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ABSTRACT This paper describes the use of electrospray ionization-Fourier transform ion cyclotron mass spectrometry
(ESI-FTICR-MS) to study the relative stabilities of noncovalent complexes of carbonic anhydrase Il (CAll, EC 4.2.1.1) and
benzenesulfonamide inhibitors in the gas phase. Sustained off-resonance irradiation collision-induced dissociation (SORI-
CID) was used to determine the energetics of dissociation of these CAll-sulfonamide complexes in the gas phase. When two
molecules of a benzenesulfonamide (1) were bound simultaneously to one molecule of CAll, one of them was found to exhibit
significantly weaker binding (AE5, = 0.4 V, where E4, is defined as the amplitude of sustained off-resonance irradiation when
50% of the protein-ligand complexes are dissociated). In solution, the benzenesulfonamide group coordinates as an anion to
a Zn(ll) ion bound at the active site of the enzyme. The gas phase stability of the complex with the weakly bound inhibitor was
the same as that of the inhibitor complexed with apoCAll (i.e., CAIl with the Zn(ll) ion removed from the binding site). These
results indicate that specific interactions between the sulfonamide group on the inhibitor and the Zn(ll) ion on CAIl were
preserved in the gas phase. Experiments also showed a higher gas phase stability for the complex of para-NO,-benzene-
sulfonamide-CAll than that for ortho-NO,-benzenesulfonamide-CAll complex. This result further suggests that steric inter-
actions of the inhibitors with the binding pocket of CAll parallel those in solution. Overall, these results are consistent with the
hypothesis that CAll retains, at least partially, the structure of its binding pocket in the gas phase on the time scale (seconds
to minutes) of the ESI-FTICR measurements.

INTRODUCTION

Fundamental understanding of acid-base behavior has inthe structure of these complexes in the gas phase. Many
proved dramatically in the last 30 years, with major contri-studies have suggested that, at least in some cases, proteins
butions to the subject, and especially to the understanding afan be transferred to the gas phase by electrospray ioniza-
solvation, derived from comparisons of proton transfer reion (ESI), and that they may retain in the gas phase aspects
actions in solution and in the vapor phase. Studies of proof the higher order structures that characterize them in
tein-ligand complexes in the gas phase have a similar posolution (Clemmer et al., 1995; Collings and Douglas, 1996;
tential to clarify the role of solvation in noncovalent Covey and Douglas, 1993; Gross et al., 1996; Smith et al.,
interactions. Our recent report comparing the stability of1992: Sullivan et al., 1996; Vonhelden et al., 1995; Winger
carbonic anhydrase-benzenesulfonamide complexes in thg 5. 1992: Wood et al., 1995: Wu et al., 1995). Recent ion
presence and absence of solvent highlighted the importanGgopility studies of ions derived from biomolecules pro-
of hydrophobic interactions in aqueous media and of polagced by ESI have shown that different gas phase structures
interactions in the gas phase (Wu et al., 1997). One of thegenerally less compact, lower mobility species) can be
key challenges in studying protein-ligand interactions in theqmeq ypon significant collisional activation (i.e., heating)

gas phase is the knowledge of the structure of protein-liganﬂ] the mass spectrometer (Shelimov et al., 1997). Although

complexes at the molecular level. Unlike studies in theIflrge structural changes between solution and the gas phase

soluh_on _phase or in the solid state—wherg the structure o an be distinguished, resolution is inadequate to detect more
protein-ligand complexes can be determined by nuclear e . S T
. subtle modifications. For studies minimizing heating in the
magnetic resonance or x-ray crystallography, respec- 2
. . . mass spectrometer and where desolvation is completed as
tively—there are currently no techniques that can determine . - 3 .
ions are “freeze dried” by evaporation of solvent on a time
scale of up to several seconds in the high vacuum of an ion
Received for publication 10 November 1998 and in final form 24 mar(:hCyCIOtron reson,ance trap, It remains uncerta,m what struc-
1999. tural changes will occur on transfer from solution to the gas
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infer that CAll retains, at least partially, the structure of its paraposition of the benzenesulfonamide,(R Fig. 1) point

