ORGANIC
LETTERS

Models of F-H Contacts Relevant to the y 1999
ol. 1, No. 9

Binding of Fluoroaromatic Inhibitors to 1359-1362
Carbonic Anhydrase II

Ariss DerHovanessian, Jeffrey B. Doyon," Ahamindra Jain,**
Paul R. Rablen,*$ and Anne-Marie Sapse**

Department of Chemistry, Swarthmore College, Swarthmore,

Pennsylvania 19081-1397, and City University of New York, Graduate School, and
John Jay College of CUNY and Rockefeller University, 445 West 59th Street,

New York, New York 10019

ajainl@swarthmore.edu

Received July 19, 1999

ABSTRACT

Complexes formed between fluorobenzene and N-methylformamide or benzene have been used as models of the interaction of fluoroaromatic
drugs with carbonic anhydrase Il. These structures have been investigated via ab initio and density functional methods, including HF, B3LYP,
and MP2 procedures. The results of the calculations are consistent with the hypothesis, suggested originally by experimental X-ray crystal
structures of the drug—receptor complexes, that favorable fluorine—hydrogen interactions affect binding affinity.

Weak, noncovalent interactions have become the focus ofbeen the focus of research in heguest chemistry, where
research in recent years in the field of structural biology and the binding of a ligand to a receptor often involves such
drug design. Aromatic contacts, one kind of weak inter- forces® These favorable contacts may be useful in designing
actions, have been used to help explain protein foldifg, drugs that bind tightly to enzyme targets. The forces
with aromatic interactions involving Phe and Tyr contributing responsible for this #—x" interaction have been studied
significantly to tertiary structur&€® Aromatic interactions  extensively through the use of benzene and toluene dimers
have also been studied in the area of enzymatic catalysis,as models. In this paper, we have applied ab initio and density
where researchers have identified a Tyr residue involved in functional methods to elucidate the nature of the contacts
the acceleration of the reaction catalyzed by the coenzymebetween fluoroaromatic inhibitors of carbonic anhydrase Il
thiamin# Finally, interactions between aromatic groups have (CA) and the active site of this protefin.
Molecular mechanics calculations reveal that a benzene
T Swarthmore College. dimer in aqueous solution energetically prefers a T-shaped
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can be explained primarily by dispersion forces and, to a benzene witiN-methylformamide or benzene. The fluoro-
lesser extent, electrostatits. This conformation has also  benzenes are models of inhibitors of carbonic anhydrase
been identified via ab initio HartreeFock (HF) calculations,  (CA),® while benzene models the side chain of a phenyl-
in a study of the binding of dihydrofolate reductase to its alanine residue in the active site of GAN-Methylforma-
inhibitors1° The toluene dimer, which has been used as a mide is used to model a peptide bond in the backbone of
model for Phe-Phe interactions in proteins, prefers a stacked the protein.
conformation, with the added methyl group providing 40%  Preliminary studies of complexes formed by benzene with
more dispersion interaction than a benzene fidgother 2-fluorotoluene and 2,3-difluorotoluene, respectively, at HF/
factor that contributes to the stability of the stacked 6-31G* suggested the presence of an attractive-Hnter-
conformation is the reduction of the hydrophobic surface area action® Figure 1a shows the complex formed by fluoroben-
exposed to the solvent, which outweighs the repulsive
interaction between the quadrupole moments of the toluencjjj NG
molecules. Although mechanics calculations indicate that the
stacked conformation is preferred, exhaustive studies of
protein data banks indicate that PHehe interactions almost
always occur in a T-shaped orientatibhSterics! electro-
statics? and dispersive forchave been used to account
for the apparent energetic preference for the T-shaped
arrangement. Thus, even thoughr interactions have been
shown to prefer certain patterns, the relevant forces are not
fully understood.
To shed light on the subject, Dougherty and co-workers
investigated computationally the heterodimer formed by
benzene and hexafluoroben'zéfléhese tW.O molecules have' Figure 1. (a) Complex ofN-methylformamide with fluorobenzene
q_uadlgupo_le moments of similar mag”'t“de but opposite optimized at MP2/6-31G* and (b) optimizexs conformation of
sign;> which were proposed to result in a preference for a 7_fiyorobenzylamine, at MP2/6-31G*.
stacked conformation for the heterodimer. The interaction
between fluoroaromatics and aromatics has also been studied
experimentally in the solid staté!4 with regard to the  zene withN-methylformamide, which also includes arf
guadrupolar interaction described above and-tdiRnter- contact (r= 2.045 A; ONHF = 178°), at MP2/6-31G*.
actions. Strongly favorable-FH interactions are uncommon  Figure 1b shows theis form of 2- fluorobenzylamine in its
but have been shown to exi§t® optimized geometry, which is consistent with an intra-
We have synthesized a small library of fluorinated molecular H—F interaction (= 2.022 A; ONHF = 127°).
inhibitors of CA and have measured their affinity for the Figure 2a shows the MP2/6-31G* fluorobenzetenzene
protein® We have found that binding is not solely a function complex. Figures 2b—2f show the same complex featuring
of the number of fluorines attached to the aromatic ring of geometries restricted as indicated in the caption.
the inhibitor, but that instead the interaction between the host  Full optimization of the fluorobenzeréenzene complex,
and the inhibitor depends, in part, on the relative placementat the MP2/6-31G* level, gave the following geometrical
of the fluorines. The calculations presented in this paper parametersrey = 2.98 A; DCHF = 89.7°; an angle of 8.4°
attempt to identify the lowest energy arrangement of models between the two planes. Table 1 shows the binding energies
of (1) a fluoroaromatic inhibitor and a Phe side chain and for structure?2a—f at various levels of theorsf,defined as
(2) of the inhibitor and a backbone peptide bond. The aim the difference between the energy of the complex and the
of these calculations is to relate the binding energies from

