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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)'s2 to generate ions of intact noncovalent complexes in the 
gas p h a ~ e ~ - ~  and of Fourier transform ion cyclotron resonance 
(FTICR) mass s~ec t romet ry~-~  to perform dz-selective ion 
accumulation,I0 isolation, and multistage ion dissociation to 
obtain structural information about these complexes (including 
the identification of the structure of the bound ligand). Here 
we describe a study of the competitive binding of inhibitors 
derived from para-substituted benzenesulfonamides to bovine 
carbonic anhydrase I1 (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 bio- 
molecular associations, although questions remain regarding 
both possible artifacts and the quantitative accuracy of inferences 
about the stabilities of c ~ m p l e x e s . ~ ~ ~ ~ ~  We have used BCAII 
as a model system, since its binding for ligands has been 
examined in detail by other  technique^.'^*'^ We studied two 
sets of inhibitors based on benzenesulfonamide (structures are 
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Figure 1. (A) Mass spectra of the 10+ charge state of BCAII (1.0 
pM) and 18 inhibitors (0.05 pM each) in 10 mM N h O A c  (pH 7.0). 
(B) Correlation of the relative ion abundances with the values of Kb in 
solution. Six of the Kb values represent the sum of those from two 
inhibitors with the same mass. The relative errors of solution Kb 

measurements were 20-30%. (C) Mass spectra of BCAII (1.0 pM) 
and four inhibitors (2 ( 1 ,  H) = 6 0 p M ,  1 (2, H) = 3.0 pM, 2 (6, F) = 
1.5 pM, 1 (3, F) = 0.1 pM) in 10 mM N h O A c  (pH 7.0). 

shown in Figures 1 and 2) ,  with binding constants ranging from 
1.7 x lo6 to 1.1 x lo9 M-I. Noncovalent complexes of these 
inhibitors with BCAII gave well-defined ions observable by ESI- 
MS from solutions in 10 mM N€&0Ac.I4 Typically, only two 
charge states, for example, 9+ and 1 0 f  in the positive-ion 
mode, were observed; this observation suggests a tightly folded 
structure for the complexes of enzyme with the inhibitor? 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 c~mplexes . '~  Relative abundances of the 
complex ions were consistent with the binding constants of the 
inhibitors in solution.I6 Adding 1 (2, F) (the second tightest 
binding inhibitor in the first series) or 1 (3, F) (the tightest 
binding inhibitor) to concentrations of 0.05 pM in an equimolar 
mixture of the other 16 compounds (each 0.05 pM) gave mass 
spectra in which the complex from the added components 
became the most abundant species. A transition from competi- 
tive binding to noncompetitive binding was also observed when 
the concentration of the inhibitors was decreased relative to that 
of the enzyme. 

Figure 1A shows the 1 0 f  charge state region of the spectrum 
from an equimolar mixture of 18 inhibitors (0.05 pM each) with 
BCAII (1.0 pM). The relative ion abundances correlate well 
with values of Kb in solution (Figure 1B).I6 The tightest binding 
inhibitor was readily identified in the 16-, 17-, and 18- 
component equimolar mixtures based on ion abundances. We 
also prepared a four-component mixture containing inhibitors 
with the highest (1.1 x lo9) and the lowest affinity (1.7 x lo6) 
from the first series (2 (1, H), 1 ( 2 ,  H), 2 (6, F), 1 (3, F)) with 
their concentrations inversely proportional to their K b  values; 
the four inhibitors formed 1:l complexes to BCAII with 
approximately equal ion abundances (Figure 1 C). 

