-

Similarly, Bandel et af® screened single com- able. To enhance the accuracy of mass determination,
pounds produced by the split and combine strategynultiple ionization techniques simultaneously (MITS)
following cleavage from a single bead (single-beadvere used. Here, the mass reference ions were gener-
analysis). As an example, a pyrrolidine library of 18ated by electron ionization (El), while the analyte ions
compounds was synthesized on monodisperse Wangere generated by MALDI. Thus, no prior mixture of
resin. Single-resin beads were separated by a micrdhe reference and sample compounds is necessary. The
manipulator and transferred into HPLC vials. After 40 analyses for the 20 compounds (MS and MS/MS)
cleavage from the resin the heterocyclic products wereould be performed within 1 hour. A relative mass
analyzed automatically by ESI-FTICR mass spectromerror of better than 5 ppm (fragments better than 8
etry. The very low sample consumption of approxi-ppm) was obtained.

423.091792 425090564

resin bound library . !
selection of
single beads FTICR-MS _—
cleavage from measurement
one bead_ SO|Id support 424.097007 428 NAJSEQ
) |
one compound me aw 250 50 iz
calculation of
oo e eco cooc o oo Br H COOH element'all
composition
ceco o w o e o oc oo ONO
L 14 f
positional assignment of determination measured mass [M+H]*: 423.091396 Da
all compounds of rack position molecular formular: C,gH,3N,O,Br

Figure 10. Single-bead analysis using FTICR-MS and assignment of the vial places.
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Figure 11. Single-bead analysis using FTICR-MS with a resolution of 100,000; upper spectra: zoomed range from m/z 548-554. Left spectra: overview
from m/z 100-1000; sample consumption: 15 pmol; acquisition time: 2 min; elemental compositibhsC,0,Br,.

Screening with FTICR-MS To overcome problems in the direct differentiation of
some BCAIl-complexes because of mass overlab, the
components were identified by means of gas-phase

g . . Sissociation of the complexes using tandem mass
specificity toward enzymes is still a challenge. > S e
Proof of the presence of noncovalent Complexegpectrometry (MS/MS). After dissociation, all inhibi-

in the gas phase using FTICR-MS was namec%Olrs _\;\_/ere |dent:cf|ed;st nEgatl_ve_Ilonts. Ir?e rEIaS,:’ET‘ mé
bio-affinity characterization mass spectrometry ensities were found 1o be simiiar 1o those oblaine

(BACMS).®® A critical point is the comparability of from spectra of the intact complexes and correlated

the stability of specific noncovalently associated mac\Vith the relative binding affinities of the ligands to
romolecular complexes in the gas phase, as measur?cPA” |n.solut|on. Three _|nh|b|tors containing the
in ESI-MS with that in solutior?®7°The advantage is 2MiNO acids glutamine, lysine and glutamate had very
that no radiolabeling, fluorescent tagging, or singleSimilar masses. Nonetheless, FTICR-MS was able to
compound resynthesis is required. resolye the corresponding signals. _ _ '
Wigger et al’® first used FTICR-MS to determine ~ This work was expanded later using L-amino acids
substrate specificity of glutathione-S-transferasend D-amino acids leading to libaries with a complex-
(GST) in a “two-dimensional” combinatorial experi- ity of 289 or 256 compounds, respectivefylt was
ment. The reaction between the electrophilic 1-chlorofound that the addition of hydrophobic groups at the
2,4-dinitrobenzene (CDNB) and components of thePara position of benzenesulfonamide leads to an in-
synthesized library H-Glu-Cys-Xxx-OH, catalyzed crease in the binding constants to carbonic anhydrase
by GST, was demonstrated by the mass shift afteCAll). Further, the chirality of the amino acids ap-
incubation. As result GST was found to be > 95%pears to influence the binding affinity of the inhibitors,
specific to the peptide with Xxx= Gly, the natural such that inhibitors with L-amino acids in their side
substrate glutathione. chain interact with a higher efficiency with the active
The formation of noncovalent protein complexessite of CAll than the inhibitors with D-amino acids.
with mixtures of ligands was investigated by Cheng et Hofstadler et al* utilized FTICR-MS for the simul-
al.”? using ESI-FTICR-MS. Here, the competitive taneous screening of multiple targets against ligand
binding to bovine carbonic anhydrase Il (BCAIl) of mixtures. The binding of five aminoglycosides t6 2
two inhibitors consisting of 7 and 18 acylated tripep-methoxy analogues of RNA, representing the prokary-
tides with carboxybenzenesulfonamide was studiedotic (169 and the eukaryoticl89 rRNA A-site was

In the fields of biological, biochemical, biotechnologi-
cal and drug research, the investigation of substrat
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studied. For a better separation of the signals1®® 9.

analogue was modified with a polyethylene glycol
mass tag. Only complexes of the ligands to the pro-
karyotic RNA model were observed. The high resolu-

tion allows the precise mass determination of the li41.
12.

gand by measuring the difference nwz between the

RNA target and the RNA-ligand complex. This be-
comes especially important when larger libraries of
ligands are tested.

CONCLUSIONS

Fourier transform ion cyclotron resonance mass speas.

trometry is used in combinatorial chemistry for several

purposes. Due to the high mass resolution the methot-

is valuable for the analysis of compound mixtures
without previous separation as well as for coupling to

separation techniques. The high mass accuracy eRg

ables the determination of the elemental composition

of both single compounds and compounds in mixturesio.

A further important property is the low sample con-

sumption, which was exploited, for example, in single-2-

bead analysis. The possibility of automating all thes
operations makes the method suitable for high-
throughput analysis in combinatorial chemistry. Fur-

ther, this technique is used for M@xperiments and 22.

also for screening.

With the increasing recognition of these capabilities?3-

in the fields of combinatorial chemistry and structural
elucidation, the number of FTICR-MS instruments is
growing, with more than 320 having already been in-
stalled world wide’>

We thank R. Jertz for helpful discussions. We also thank G.J.
Nicholson for reading the manuscript.
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