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Using Electrospray Ionization FTICR Mass
SpectrometryTo Study Competitive Binding of
Inhibitors to Carbonic Anhydrase
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We report a method based on mass spectrometry for the
characterization of noncovalent complexes of proteins with
mixtures of ligands; this method is relevant to the study of drug
leads and may be useful in screening libraries for tight-binding
compounds. It is based on the ability of electrospray ionization
(ESI) l'2 to generateions of intact noncovalent complexes in the
gas phase3-5and of Fourier transform ion cyclotron resonance
(FIICR) mass spectrometr-y6-eto perform m/z-selective ion
accumulation,l0 isolation, and multistage ion dissociation to
obtain structural information about these complexes (including
the identification of the strucrure of the bound ligand). Here
we describe a study of the competitive binding of inhibitors
derived from para-substitutedbenzenesulfonamidesto bovine
carbonic anhydrasetr (BCAII, EC 4.2.1.1) using this technique.
Relative binding constants and structural information for a
mixture of inhibitors can be obtained in a single experiment
using ESI-FTICR-MS.
ESI-MS has been used to detect specific noncovalent biomolecular associations, although questions remain regarding
both possible artifacts and the quantitative accuracy of inferences
about the stabilities of complexes.3.a.rr We have used BCAII
as a model system, since its binding for ligands has been
examined in detail by other techniques.r2'I3 We studied two
sets of inhibitors based on benzenesulfonamide (stnrctures are
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Figure l. (A) Massspectraof the l0* chargestateof BCAII (1.0
4M) and.l8 inhibitors(0.05pM each)in l0 mM NFITOAc(pH 7.0).
(B) Conelationof the relativeion abundances
with the valuesof Kn in
solution. Six of the Ku valuesrepresentthe sum of thosefrom two
inhibitors with the same mass. The relative errors of solution Ku
measurements
were 20-30Va. (C) Massspectraof BCAII (1.0,i,rM)
andfourinhibitors(2 (1. H) = 60 pM,l (2, H) :3.0 pM.2 (6. F) :
1.5pM,1 (3, F) = 0.1pM) in l0 mM NH+OAc(pH 7.0).
shown in Figures I and 2), with binding constants ranging from
1.7 x 106to 1.I x lOe M-r . Noncovalent complexesof these
inhibitors with BCAII gave well-defined ions observable by ESIMS from solutions in 10 mM NFIaOAc.ra Typically, only two
charge states, for example, 9* and l0+ in the positive-ion
mode, were observed; this observation suggestsa tightly folded
structure for the complexes of enzyme with the inhibitor.a When
a mixture of BCAII (1.0 pM) and the 16 inhibitors (equimolar,
each 0.05 pM) of the first series was ionized, we observed ions
corresponding to all complexes.l5 Relative abundancesof the
complex ions were consistent with the binding constantsof the
inhibitors in solution.r6 Adding I (2, F) (the second tightest
binding inhibitor in the frst series) or I (3, F) (the tightest
binding inhibitor) to concentrations of 0.05 pM in an equimolar
mixture of the other 16 compounds (each 0.05 ptM) gave mass
spectra in which the complex from the added components
became the most abundant species. A transition from competitive binding to noncompetitive binding was also observed when
the concentration of the inhibitors was decreasedrelative to that
of the enzyme.
Figure 1A shows the 10* charge state region of the spectrum
from an equimolar mixture of 18 inhibitors (0.05 pM each) with
BCAII (1.0 ptM). The relative ion abundancescorrelate well
with values of K6 in solution (Figure 1B).16 The tightest binding
inhibitor was readily identified in the 16-, I7-, and 18component equimolar mixtures based on ion abundances. We
also prepared a four-component mixture containing inhibitors
with the highest (1.1 x t0e; anA the lowest affinity (1.7 x 106)
from the first series (2 (I, H), 1 (2, H), 2 (6, F), I (3, F)) with
their concentrations inversely proportional to their K5 values;
the four inhibitors formed 1:1 complexes to BCAII with
approximately equal ion abundances(Figure 1C).
The secondseriesof inhibitorsrT (Figure 2), when complexed
with BCAII, also gave ions having relative abundancesthat
parallel their binding constants in solution.r8
(12) Jain,A.; Huang,S. G.; Whitesides,G. M. J. Am. Chem.Soc.1994,
I16. 5057-5062.
( 1 3 )A v i l a , L . Z . ; C h u , Y . - H . ; B l o s s e yE, . C . ; W h i t e s i d e sG. . M . J . M e d .
Chem. 1993. 36. 126-133.
(14) In thesecomplexes,one Zn(II) cation is bound to three His residues
in the active site. The experi-mentwas performedon a 7-T F|ICR system
with an external ESI souice.e
( l5) Due to massdegeneracy,four of the isotopeenvelopesmay contain
contributions from more than one inhibitor.
(16) Gao,J.;Qiao, S.;Whitesides,G. M. J. Med. Chem.1995,-?8.2292230t.
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Figure 2. NegativeESI-FTICRmassspecrraof BCAII (7.0prM)with
inhibitors(7.0pM each)in l0 mM NHaOAc(pH 7.0). The multistep
dissociationexperimentsincludethe following. (A) Mass spectraof
complexions of BCAII with inhibitors(9- chargesrate)beforeion
isolation.(B) Isolationof 9- complexion species
usingrnlz-selective
ion accumulationand subsequent
dissociationof the complexeswith
0.5-srf irradiation(Vpp: 12 V, collisiongas nitrogen-10-7 Ton).