The second series of inhibitorsI7 (Figure 2), when complexed 
with BCAII, also gave ions having relative abundances that 
parallel their binding constants in solution.Is 
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Figure 2. Negative ESI-FTICR mass spectra of BCAII (7.0 pM) with 
inhibitors (7 .0pM each) in 10 mM NH40Ac (pH 7.0). The multistep 
dissociation experiments include the following. (A) Mass spectra of 
complex ions of BCAII with inhibitors (9- charge state) before ion 
isolation. (B) Isolation of 9- complex ion species using m/z-selective 
ion accumulation and subsequent dissociation of the complexes with 
0 5 s  rf irradiation (Vpp = 12 V, collision gas nitrogen -lo-' Torr). 
The intensity of the dissociated inhibitors correlates with their binding 
affinity. The arrow points to the m/z of the precursor ion that has been 
completely dissociated. (C) SWIFT isolation and dissociation of three 
of the inhibitor ions (from B), Glu-, Lys-, and Gln- at m/z 399-401 
(0.5s rf irradiation with V,, = 12 V and collision gas nitrogen -lo-' 
Torr). The precursor ions were attenuated 95%. New peaks result 
from the fragmentation of 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(I1) was also lost from higher charge states of the BCAII 
ions (as indicated by a decrease in mass of 63.4 Da).I9 This 
result is consistent with acid-induced denaturation of the 
enzyme.20 The second experiment used a mixture of BCAII 
and apoBCAII*' at pH 7 in 10 mM N&OAc. Complexes were 
observed of inhibitors with BCAII, but not with apoBCAI1. 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) Synthesis followed standard methods of solid-phase peptide syn- 
thesis. The molar ratios of these inhibitors were determined by amino acid 
analysis to be (arbitrary scale) Gly (327), Ser (253,  Leu (325), Lys (422), 
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the sample. 

(18)The values of & in solution (lo6 M-I), abundances of complex 
ions (average of five determinations), and abundances of inhibitor ions 
dissociated from BCAII (average of three determinations) are shown in 
parentheses, respectively, after each inhibitor (Figure 2): Leu (1 10, 100, 
100); Phe (77, 81, 61); Gln (28, ?, 32); Lys (5.3, ?, 15); Ser (4.1, 22, 13); 
Gly (3.2, 15, 14); Glu (1.9, ?, C9). The complex ions from inhibitors 
Gln, Lys, and Glu could not be differentiated from each other; the sum of 
the normalized abundances was 29. The values of Kb were measured by 
fluorescence in 20 mM phosphate buffer at pH 7.5 (Sigal, G. B.; Whitesides, 
G. M. Unpublished results). 
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(0.2 mg/mL) with 20 mM 1,lO-phenanthroline at pH 4 twice and removal 
of Zn(I1) through filtration using a microdialysis tube (Centricon 10). More 
than 95% of the Zn(I1) was removed by this procedure. 

of sulfonamide anion to the active-site Zn(I1) 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 ynresolved complexes) 
can, however, be identified by gas-phase dissociation of the 
complexes through a tandem mass spectrometry experiment 
(MSMS). Dissociation of the m/z-isolated 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 Glu) could be 
distinguished by their exact masses using the high-resolution 
capability of the instrument (Figure 2B 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.I8 
However, the direct relative abundance measurement of complex 
ions can be complicated by the overlapping of isotope envelopes 
when the components are close in mass and by the presence of 
adduct peaks that overlap with expected complex ions, whereas 
the relative ion abundance of inhibitors from gas-phase dis- 
sociation of complexes gives a more reliable measure of the 
relative abundance of complex ions. 

To demonstrate the capability of FTICR to carry out structural 
analysis of the ligands associated with BCAII, the three inhibitor 
ions (Gln, Lys, and Glu) from the gas-phase dissociation of 
m/.-isolated 9- complex (Figure 2B) were together selected 
and dissociated in a three-step mass spectrometry experiment. 
The three inhibitors gave distinctive fragmentation pattems 
indicative of their structures (Figure 2C). It is a significant 
observation that structural information identifying these ligands 
could be obtained using ligands dissociated from their complexes 
with proteins. Similar types of multistep dissociation experi- 
ments should allow the structural characterization of inhibitors 
of more complex structures and in more complex mixtures. The 
precise mass measurements and structural information provided 
by FTICR can also be extended to proteins.22 

This work demonstrates that ESI-MS has significant potential 
for measuring relative binding affinities and characterizing the 
structures of ligands associated noncovalently to proteins. We 
have detected noncovalent complexes in the gas phase for 
ligands (2 (1, H)) having values of Kb as low as 1.7 x lo6 M-' 
in solution. The technique also allowed identification of tight- 
binding ligands from small libraries. The structures of inhibitors 
having similar masses can be identified by the high-resolution 
and multistep dissociation mass spectrometry of which FTICR 
is uniquely capable. This range of capabilities for ESI-FTICR- 
MS should be widely useful in medicinal chemistry. 
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