these models to the binding affinities in our biochemical | EEKGKG

system. ) o Table 1. Binding Energies (kcal/mol) for
Gaussian98 was used to perform ab initio quantum  gensene—Fiuorobenzene Complexes Shown in FigReest
mechanical calculations on the complexes formed by fluoro-

B3LYP/ B3LYP/ MP2/ MP2/
(8) Jorgensen, W. L.; Severance, D.1.Am. Chem. S0d.990,112, 6-31G**  6-31+G**  6-31+G*  MP2/ 6-31G**
4768. +BSSE? +BSSE +BSSE  6-31G**®  a+BSSEP
(9) Kim, E.; Paliwal, S.; Wilcox, C. SJ. Am. Chem. S0d.998,120,
11192. 2a —0.39 —0.34 —2.43 —4.63 —0.76
(10) Sapse, A. M.; Schweitzer, B. S.; Dicker, A. P.; Bertino, J. R.; Frecer, 2b  —0.07 —-0.09 —2.37 —4.47 —-0.79
V. ';‘i va PePfAPPfOtgif? 5&992%9-(10)’ 18r-] I — 2c  —0.38 -042 -159  —425 —1.49
1957 ?LO %%:7 . P., Jr.;; Mecozzi, S.; Dougherty, D.APhys. Org. Chem. od  —-0.39 042 —188 _306 —1.06
(12) Williams, J. H.Acc. Chem. Re<.993,26, 593. 2e 031 —0.28 -232 —3.92 —-1.76
(13) Mattos, C.; Rasmussen, B.; Ding, X.; Petsko, G. A;; Ringe, D. B. 2f not bound —0.94  not bound
Struct. Biol.1994,1, 55.
(14) Ngola, S. M.; Dougherty, D. Al. Org. Chem1998,63, 4566. a Single-point calculations, based on the final geometry obtained at
(15) Thalladi, V. R.; Weiss, H.-C.; Blaser, D.; Boese, R.; Nangia, A.; B3LYP/6-31+G**. P Single-point calculations, based on the final geometry
Desiraju, G.J. Am. Chem. S0d.998,120, 8702. obtained at MP2/6-31G*.