binding pocket in the gas phase. toward the opening of the binding pocket and do not interact
We chose CAIl as a model protein because of the extendanfavorably with the narrow binding pocket on CAIl; how-

sive knowledge of CAll and its inhibitors and our previous ever, substituents introduced at tbeho position of ben-

experience in studying these protein-ligand complexes irzenesulfonamide (Rn Fig. 1) decrease binding affinity to

the gas phase (Cheng et al., 1995; Gao et al., 1996a; Wu &All in solution as a result of unfavorable steric interac-

al., 1997). CAll is a spherical Zn(ll)-containing metalloen- tions. Because repulsive van der Waals forces are not de-

zyme that catalyzes the hydration of €@ bicarbonate pendent on solvation, but are sensitive to the distance be-

(Dodgson et al., 1991). The Zn(ll) ion is located at thetween the interacting atoms (Israelachvili, 1992), we

bottom of a conical binding pocket, and it is chelated byhypothesized that structural isomers of benzenesulfonamide

three His residues from CAll in a tetrahedral configurationinhibitors would provide a good probe with which to exam-

(Fig. 1). The fourth ligand is either a water molecule or, inine the structure of the binding pocket of CAll in the vapor

this study, a sulfonamido anion (RArS®H™) on the li-  phase.

gand. A number of x-ray crystal structures of CAIl com-

plexed with sulfonamide ligands have been obtained under

high resolution €2.0 A) (Alexander et al., 1993; Boriack et MATERIALS AND METHODS

al., 1995; Boriack-Sjodin et al., 1995; Eriksson et al., 1988;Materials

Hakansson et al., 1992). These structures describe the in-

. . . . N Human and bovine carbonic anhydrase Il were purchased from Sigma (St.
teractions of the sulfonamide Ilgand with the blndmg pOCI(etl_ouis, MO). The synthesis of ligantiwas reported previously (Wu et al.,

of C_A“ at the m_OIecmar level. X'r?-y crystal structures 1997). Ligand< and3 were provided by the Department of Pharmacology,
confirm the chelation of the sulfonamide group to the Zn(Il) Health Center, University of Florida. Uncoated fused silica capillaries with
ion and demonstrate that the amino acid residues of CAlan internal diameter of 50m were purchased from Polymicro Technol-
form a narrow binding pocket Surrounding the phenyl rmgogles (Phoenix, AZ). NICK Splr_1 co_Iumns co_ntalnlng G-50 Sephadex gel
of the benzenesulfonamide. Substituents introduced at th&°re Purchased from Pharmacia Biotech (Piscataway, NJ).

Fourier transform ion cyclotron
mass spectrometry

A 7-tesla Fourier transform ion cyclotron (FTICR) mass spectrometer
equipped with an Odyssey data station (Finnigan FT/MS, Madison, WI)
was used for these studies (Winger et al., 1993). Human and bovine
carbonic anhydrase Il were mixed with various benzenesulfonamide inhib-
itors in 10 mM aqueous NEDAc solution (pH 8.0). The solutions were

CAIll binding pocket

RiO His119 infused into a modified Analytica (Branford, CT) ESI source that had a
i / stainless steel inlet desolvation capillary (Winger et al., 1993). Typically,
Ro S-NH—Zn,, . . . )
" " the infusion rate was 0.3l/min, as controlled by a syringe pump from
0 His94 ’
His96 Harvard Apparatus (South Natick, MA). The electrospray source voltage

was ~2.5 kV. The capillary was resistively heated witt20 W power,
corresponding to conditions gentler than those typically used for desolva-
tion in ESI-MS (i.e.,~30 W). lons were transported to the FTICR cell
through the magnetic field gradient, using two sets of RF-only quadrupole
ion guides. The ICR cell in this study had dimensions 5xrb cm X 7.6

cm (Winger et al., 1993).