The intensityof the dissociated
inhibitorscorelareswith their binding
affinity. The anow points to them/z of the precursorion that hasbeen
completelydissociated.(C) SWIFT isolationanddissociationof three
of the inhibitorions (from B), Glu-, Lys-, and Gln- at m/z 399-401
(0.5-srf irradiationwith Voo: 12Y andcollisiongasnitrogen-10-7
Ton). The precursorions were attenuated95Vc. New peaksresult
from the fragmentationof the inhibitors.
Two control experiments established that the complexes
observed using ESI-MS were the result of active site binding
in solution. In one, the pH of the solution was adjusted to below
4 using acetic acid; no noncovalent complexes were observed,
and Zn(II) was also lost from higher charge statesof the BCAII
ions (as indicated by a decreasein mass of 63.4 Da\.te This
result is consistent with acid-induced denaturation of the
enzyme.2o The second experiment used a mixture of BCAII
and apoBCAII2r at pH 7 in 10 mM NlIaOAc. Complexes were
observed of inhibitors with BCAII, but not with apoBCAII. The
enzyme-inhibitor complexes were studied by both positive and
negative ESI from the same solutions at pH 7, and the relative
abundance of complexes did not change with polarity of
ionization. Collectively, these results provide strong evidence
that the complexes observed by ESI-MS involving coordination
(17) Synthesisfollowed standardmethods of solid-phasepeptide synthesis. The molar ratios of theseinhibitors were determinedby amino acid
analysisto be (arbitrary scale)Gly (327), Ser (255), Leu (325),Lys @22),
Glx (661), and Phe (329). NMR and MS analysesfound no impuritiesin
the sample.
(18)The valuesof Ku in solution(106 1r4-t;,abundancesof complex
ions (average of five determinations),and abundancesof inhibitor ions
dissociatedfrom BCAII (averageof three determinations)are shown in
parentheses,respectively,after each inhibitor (Figure 2): Leu (110, 100,
1 0 0 ) ; P h e( 1 7 . 8 1 , 6 l ) ; G l n ( 2 8 , ? , 3 2 ) ; L y s ( 5 . 3 ,? , l 5 ) ; S e r ( 4 . 1 . 2 2 . 1 3 ) ,
Gly (3.2, 15, l4); Glu (1.9. ?. .9). The complex ions from inhibitors
Gln, Lys, and Glu could not be differentiatedfrom each othen the sum of
the normalized abundanceswas 29. The values of K5 were measuredby
fluorescencein 20 mM phosphatebuffer at pH 7.5 (Sigal,G. B.; Whitesidei,
G. M. Unpublishedresults).
(19) The value 63.4 Da is consistentwith the replacementof two protons
by Zn(II) upon binding to BCAII.
(20)Wong, K.-P.; Hamlin, L. M. Biochemistrs*
1974, i,3,26'78-2683.
(21) The apoenzymewas preparedby treatmentof a solution of BCAII
(0.2 mgiml-) with 20 mM l,l0-phenanthroline at pH 4 rwice and removal
of Zn(II) throughfilrradon using a microdialysistu6e (Centricon l0). More
than 95Vcof the Zn(II) was removed by this procedure.
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of sulfonamide anion to the active-site ZI(I.I\ ion have structures
related to those in solution.
Some of the inhibitors have very similar masses,and the direct
differentiation of their complexes with BCAII is difficult, even
with the high-resolution capability of FTICR. These inhibitors
(and their relative contribution to the unresolved complexes)
can, however, be identified by gas-phase dissociation of the
complexes through a tandem mass spectrometry experiment
(MS/MS). Dissociation of the m/z-rsolated 9- charge state
complexes produced an 8- ion of BCAII and singly-charged
negative ions of all the seven inhibitors (Figure 2B). The three
inhibitors having similar masses (Gln, Lys, and GIU) could be
distinguished by their exact masses using the high-resolution
capability of the instrument (Figure 28 inset). The relative
intensities of the inhibitors were similar to those obtained from
spectra of the intact complexes and correlated with the relative
binding affinities of the ligands to BCAII in solution.rs
However, the direct relative abundancemeasurement of complex
ions can be complicated by the overlapping of isotope envelopes
when the components are close in mass and by the presenceof
adduct peaks that overlap with expected complex ions, whereas
the relative ion abundance of inhibitors from gas-phase dissociation of complexes gives a more reliable measure of the
relative abundanceof complex ions.
To demonstate the capability of FTICR to carry out structural
analysis of the ligands associatedwith BCAII, the three inhibitor
ions (Gln, Lys, and Glu) from the gas-phase dissociation of
nt/z-isolated 9- complex (Figure 28) were together selected
and dissociated in a three-step mass spectrometry experiment.
The three inhibitors gave distinctive fragmentation patterns
indicative of their structures (Figure 2C). It is a significant
observation that strucrural information identifying theseligands
could be obtainedusing ligands dissociatedfrom their complexes
with proteins. Similar types of multistep dissociation experiments should allow the structural characterization of inhibitors
of more complex structuresand in more complex mixtures. The
precise mass measurementsand structural information provided
by FTICR can also be extended to proteins.22
This work demonstratesthat ESI-MS has significant potential
for rneasuring relative binding affinities and characterizing the
strucfures of ligands associatednoncovalently to proteins. We
have detected noncovalent complexes in the gas phase for
ligands (2 (1, H)) having values of Ku as low as 1.7 x 106M-r
in solution. The technique also allowed identification of tightbinding ligands from small libraries. The structures of inhibiton
having similar massescan be identified by the high-resolution
and multistep dissociation mass spectrometry of which FTICR
is uniquely capable. This range of capabilities for ESI-FTICRMS should be widely useful in rnedicinal chemistry.
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