(16) Dunitz, J. D.; Taylor, RChem. Eur. J1997,3, 89.
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s stacked versus a perpendicular arrangement. Interestingly,

however, some of the most stable structures at a variety of
levels of theory including HF, DFT, and MP2 allow the
fluorine atom of fluorobenzene to approach closely one of
the hydrogen atoms of the other aromatic ring. These
structures feature anfH distance of between 2.18 and 2.98
A and are significantly different from the preferred structure
of the benzene dimérThe presence of low-energy structures
featuring such a close approach between fluorine and
hydrogen support the possibility of a favorable F—H inter-
action.

Furthermore, in the calculated structures of these com-
plexes, there is a tendency for the-E bond to tilt toward
the C—H bond, in such a manner as to facilitate close contact
between the fluorine and the hydrogen. This tendency is
visible, for instance, in structuia, where the FH distance
is 2.98 A. This tilting further supports the hypothesis that
fluorine and hydrogen experience an attraction.

To obtain further support for the significance of the If
interaction in Figures 1la and 2c, we estimated the potential
surface for rotation of the fluorobenzene ring about the axis
perpendicular to the plane of the ring through its center
(Figure 3). Single-point calculations at MP2/6-31G* for each
of 12 conformations indicated that there is>8 kcal/mol
cost to rotation away from the geometries depicted.én
and 2c.

Figure 2. Optimizations of benzenefluorobenzene at MP2/6- _

31G* (a) unrestricted, (b) rings restricted to being in parallel planes,

(c) ri_ngs restric_ted to being_in perpendicular planes, (d_):Cbond _ T 7 T i T T
restricted to being perpendicular to plane of benzene ring, (e) rings
restricted to being perpendicular, but € bond forced to be parallel 2 7]
to plane of benzene ring, (f) € bond restricted to being - o
perpendicular to plane of benzene ring and points at its center. 2~ 9 oo o _T
g [) I_ O a ° e O O o
= E ° o U o,
sum of the energies of each component, as well as the binding ..%075 2 N
energies with the BSSE correctfdrincluded. E =)

In general, the ab initio calculations carried out with a ] ° -
variety of partial geometric restrictions demonstrate that the l ] a_ | l 1
potential energy surface is extremely flat. There is, for 0 1 2 3 4 5 6
instance, very little preference one way or the other for a 0 (radians)

(17) Gaussian 98 (Revision A.6). Frisch, M. J.; Trucks, G. W.; Schlegel, Figure 3. Potential surfaces for rotation of fluorobenzene moiety
H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; of structuresla (open squares) an@c (filled circles). The
Montgomery, J. A.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, - ¢onformations shown ina and 2c correspond tor radians. The
J- M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; - qata noint at 5/6 radians, for2c, have been omitted, since this

Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; . . N .
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y. Cui, Q,: conformation results in a steric interaction that coste2 kcal/

Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Ragavachari, K.; Foresman, Mmol.
J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
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T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; . L
Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M. The presence of a favorable F—H interaction is in accord
W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian, with data from X-ray crystallograpW.These results show
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J. Med. Chem1994,37, 2100. o _ tor (Figure 4;n = 5) is perpendicular to the aromatic ring
(19) 2-Fluorotoluene and 2,3-difluorotoluene exhibit binding energies f the Ph id h th he I di . v 2.4

with benzene of 1.18 and 0.90 kcal/mol at HF/6-31G* level. Both complexes of the e residue, such that the Istance Is only 2.

implicate an F-H interaction. These binding energies are in the range of A. Structure2c from our calculations most closely resembles

the HF/6-31G* binding energies of fluorobenzerigenzene, which support ; _ * _

our use of the latter complex as a model for the interaction in our system. these eXpe”mental results. At the MP2/6-31G*//MP2/6
(20) At MP2/6-31G*, with and without BSSE, we observed the same

trends in the binding energies as are shown in Table 1. (22) Doyon, J. D.; Kim, C.-Y.; Christianson, D. C.; Jain, A., manuscript
(21) Boys, S. F.; Bernardi, iMol. Phys.1970,19, 553. in preparation.
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Figure 4. General structure of fluorinated inhibitors of carbonic
anhydrase II.
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31G** level of theory, 2c is within 0.3 kcal/mol of the
structure calculated to be of lowest energy.