His64 Vali21

GIn92 Val143
Thr199  Leu198
Thr200

o o) Determination of values of E;, by sustained
9—@—%—NH2 off-resonance irradiation collision
HOOC-Gly-Phe—N A induced dissociation

fo} 1 O2N o The experimental procedures for off-resonance irradiation collision in-
1] it duced dissociation (SORI-CID) have been described previously (Gauthier
°2N©_§'NH2 @‘ﬁ'““z et al., 1991; MarzIuff et al., 1994; Senko et al., 1994; Wu et al., 1995).
o 0 Briefly, CAll-inhibitor complex ions were selectively accumulated in the
2 3 FTICR cell (Bruce et al., 1993) and then subjected to RF irradiation at 2000

Hz below their cyclotron frequency for 100 ms in the presence of nitrogen
FIGURE 1 Schematic representation of the binding pocket of CAll. Thegas at a pressure 6f10 ° torr. Although the absolute pressure in the
Zn(Il) ion is chelated by three His residues and a sulfonamide ligand in &TICR cell during activation was not known exactly, the pressure was
tetrahedral configuration. The binding pocket surrounding the phenyl ringprecisely controlled, and the results were also confirmed by the measure-
of the ligand is narrow and sensitive to the position of substitution on thement of similar relative stabilities under different SORI-CID conditions. In
benzenesulfonamides. The amino acid residues that form the bindinthese studies, the amplitude of the irradiation was increased to cause
pocket are listed with their numbered positions in the amino acid sequenceollisional activation to induce the loss of the uncharged inhibitor(s) from
The chemical structures of three inhibitods-8) to CAll in this study are  the CAIl complexes. In these cases, neither the inhibitors nor the protein
also shown. underwent further fragmentation. No product ions corresponding to Zn(ll)
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ion loss from CAIl have been observed from SORI-CID. The normalized (because removal of the aryl group from the binding pocket
relaf[ive intepsitie§ qf the par'ent complex and thg product ions were plotte¢yould not be accompanied by its replacement by Water);
against the irradiation amplitude, and the crossing paigi)(of the two  yhare js no analog in the vapor phase of the entropic con-
curves at 50% of the intensity provided a measure of the gas phase stab|||t¥.. . . .
The experimental uncertainty was measured toH#86 for the relative ribution to b|nd|ng coming from release of water. Our
intensity and+0.1 V for the amplitude of irradiation. The spectra reported hypothesis that apoCAIll would bind less tightly than CAll
below are from 64 K data sets, and the time domain signal was apodizeih the vapor phase is therefore based on the assumption that
by a triangle function before Fourier transformation. the polar contribution from the ArSMIH™ to Zn(II) inter-
action dominates in the vapor phase as it does in solution
(Dodgson et al., 1991). We believe this hypothesis to be
plausible, but we have not tried to support it directly and
independently through either experiment or computation.
We mixed approximately equimolar concentrations (2.5
Capillary electrophoresis (CE) experiments were conducted on a BeckmapM each) of1 and bovine CAIll (BCAII) at neutral pH for
P/ACE 5500 system, using an uncoated capillary of fused silica (totaintroduction to the mass spectrometer by electrospray ion-
length 47 cm, length from injecting end to detector 40 cmB@-internal ization. Peaks were obtained that corresponded to the com-

diameter) with an applied voltage of 15 kV at 25°C. The charge ladder of -
CAIl was obtained by acetylating an aqueous solution of CAll (0.5 ml at_plexeS of one molecule of each of the I|gand and BCAIl,

9 10 ; :
3 mg/ml in 4 mM borate buffer, pH 9.0) with acetic anhydrideat 100 1-€., (BCAIl - 1) * and (BCA”_' 1) +.- T_hIS ObS?rva“O"“
mM in dioxane) for 1 min. The reaction product was purified on NICK spin correctly reflected the 1:1 binding stoichiometry in solution

