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A model experiment for the ‘on-line’ screening of substrate libraries by enzymes using combinatorial libraries
in combination with electrospray ionization-Fourier transform ion cyclotron resonance (ESI-FTICR) mass
spectrometry has been performed. The reaction between the electrophilic substrate
1-chloro-2,4-dinitrobenzene and components of a H-γ-Glu-Cys-Xxx-OH library, catalyzed by
glutathione-S-transferase, has been monitored. It shows the feasibility of ‘two-dimensional’ screening of
substrate libraries by ESI-FTICR mass spectrometry. © 1997 John Wiley & Sons, Ltd.
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Determining the substrate specificity of enzymes in
biological systems is a major challenge in biological
research, important in biotechnology, the design of
drugs, and the assessment of physiological roles in
biological systems.1 Emerging combinatorial technol-
ogy offers a powerful way to address this challenge.
Although peptide,2 oligonucleotide3 and various small
molecule4–7 libraries have been successfully used to
explore receptor–ligand interactions,8,9 very few studies
have been performed where components of libraries
are enzymatically transformed as part of the combina-
torial experiment.10 This situation challenges the field
of analytical chemistry to develop instrumentation for
the high throughput screening of complex libraries. In
response to these challenges, applications for sophisti-
cated mass spectrometric instrumentation have been
established that allow rapid, sensitive and high through-
put analysis of complex libraries.11,12

Glutathione-S-transferases (GST) are intracellular,
heterodimeric enzymes that play a crucial role in the
detoxification of alkylating agents in the cell.13,14 These
enzymes catalyze the nucleophilic attack of glutathio-
ne(g-glutamyl-cysteinyl-glycine) on a wide variety of
hydrophobic electrophiles, including drugs and envi-
ronmental pollutants, yielding conjugated or trans-
formed metabolites that are less toxic and more easily
excretable. Several electrophiles are used in in vitro
assays as arbitrary electrophilic substrates to determine
the activity of GSTs.15

Consistent with their physiological role, the struc-
tures of the electrophiles that GST accepts are quite
diverse. Nevertheless, different isozymes of GST exist

with different specificities for the electrophile. This is a
common strategy in evolving a spectrum of detoxifying
enzymes in higher organisms. Mammalian liver, for
example, contains a set of isozymes of alcohol dehy-
drogenases that serve as detoxification enzymes; each is
quite broad in terms of specificity, but with the
collection of specificities presumably engineered to
cover the spectrum of possible xenobiotic substances
that might challenge the organism. The assessment of
substrate specificity of enzymes by combinatorial
libraries offers a new alternative for the fast discovery
of natural substrates and inhibitors.

We report here the first example of the use of a
powerful high resolution mass spectrometric method,
electrospray ionization-Fourier transform ion cyclotron
resonance mass spectrometry (ESI-FTICR),16 for
determining substrate specificity in a ‘two-dimensional’
combinatorial experiment involving GST. We report
that this technology permits combinatorial substrate
libraries to be screened for substrate specificity in a
simple experiment without tedious workup.

EXPERIMENTAL

The experiments were performed at the University of
Florida on a Bruker 47e external source FTICR mass
spectrometer (Bruker Instruments Inc., Billerica, MA,
USA) equipped with a shielded, horizontal, room-
temperature, 15 cm inside diameter, 4.7 T super-
conducting magnet (Magnex Scientific Ltd., Abingdon,
England). Ions produced externally to the magnet were
guided into the 170 mm3 cylindrical RF-shimmed
Infinity™ analyzer cell17 using electrostatic ion optics.
The standard external source FTICR instrument has
been previously described18 and only relevant details
are discussed further. The FTICR mass spectrometer
was equipped with an external electrospray source
which utilizes a hexapole ion guide (Analytica of
Branford, Branford, CT, USA). The ESI source was
modified in the laboratory to use a heated metal

*Correspondence to: J. R. Eyler, Department of Chemistry, P.O.
Box 117200, University of Florida, Gainesville, FL 32611-7200,
USA
Contract/grant sponsor: National Science Foundation
Contract/grant sponsor: Swiss Federal Government
Contract/grant sponsor: National High Magnetic Field Laboratory
In-House Research Program

RAPID COMMUNICATIONS IN MASS SPECTROMETRY, VOL. 11, 1749–1752 (1997)

CCC 0951–4198/97/161749–04 $17.50 © 1997 John Wiley & Sons, Ltd.



capillary similar in design to that reported by Ikono-
mov and Kebarle,19 instead of a quartz capillary and
counter-current drying gas.

