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tails and aromatic content. The results demonstrate that relative
stabilities of BCAIl-inhibitor complexes differ substantially
between the gas and liquid phases and also show the dominant
role of polar surface interactions in the gas phase.

The relative complex stabilities in the gas phase were
measured using a Fourier transform ion cyclotron resonance
mass spectrometer and sustained off-resonance irradiation-
collision induced dissociation (SORI-CIBY. The off-rates Ko
the dissociation rate for a complex in solution) and binding
constants K,) of these complexes in solution were measured
using fluorescence spectroscopy (see Tabf34)The results
summarized in Table 1 show that the kinetic stabilities of the
Cambridge, Massachusetts 02138 protein-ligand complexes in the gas phase and the kinetic

. stabilities or thermodynamic stabilities of the complexes in
Receied August 28, 1996 solution are not directly related. The off-rates are primarily

Many biochemical processes are mediated by the formation correlated with the hydrophobicftyof the first amino acid
and dissociation of noncovalent complexes between proteinsesidue at thgara-position of the benzenesulfonamide inhibitors
and ligands, and the role of solvent in these processes remain®ut not with the total hydrophobicity of their amino acid tails
a fundamentally and practically important problem in biophysics. (Table 1). These and previous resuilts indicated that hydrophobic
Electrospray ionization-mass spectrometry (ESI-MS) is emerg- interactions between protein and ligand are important in binding
ing as a powerful tool for the study of noncovalent interactions N solution?©
in the gas phask. Still unclear are the extent of structural The gas phase stabilities of these complexes were found to
changes as a result of solvent removal during electrosprayhave no direct correlation with the hydrophobicity of the
ionization and the interactions that govern stability of the inhibitors but rather increased with the length of the inhibitor
desolvated species in the gas phase. Many recent studies havtgil. The gas phase data (Table 1) show that as the number of
suggested that at least some aspects of the higher order structuramino acid residues increases for an inhibitor, a higher amplitude
of proteins can be retained after transfer into the gas phase. of irradiation Eso)® is required for its removal from the BCAH

In this report, we compare the kinetic stabilities of nonco- inhibitor complex. A plot of total polar molecular surface dfea
valent complexes between bovine carbonic anhydrase Il (BCAII, of the inhibitor vs.Eso shows a clear correlation (Figure 1) for
EC 4.2.1.1) anghara-substituted benzenesulfonamide inhibifors  both the inhibitors with —6) and without (, 2, 7, and 8)
in the gas phase and in solution. These BCAMhibitor aromatic amino acid residues. The polar surface area refers to
systems are attractive model systems due to the stability ofthat portion of the molecular surface which is due to N or O
carbonic anhydrase (CA) and its well characterized structure atoms in the structure (which are typically partially charged and/
and ligand complexes, providing a basis for inferences regardingor contribute to hydrogen bonding). The molecular surface is
the protein structure in the gas phase and its ligand interactions.
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CAis a roughly spherical Zn(ll) metalloenzyme having a conical
binding pocket which catalyzes the hydration of £© bi-
carbonate. A large body of data correlate structures of sul-
fonamide ligands with their binding constants to €AA set

of eight inhibitors was selected for this study, covering a wide
range of binding affinities and varying in the length of their
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Table 1. The Stabilities of BCAIll-Inhibitor Complexes in Solution and in the Gas Phase. The Inhibitors were Ordered according to their
Kinetic Stabilities (off-rates) in Solution

first residue polar surface
ID R2 Koit® (107357 K2 (106 MY (hydrophobicityy hydrophobicityd area (RK)® Eso (V)f
1 -(Leu)-Ala(B)-OH 9.3 140 Leu{3.98) -8.83 69.0 69.8
2 -Leu-OH 10.0 110 Leu<{3.98) —3.98 52.0 66.3
3 -Phe-Asn-OH 29.0 50 Phe-@.04) 5.53 71.0 71.6
4 -Phe-Gly-OH 30.0 67 Phe-2.04) —2.04 61.0 69.2
5 -Phe-Asp-OH 34.0 24 Phe-@.04) 7.62 73.0 72.1
6 -(Gly)s-CPh-OH 54.0 10 Gly (0.0) 1.08 83.0 73.7
7 -Asn-OH 54.0 2.7 Asn (7.58) 7.58 71.0 68.8
8 -(Gly)s-Nle-OH 68.0 4.4 Gly (0.0) -3.98 85.0 72.6

2R is the amino acid tail (with configuration) of an inhibitor having structupeH,NO,S-GH4-CO-R. CPh= —HNCH(CH,CgH4-p-CI)CO—
and Nle= —HNCH((CH,)sCHz)CO—. b The values ok andK, were measured in 20 mM phosphate buffer gH.5) at 37°C. The experimental
uncertainty is+10% from multiple experiment$.The relative hydrophobicity (referenced to Gly as 0 kcal Tobf the amino acid was taken
from ref 9. The values of Tyr and Leu were used for CPh and Nle, respectively. A more negative value indicates a higher hydropiaitity.
side-chain hydrophobicity of the inhibitor tail RThe polar molecular surface area of the inhibitor was calculated using the QUANTA 3.3 prégram.
fThe uncertainty of the measurementsf is 0.1 V £ as determined from multiple experiments. Similar results were also obtained using different
irradiation conditions.

90 - area, an aromatic amino acid side chain results in a stronger
| binding interaction with the protein in the gas phase than does
an aliphatic side chain. These results suggest that van der Waals
interactions involving the more polarizabteelectrond? of the
aromatic amino acid residues contribute to stabilizing the
protein—ligand complexes in the gas phase to a greater extent
than dispersion interactions involving the aliphatic hydrocarbons.
In conclusion, the dissociation (off-rates) of BCAihhibitor
complexes in solution are mainly affected by hydrophobic
interactions between the inhibitor and the enzyme, while their
corresponding gas phase stabilities appear to be primarily
determined by polar surface interactions. These results em-
phasize the role of solvation in proteitigand interactions and
are of general significance for understanding the differences in
inter- and intramolecular interactions between solution and the
gas phase. The demonstrated absence of a direct correlation
Figure 1. Plot of polar surface areas of thara-substituted benzene-  between the gas phase and solution complex stabilities also
sulfonamide inhibitors vs. the gas phase stabilities of the inhibitor- suggests that inferences regarding solution binding based on
BCAIl complexes, as measured by the amplitude of SORI-irradiation the stability of the corresponding gas phase complexes must be
(Eso; Table 1)¢ For the same polar surface area, inhibitors with aromatic made with great caution. In addition, ESI-MS measurements
amino acid residues (circles) show stronger binding with BCAIll in the - should be conducted under conditions that minimize dissociation
gas phase than those with aliphatic side chains. of complexes if they are to correctly reflect the relative
abundances of the proteitigand complexes in solution, as we
have suggested previoust.
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the surface traced out by the edge of a probe sphere (1.4 A
radius) that is rolled over the surface of the molecular structure.
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