columns spun at 2000 rpm for 4 min. The charge ladder of CAll wasynder similar conditions (Dodgson et al., 1991). In contrast,
diluted and analyzed in 25 mM Tris-192 mM Gly buffer (pH 8.4). In the 115 complexes were detected when an equimolar solution of
binding experiment, ligand was prepared at 0.5 mM concentration in the . . . .
Tris-Gly buffer, and the solution was used as the mobile phase for bindinga_p,OBCAII and “gan,dl was examined under identical con-
the charge ladder of CAIl. ditions. It was possible, however, to form small amounts of
the complexes corresponding to apoBCAIll when the
ratio of /apoBCAIl was increased to 3 (i.e., 2/ of
RESULTS AND DISCUSSION apoBCAIl and 7.5uM of the ligand). The charge states of
these complexes were predominanthy @nd 10+, similar
to the results obtained by electrospraying pure BCAII under
the same conditions. The narrow distribution of the charge
states in the gas phase and their low values compared to
X-ray crystal structures of CAll-sulfonamide complexes inthose for the denatured protein suggest that BCAIl-sulfon-
the solid state show that the sulfonamido anion chelates tamide complex retains its compact structure under these
the Zn(ll) ion in the center of the enzyme (Alexander et al.,experimental conditions (Carbeck et al., 1999; Cheng et al.,
1993; Boriack et al., 1995; Boriack-Sjodin et al., 1995;1995; Light-Wahl et al., 1994).
Eriksson et al., 1988; Hakansson et al., 1992). To examine We used selective ion accumulation to trap only the
whether this chelation is maintained in the gas phase, weomplex ions for the SORI-CID experiments (for example,
compared the energetics of dissociation of CAll-sulfon-the top spectrum in Fig. &, where the irradiation energy is
amide complex with that of apoCAll-sulfonamide complex zero). As the complex ions were irradiated, they dissociated
(i.e., the complex involving CAIll with the Zn(ll) ion re- to BCAII*°" and a neutral ligand molecule. FigA2shows
moved from the active site). We hypothesized that if thea SORI-CID spectrum of (BCAHN 1)'°" ions after irradia-
sulfonamide-Zn(ll) chelation is maintained in the gas phasetion at different amplitudes. As the energy of irradiation
more energy would be required to dissociate the CAll-increased, we observed a decrease in the peak intensity of
sulfonamide complex than the apoCAll-sulfonamide com-the (BCAIl - 1)°* complex and an increase in that of the
plex. The logic supporting this hypothesis is clear, but itsdissociated BCAf®* ions. Fig. 2B plots the normalized
correctness is difficult to prove. Binding of a sulfonamido relative intensities of the complexes and their dissociation
anion to CAIl in solution has two components: a polar products versus the extent of SORI-CID activation for the
interaction between the ArSSIH™ anion and the zZn(ll) (BCAIl - 1)*°* complexes. A measure of the relative sta-
cation, and a hydrophobic interaction between the phenybility of the protein-ligand complexes in the gas phase is
ring and the nonpolar pocket into which it fits. The hydro- obtained from the amplitude of SORI irradiation, where
phobic interaction has both a van der Waals component antl0% of the parent ions are dissociated, i.e., at the crossing
an entropic component (resulting from the release of orpoint of the parent and product ion curvéds,§, Fig. 2 B).
dered water molecules on binding the ligand). In the vapoHere we defineEs, as the amplitude of sustained off-
phase, the polar component between the AI® and  resonance irradiation where 50% of the protein-ligand com-
Zn(I1) ion would be preserved and would probably increaseplexes are dissociated. The valuekf, is a measure of the
in importance, because the mean dielectric constandissociation energy of protein-ligand complexes in the gas
screened by the ions would be lower in the vapor phase. Thehase. We determined the valuesAdE., to be 0.4+ 0.1
van der Waals component would also persist and be sub/olts between the (BCAIt 1)1°" and (apoBCAIl- 1)1°*
stantially more important in the vapor phase than in solutiorcomplexes. This difference iBs, is significant because the

Determination of binding stoichiometry of
CAIll with ligand 1 in solution by
capillary electrophoresis

Comparison of energetics of dissociation of
CAll-ligand complex with that of
apoCAll-ligand complex
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A complex were predominantly#9and 10+, similar to those
(BCAIl +1)10+ Irradiation of pure BCAII. Because nonspecific formation of an adduct
n Energy (volis) resulting from the ESI process can sometimes be observed

(Smith et al., 1992), we hypothesize that the equivalent of

66.5 inhibitor that is more weakly bound does not bind to the

SORI frequency Zn(ll) ion in the binding pocket. In SORI-CID experiments,

BCAII0+ ’\ l (BCAII - 21)*°* complex was converted into (BCA{I1)*%*
A 68.5 ions (by loss of a neutral inhibitor molecule). We deter-