The fact that2c is not calculated to be the very lowest
energy structure need not be taken as evidence against
favorable F-H interaction. Many factors could alter geo-
metric preferences in our simple model system compared to
the real inhibitor—receptor complex. Our model system not
only omits all of the protein structure aside from the Phe
ring but also neglects the solvent, which could play an
important role. Furthermore, as is apparent from the data in
Table 1, the BSSEs are substantial. This is particularly true
for the MP2 calculations, where the counterpoise corrections

This F—H attraction is stronger than fluorobenzetienzene
F—H interactions, as shown by the fact that the binding
energy ofN-methylformamide to fluorobenzene, in Figure
1, is 4.51 kcal/mol at the MP2/6-31G* level, compared to
1.25 kcal/mol for the aromatic/aromatic interaction in Figure
2c.

The fact that the 2,5-difluoro derivative binds more tightly
than the 2,6-compound (0.55 vs 1.2 nM) can be explained
in two ways: the fluorine at the 5-position may participate
in an F—H attraction with the backbone or the fluorines at
the 2- and 6-positions may form intramolecular#
hydrogen bonds with the NH group of our inhibitor, thus

eakening their interaction with the protein. To explore the
second possibility, 2-fluorobenzylamine was studied at the
MP2/6-31G* level, and it was found that the fluorine prefers
to betransto the NH group, by 1.4 kcal/mol. If there are
two ortho fluorines, however (as is the case with the 2,6-
derivative), one of them will have to form an intramolecular
F—H bond. The fact that the 2,3-derivative binds only slightly
more tightly than the 2,6 compound (1.1 vs 1.2 nM), while
2,5 binds much more tightly (0.55 nM), supports our

are larger than the (corrected) binding energies themselvesiconclusion that fluorine at the 5-position must make arHF—

The BSSEs thus cast considerable doubt on the ener
ordering of the different geometries, as it is well-known that

ond with the peptide backbone. Assuming that all other
interactions between the inhibitors and the protein are

counterpoise corrections are a crude estimate of the BSSECOMPparable, this type of specific-fH contact may determine

at best® However, the only reliable solution to this dilemma,
which is to use avery large basis set, was not feasible for

the relative binding energies of fluorinated inhibitors.
To follow up on these ab initio calculations of models of

systems as large as those we have studied here. Consequentiffiiorinated inhibitors bound to CA, we are considering the
the most we can say with confidence is that the calculations minima accessible to complexes of these groups when they
on the model system are at least consistent with the are restricted by the active site of the protein. Specifically,

possibility of a favorable F—H interaction.

Examination of the experimental data pertaining to the
binding of fluoroaromatic inhibitors to CAshows trends
that are consistent with the presence of anH-contact.

by fixing the methyl carbon of the inhibitor model, and the
methyl carbor-ring carbon bond of the Phe model, we hope
to be able to confirm that the structures obtained by
crystallography are energetic minima, at some level of theory.

Based on the mode of binding of arylsulfonamides to’€A, The specific computational approach required to replicate
it is clear that the structure of these inhibitors (Figure 4) the conformation found by crystallography should provide
prevents any FH interaction between a fluorine at the valuable information about the nature of the interactions that
4-position of the benzyl amide group and the protein. This are responsible for tight binding in this series of inhibitors
isomer of the monofluorinated inhibitors does not, therefore, and may provide more general predictive power regarding
bind as tightly to CA as the 2- or 3-fluoro derivative&; (= F—H contacts in drug design.

2.4,0.73, and 0.97 nM, respectively). Molecules that have a
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