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ABSTRACT

The hydrophobic effect— the free-energetically faabe association of non-polar solutes in water—
makes a dominant contribution to binding of marnstems of ligands and proteins. The objective & thi
study was to examine the hydrophobic effect in lmoular recognition using two chemically
different, but structurally similar hydrophobic gms—aliphatic hydrocarbons and aliphatic
fluorocarbons—and to determine whether the hydrbpdity of the two groups could be distinguished
by thermodynamic and biostructural analysis. Tlapgy uses isothermal titration calorimetry (ITC) to
examine the thermodynamics of binding of benze@samides substituted in thgara position with
alkyl and fluoroalkyl chains (BNSO,CeHs-CONHCH(CX2),CX3, n = 0-4, X = H, F) to human
carbonic anhydrase Il (HCA 11). Both alkyl and fhealkyl substituents contribute favorably to the
enthalpy and the entropy of binding; these contributions inseas the length of chain of the
hydrophobic substituent increases. Crystallographthe protein-ligand complexes indicates that the
benzenesulfonamide groups of all ligands examinead ith similar geometry, that the tail groups
associate with the hydrophobic wall of HCA 1l (whits made up of the side chains of residues Phel31,
Vall35, Pro202, and Leu204), and that the struatfitbe protein is indistinguishable for all buteoof

the complexes (the longest member of the fluordadigries). Analysis of the thermodynamics of
binding as a function of structure is compatibléehwthe hypothesis that hydrophobic binding of both
alkyl and fluoroalkyl chains to hydrophobic surfaxfecarbonic anhydrase is due primarily to theasée

of non-optimally hydrogen-bonded water moleculeat thydrate the binding cavity (including the
hydrophobic wall) of HCA II. This study defines thalance of enthalpic and entropic contributions to
the hydrophobic effect in this representative systd# protein and ligand: hydrophobic interactions,
here, seem to comprise approximately equal corioibs from enthalpy (plausibly from strengthening
networks among molecules of water hydrogen bondg) entropy (from release of water from

configurationally restricted positions).



Introduction

Hydrophobic interactions are important for protein-ligand binding, but their molecular basis is
poorly understood. Hydrophobic interactions—the free energeticallyoi@ble aggregation of non-
polar molecules in aqueous media—are centrally niapoin biology because they dominate the folding
of proteins, the formation of lipid bilayers, arfetassociation of proteins and ligafi@dsThe classical
concept of hydrophobic interactions—which we atitébto Kauzmann and Tanford (KT)—predicts that
i) water near the surface of hydrophobic groupmae (or, perhaps, just differently) structuredntha
bulk water, and ii) entropy dominates the favoraiée energy of hydrophobic interactions because
association of two non-polar surfaces causes terage of structured molecules of water near noarpol
surfaces:> The molecular basis of hydrophobic interactionspiotein-ligand association is more
complicated than this classical description, ailbiscompletely understood.” The distinction between
hydrophobic effects when different types of groumdighatic and aromatic hydrocarbons, or
fluorocarbons—interact within a protein-ligand cdexis also not clear. This lack of understanding
(probably) contributes to the present difficultydesigningligands that associate tightly with proteins.

Aliphatic Hydrocarbons and Fluorocarbons in Biomolecular Recognition. Both aliphatic
hydrocarbons (R and aliphatic fluorocarbons gRare hydrophobic in that they are poorly solulie i
water? but the thermodynamic basis of this hydrophobieiat least in the context of protein-ligand
interactions—is poorly characterized. In drug disag, replacement of hydrocarbon groups by
fluorocarbon groups has been used to modify sotykaind basicity, to test for hydrogen bonding
interactions, and to improve the metabolic stahilkinding affinity, and bioavailability of several
compounds. Incorporation of fluorocarbons into proteins gmeptides results in the stabilization of
folded proteins and promotion of self-assembly d¢fha-helical peptides into coiled coff$*
Resistance of these structures to thermal denmtnratiggests greater stability of fluorinated agalo
than hydrocarbons, although it remains unclear drethis effect is due to increased hydrophobic

surface area alone or to a difference in the charat hydrophobicity.