(within experimental uncertainty) as that for the losslof
from (apoBCAII- 1)1°" jon under otherwise identical
conditions.
70.2 We have no information regarding the sites on BCAIll and
2850 2900 2950 3000 3050 apoBCAIl interacting with the weakly bound inhibitor mol-
m/z
ecule. All of the x-ray crystal structures of CAll-sulfon-

mined the value oy, for the loss of one equivalent df
from the (CAIl- 21)*°" complex to be 69.1= 0.1 Volts.
69.2 The value ofEg, of this complex was found to be the same

B amide complexes show the binding of only one sulfonamide
100 ligand to the Zn(ll) ion in the binding pocket (Boriack et al.,

L 100 1995; Eriksson et al., 1988; Hakansson et al., 1992). Solu-
> 80 (BCAIl#1) tion **F NMR studies, however, showed that some fluoro-
% 60 substituted benzenesulfonamides can bind to CAll in a 2:1
E N binding stoichiometry; in addition, the authors suggested
S 40 that both sulfonamide ligands were bound to Zn(ll) in the
© active site (Dugad et al., 1989; Dugad and Gerig, 1988). To
'% 20 (69.:300“5) determine whether the BCAH21 complex observed in the

2 ; gas phase has already been formed in solution, we used

N L B R L B L N affinity capillary electrophoresis (ACE) (Chu et al., 1995) to
66 67 e 69 70 71 72 determine the binding stoichiometry for association of li-
Amplitude of Irradiation (volts) gand1 to BCAII in solution.

FIGURE 2 @) SORI-CID spectrum of the (BCAN 1)*°* complex. As
the amplitude of irradiation increases from the top to the bottom spectrum,

the (BCAII - 1)**" complex dissociates to BCAfl" and a neutral inhib-  patermination of the stoichiometry of binding of
itor molecule. The arrows pointing to th@/z axis correspond to the BCAIl and 1 in solution: BCAII - 1

frequency of SORI irradiationB) Plot of the normalized ion abundances
for éhe (BCAII - 1)10; Comp'exetf]f(”ed SI};mdbO& ?“Sdotgfi_f dig?‘:_CiatioT“h We used ACE in combination with protein charge ladders
r n m ver mpl Irraalation. .
gnc:pltijtitje(;p; irfa)lldiatci)(!sn ztiﬁz crsszing pl(J)inetsofothe two cu?veas 2t SO%eof(Cc?lto_rl et al, 1997;_Ga9 et al'j 1996b) to determine the
the intensity Exg) provides a measure of the relative gas phase stability.Stoichiometry of binding in solution. The charge ladder of
The experimental uncertainty was2% for the relative ion intensity and BCAIl was formed by acetylation of theamino groups on
*0.1V for the amplitude of irradiation. Lys residues of BCAIl. Upon each modification, the net
charge of the derivative of BCAIl increased by one unit of
negative charge, as one unit of positive charge on the lysine
complexes vary from completely stable to completely dis-e-ammonium group was neutralized. Capillary electro-
sociated over a range ef2 V (Fig. 2 B). We suggest that phoresis separates the charge ladder of BCAIl into “rungs”
the higher value oEs, for the BCAll-sulfonamide complex of peaks, which provides an internal scale in integral units
compared to the apoBCAll-sulfonamide complex is consis-of charge (Fig. 3). When ligandl is bound to the charge
tent with the hypothesis that the sulfonamide group retaingadder of BCAII, the peaks in the ladder will shift as a result
its binding to Zn(ll) ion in the gas phase. of the change in effective charges of protein-ligand com-
plexes. The magnitude of the shift depends on the binding
affinity, binding stoichiometry, and net charge on the li-
gand. When one molecule of ligardds fully bound to one
molecule of BCAII, the charge on the protein-ligand com-
Formation of the apoBCAIlI-sulfonamide complex requiresplex will decrease by one unit because of the introduction of
a relatively high concentration of sulfonamide ligand in a carboxylate group on ligarid If two molecules of ligand
solution. Under similar conditions, BCAIl was detected to 1 are bound simultaneously to one molecule of BCAIIl, a
form a complex with two molecules of ligandL, charge decrease of two units will be expected. We carried
BCAII - 21, in the gas phase. The charge states of theut binding experiments in which the concentration of li-