The Bruker FTICR external source design has two
stages of differential pumping to achieve a factor of 104

pressure reduction between the source and the analyzer
regions. The mass spectrometer was pumped by a series
of cryopumps: an 800 L/s cryopump (N2) pumped the
FTICR external source housing, a 400 L/s cryopump
evacuated the regions between the first and second
conductance limits that contain the electrostatic trans-
fer optics, and an additional 400 L/s cryopump was used
to maintain high vacuum in the analyzer region. After
leaving the ESI source, ions were accelerated by a 3 kV
potential difference and focused through two con-
ductance limits before being decelerated, accumulated
and trapped in the FTICR analyzer cell.

A dual stage ESI source equipped with one 500
L/min mechanical pump on the first stage and a turbo-
drag pump on the second stage was used to reduce the
pressure through the ESI source from atmospheric
pressure to ca. 2 ´ 10–3 mbar. Desolvation of the
charged droplets occurred in a metal capillary heated to
120 °C and biased at ca. 80 volts relative to ground. The
stainless steel capillary was 500 mm i.d. ´ 170 mm long
with a capillary–needle distance of ca. 5 mm. The
pressure after the hexapole conductance limit, in the
normal FTICR external source housing, was 3.6 ´ 10–6

mbar when pumped by the 800 L/s cryopump.

Sample synthesis and preparation

H–γ–Glu-Cys-Xxx-OH-library. A library of H–g–Glu-
Cys-Xxx-OH tripeptides, where Xxx is any natural
amino acid except Cys, Val, Thr, Pro, has been
synthesized according to previously published work,16

with the exception that a Fmoc-Xxx-OH mixture was
directly coupled to the solid support under low racemi-
zation conditions (0.1 moleq 4-dimethylaminopyridine
(DMAP), 3 h coupling time).

For the analysis 0.2 mg library were dissolved in 1 mL
MeOH/H2O/HOAc 49/49/2 and sprayed at a flow rate
of 1 mL/min. For the screening experiment the peptide
library was neutralized in degassed 0.1 M NH4HCO3
and lyophilized.

Preparation of Glutathione-S-Transferase. GST (0.8
mg, 84% Biuret, 83 units/mg protein, Sigma, St. Louis,
MO, USA) from bovine liver was dissolved in NH4OAc
buffer (200 mL, 0.1 M pH 6.5), placed in a MicroCon 10
(Amicon Inc., Beverly, MA, USA) and concentrated by
centrifugation at 4 °C (12 000 rpm, 10–12 min). The
protein was diluted 3 times in 100 mL buffer with
subsequent concentration by centrifugation. The
desalted protein was diluted in buffer (100 mL) and
directly used.

Substrate Specificity Assay. Lyophilized H–g–Glu-
Cys-Xxx-OH library (1.8 mg) was redissolved in
degassed NH4OAc buffer (200 mL, 0.1 M, pH 6.5). An
aliquot of 1-chloro-2,4-dinitrobenzene solution
(CDNB)15 in ethanol (5 mL, 200 mM) was added,
followed by a solution of freshly prepared enzyme (10
mL). After incubation at room temperature (10 min),

the assay mixture was sprayed directly without further
workup at low capillary voltages.

Glutathione was incubated under the above condi-
tions with substrate and no enzyme to make sure that
there is no background reactivity at this pH. Other
negative controls were done with library and substrate
as well as protein and substrate only. A positive control
with commercially available glutathione (0.1 mg,
Sigma), CDNB and enzyme under the above assay
conditions was performed.

RESULTS AND DISCUSSION

GST was chosen as a model enzyme to develop an
experimental setup for a ‘two-dimensional’ substrate
screening which is illustrated in Fig. 1. A library of
glutathione analogs with the structure H–g–Glu-Cys-
Xxx-OH (Xxx being an amino acid) was synthesized.
Not unexpectedly, the disadvantageous esterification of
an amino acid mixture to a solid support yielded an
unequal representation of less than the 19 expected
tripeptides. Val, Thr and Pro did not couple to a
detectable amount. Since this study served the purpose
of showing the feasibility of a concept, the ‘incomplete-
ness’ of the library did not disturb the task here.