Association of two molecules of ligand 1
with BCAII
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tors to probe the structure of the binding pocket of CAll in
the gas phase. Our study is based on the hypothesis that the
energetics of dissociation (or valuesky,) of CAll-sulfon-
amide complexes reflects their molecular interactions and
surface contact in the gas phase. By choosing ligands that
minimize differences in electrostatic interactions, we hope
BCAIl Ladder to use the energetics of dissociation to reveal steric interac-
tions and to suggest the structure of the binding pocket of
CAIl in the gas phase. Similar steric models have been
n applied to probe the active site structures of chymotrypsin
and subtilisin in solution (Bosshard and Berger, 1974;
Karasaki and Ohno, 1978; Keller et al., 1991).
We chosepara- and ortho-NO,-benzenesulfonamide in-
hibitors 2 and3in Fig. 1, respectively) as model ligands for
(BCAII Ladder+1) this study. Nitro groups introduced at tipara and ortho
positions have similar electron withdrawing effects on the
acidity of the sulfonamide group (Hansch et al., 1985;

e 1 ]

0 5 n Kakeya et al., 1969a,b). Fig. A shows mass spectra of
Lo v b e e ey | BCAIl and HCAII, and of their complexes withara- and
0 0.05 0.10 0.15 orthoNO,-benzenesulfonamide inhibitors. Mass spectra
1hime (s77) were obtained after ESI from 10 mM NBAc solution (pH

— . . 7) containing 20uM (each) of BCAIl and HCAII with 50
FIGURE 3 Determination of binding stoichiometry of BCAII-sulfon- M of inhibit B the i ic inhibit h
amide complexes in solution. Binding of ligaddo the charge ladder of pM ol one Inhibrtor. Because the Isomeric Inhibitors have

BCAII shifted the mobility of BCAIl and its derivatives. By comparing the the same mass, we determined the stability of the complexes
mobility shift as a result of binding with the internal charge scale from of the enzymes with each ligand individually. The mass
charge ladders of BCAII, we determined a 1:1 binding stoichiometry forspectra show that the relative gas phase abundance of the
BCAIl - 1 complexes. Both electropherograms were presented on a 1/“m‘énzyme-inhibitor complexes for tmar&substituted inhib-

axis, which directly reflects the electrophoretic mobility for each deriva- . .
tives of BCAII. para-Methoxybenzylalcohol was used as a neutral markerItor (2) are more than four times greater than that for the

(indicated by thdilled circle). n refers to the number of positively charged Ortho-substituted inhibitors J). This result parallels the
e-ammonium groups transformed into its neutiahcetyl derivatives of  relative binding affinities of the two ligands in solution (the
BCAIL. dissociation constants(,, are 5.5x 10’ M and 3.5 X
1076 M for 2 and 3, respectively (Hansch et al., 1985;
Kakeya et al., 1969a,b); that is, a factor of 6), as we
gandlis at 0.5 mM, much higher than its concentration for demonstrated previously (Cheng et al., 1995). Selective
the MS experiment and the dissociation constant of theaxccumulation of the complex ions followed by SORI-CID
ligand from BCAIl (K4 = 15 nM) (Wu et al., 1997). The experiments determined the values @, for the
mobility shift upon binding is equal to one unit of charge, as(HCAII - 2)*°* and (HCAII - 3)1°" complexes to be 63.7
shown by the internal scale of charge ladders (Fig. 3)0.1 and 62.9+ 0.1 V, respectively (Fig. 48). The relative
demonstrating that the binding stoichiometry of ligaintb  stability of HCAIl with para-substituted ligand is signifi-
BCAIl is 1:1 in solution. Therefore, the second equivalentcantly higher than that with thertho-substituted counter-
of inhibitor 1 is more likely to be condensed on the surfacepart AE;, = 0.8 V).
of CAll (at a non-Zn(ll) site) during the ESI desolvation  X-ray crystallography of the complex of CAIl with sul-
process than it is to be associated with the active sitefonamide ligands has shown that the binding pocket is very
Whether the similarity in the values &, for the com-  narrow and sensitive to the location of substituents on the
plexes of (BCAII- 21)'°* and (apoBCAIIl- 1)*°" suggests benzenesulfonamides. Quantitative structure and activity
similar binding sites for these molecules bfcannot be relationship (Hansch, 1993) showed that, in solution, a
determined from the available data. bulky group such as -NQor -COOCH,, in the ortho posi-
tion of benzenesulfonamide, has unfavorable steric interac-
tions with the binding pocket on CAIll and thus reduces the
binding affinity relative to thepara-substituted inhibitor
Results from comparison of CAll-sulfonamide and apoC-(Hansch et al., 1985; Kakeya et al., 1969a,b). In the gas
All-sulfonamide complexes suggest that the sulfonamidghase, complexes afrtho-NO,-benzenesulfonamide with
ligand retains its binding to the Zn(ll) ion in CAIl after CAIll was also less stable than pp&ra-substituted counter-
transfer to the gas phase. However, the extent to which thpart. These data demonstrate that steric interactions ob-
conformation of the binding pocket surrounding the Zn(ll) served in solution were maintained in the gas phase and
ion of CAll is preserved in the gas phase remains to bestrongly suggest that the binding pocket of CAIll retains at
determined. We have examined the use of isomeric inhibiteast some structural similarity to that in solution.