Figure 2 (a) shows the ESI-FTICR mass spectrum of
the crude library. The ‘glutathione’-library was pre-
sented to the enzyme in the presence of CDNB. Since
the enzyme was desalted and the reaction was per-
formed in a volatile, quasi-physiological buffer, the
enzymatic reaction could be monitored without further
workup. After brief incubation, the result was analyzed
by ESI-FTICR mass spectrometry.

As shown in Fig. 2 (b), the enzyme selected a single
peptide from the library and catalyzed the reaction with
CDNB to form a product ([Mr + H]+ = 474.1) as
illustrated in Fig. 1. The background peaks in the mass
range of probable products (Fig. 2 (b)) are con-
taminants of the crude library and are identical to the
ones in the crude library (Fig. 2 (a)). The use of 0.1 M

NH4OAc as screening buffer caused an elevated level

Figure 1. Schematic illustration of a ‘two-dimensional’ combinatorial
screening experiment involving glutathione-S-transferase.
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of noise and changed the intensities of some peaks
slightly. Since the high resolution analysis by FTICR
enables us to distinguish between peaks of the same
nominal mass and different elemental composition, it
would be possible to detect product peaks closely
spaced to contaminant peaks, if they were present. The
enzyme itself could not be detected at these high buffer
salt concentrations. Nevertheless the purity and quality
of the heterodimeric protein, consisting of two subunits
with molecular masses of M1 = 25 702 Da and M2 = 25
516 Da, was confirmed by ESI-FTICRMS before the
experiment was done (data not shown). A set of
products was prepared by chemical reaction of the
library with CDNB at high pH, proving that under the
spraying conditions of this experiment all possible
products were detected. Based on this standard, GST is
> 95% specific for the peptide where Xxx = Gly, the
natural substrate glutathione. Were the structure of the
product an issue, CAD analysis of the product peak
would provide information to assign it. A negative
control at pH 6.5 with glutathione, CDNB and no

enzyme excluded the possibility that the observed
reaction is due to a background reactivity of the
thiolate under these conditions (Fig. 3 (a)). The
addition of enzyme led to the expected product
formation and reconfirmed the activity of the enzyme
under these conditions (Fig. 3 (b)).

The experiment provides a simple demonstration of
the feasibility of a ‘real-time analysis’ combinatorial
experiment with GST. The approach is easily applied to
a ‘two-dimensional’ combinatorial experiment, where
two functionalized libraries targeting two substrate-
binding pockets are presented to a protein. After
selection of the best binding substrates of each library a
bond is formed and the higher mass product is analyzed
by ESI-FTICR mass spectrometry or by another
suitable mass analyzer. This methodology enables us to
assess more complex approaches, such as the self-
assembly of functionalized ligand sublibraries in equi-
librium as in a receptor-assisted combinatorial synthesis
experiment20 or in the virtual library concept21 by ESI-
FTICR mass spectrometry.

Figure 2. (a) ESI-FTICR broadband mass spectrum of the H-g-Glu-Cys-Xxx-OH library. The arrow indicates where the
product peak would be, if present. (b) The mass spectrum of the reaction mixture after 10 min incubation of the tripeptide
library with electrophilic substrate (CDNB) in the presence of glutathione-S-transferase.
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CONCLUSIONS

Combining combinatorial chemistry technology with
ESI-FTICR mass spectrometry has provided informa-
tion about the substrate specificity of GST, an enzyme
involved in cancer prevention and cell detoxification
and having an interesting evolutionary history. The
experiment does not require elaborate equipment and
is extremely fast. No isolation of the binding substrates
is required since they can be easily identified by their
higher mass and analyzed by CAD. The special charac-
teristics of FTICR mass spectrometry (e.g. ultra-high
mass resolving power, high mass accuracy) should make
it possible to extend this setup to libraries 1000 times
more diverse than the library used in this model
reaction.
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Figure 3. ESI-FTICR mass spectrum of glutathione after incubation
with CDNB under assay conditions (a) without added enzyme, (b)
with enzyme addition.
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