Binding of isomeric inhibitors
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FIGURE 4 @ and B) Electrospray ionization (BCAII-3)
mass spectra showing ions of BCAIl and HCAII 40
and their noncovalent complexes with inhibitors 2 ] (HCA||-3)10+
and 3, respectively. The solution concentrations 20
of these two inhibitors and other experimental 0
conditions were identical Q) Plot of the normal- o875 2000 | 2925 2950 2975

ized ion intensities of (HCAIt 2)*°" and
(HCAII - 3)°* (filled symbol} and the dissoci-
ated HCAI!®* ions (open symbo)sas a function B

m/z
of the extent of SORI irradiation. The valueBf, o
for (HCAIl - 2)'°" is 63.7 = 0.1 V; that for I

. 2)10+ ; :
(HCAII _ 3" is62.9x 0.1 V. The e_xpe_rlmenFaI 100 Zn— HN —SO_Noz &
uncertainty wast2% for the relative ion intensity g /!
and £0.1 V for the amplitude of irradiation. E ’
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CONCLUSION ligand and Zn(ll) ion on CAIll are maintained in the gas

. . hase. This inference is supported by the observation that
This paper explores the structure of the binding pocket o he value o, for apoCAll - 1 complex is the same as that

CAll-benzenesulfonamide complexes in the gas phasgy the weakly bound (and presumably not Zn(ll) associ-
based on the energetics of dissociation of these complexegted) equivalent ofl dissociating from CAIl- 21. Experi-
Comparison of values dEs—the energy required to dis- ments withpara-NO,- andortho-NO,-substituted benzene-
sociate 50% of the CAll-ligand complexes in the gassulfonamides further demonstrate that steric interactions
phase—for CAIll- 1 and apoCAll- 1 complexes demon- between the substituents on the ligands and the binding
strates that the CAN 1 complex is more stable than the pocket of CAIll parallel those in solution. These results are
apoCAll- 1 complex AEs, = 0.4 V) and suggests that all consistent with a model of the binding pocket of CAll in
specific interactions between the sulfonamide group on thevhich at least some structural aspects are preserved in the
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gas phase on the time scale (seconds to minutes) of studi®sgad, L. B., C. R. Cooley, and J. T. Gerig. 1989. NMR studies of
in ESI-FTICR. Use of differently substituted benzenesul- carbonic anhydrase-fluorinated benzenesulfonamide compléies.

f ide li d teri b ill all detailed chemistry.28:3955-3960.
onamide figands as steric probes will allow cetaile map_Dugad, L. B., and J. T. Gerig. 1988. NMR studies of carbonic anhydrase-

ping of the structure of the binding pocket of CAIlin the gas  4-fluorobenzenesulfonamide complexBsochemistry 27:4310—4316.

phase. Eriksson, A. E., P. M. Kylsten, T. A. Jones, and A. Liljas. 1988. Crystal-
lographic studies of inhibitor binding sites in human carbonic anhydrase
II: a pentacoordinated binding of the SCNobn to the zinc at high pH.
Proteins.4:283-293.
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