The results of our own studies involving i) bindiogligands modified with R and R tails to bovine
carbonic anhydrase (BCX)and ii) denaturation of BCA modified with a serie Ry and CFR
substituents in the presence of sodium dodecylatuiluggest, however, that the free energy of
interaction of R and R with hydrophobic surfaces can be rationalizedrelytior predominantly based
on the amount of solvent-accessible surface arégOQQNH groups are 0.05-0.07 kcal niahore
hydrophobic than RCONH groups with the same surface area). (A prevpmaper and relevant reviews
summarize the background on the hydrophobic etfeetto R).****

The thermodynamics of association of series of ligds presenting Ry and Rr groups with
human carbonic anhydrase The current study uses isothermal titration ¢aletry to measure the
values of the free energ\\G°), enthalpy AH®,), and entropy (-AS’) for the binding to human
carbonic anhydrase Il (HCA 1, EC 4.2.1.1) of tweeries of benzenesulfonamide ligands
(HoNSO,CeH4CONHCHRy(): in one series, the substituents in the 4-pasitb benzenesulfonamide
are Ry groups of increasing length, and in the secon@ésethe substituents arg Broups of increasing
length. To compare the two series, we estimatéentremental values of the thermodynamic parameters
of binding AAG°, AAH®, and —TAAS%) based on measurements of i) the molecular sudee and
i) the molecular volume of the [Rand R groups in the crystal structures of the protegastid
complexes. We determined that value\af5°, are indistinguishable within statistical uncertgi(for
Ry AAG®, = =12 + 1 cal meét A% for Re AAG®, = —14 + 1 cal matA™), on the basis of ligand solvent-
accessible surface area and on the basis of theneodf the ligand (for RAAG®, = —20 + 2 cal mat
A3 for Re AAG®, = =20 + 2 cal mot A) (Table 1). Both alkyl and fluoroalkyl groups contribute to
AAG®, through favorable values oboth AAH°, and —TAAS%. The magnitude ofAAH®, is
indistinguishable (within experimental error) fdky and fluoroalkyl groups (for alkylAAH?, = -5+ 1
cal mol* A2 and for fluoroalkylsAAH®, = =7 + 1 cal motA™). Alkyls and fluoroalkyls also have
indistinguishable values of ARSS, (for alkyls —-TAAS} = =7 + 1 cal met A for fluoroalkyls
—TAAS% = —7 + 1 cal motA™®). Table 1 summarizes the results of this study as a guidgibsequent

details.



We usedparasubstituted benzenesulfonamides connected to plidlac side-chains—“greasy
tails"*—via an amide linkage (HNSO,CeHs-CONHCH,(CX2),CXs, where n = 0-4, X = H, F) as

ligands for HCA II.

0
H2N8024®—<
NHCH,(CX,),,CX3

In the system of HCA Il and derivatives of bemzsulfonamide, association of the
benzenesulfonamide moietfHNSO,CgHg-) is essentially invariant to most changes ingtracture of
the R group in B(NSO,CsH4R group™ Binding is determined by association of thi$NSO,CsHa-
group to the active site Zhion, and many biostructural data establish thatgg@metry of the phenyl
group in the active site is highly conservdVe have used the extreme simplicity of the systém
HCA (or structurally very similar BCA) as the ba$is detailed physical-organic studies of bindirfg o
ligands to HCA II*®

This paper reports the values of free energpionfling AG°,), enthalpy of binding AH®,), and
entropy of binding (—AS’) for the two series of ligands (R 5 RRr, H.NSO,CsH,CONHR) measured
using isothermal titration calorimetry (ITC). Welamadated the incremental changes in free energy,
enthalpy, and entropyA@G®,, AAH°, and —TAAS’,) of binding by correlating the thermodynamic
parameters for binding with i) the change in sotvattessible surface area of binding, and ii) the
molecular volume of the ligand. These incremengli®s represent the contribution to binding pet uni
area of hydrocarbon-hydrocarbon and hydrocarbaordicarbon interaction, and per unit volume of
hydrocarbon or fluorocarbon for each series.

Residues Phel31, Vall135, Pro202, and Leu204 coenfites so-called “hydrophobic wall” of HCA
II.*> We guessed, based on the crystallography oftatally similar ligands, and validated by our own

structural studies, that the hydrophobic tailgpafa-substituted benzenesulfonamides would form van

der Waals contacts with the hydrophobic wall. Mamgminations of ligands for HCA Il (and BCA 1)



have demonstrated that hydrophobic groups—and fsglyi groups of type BNSO,CeHs-
CONHCHR, with R = n-alkyl, n-fluoroalkyl—increase theitrength of binding as the putative area of
contact between the ligand and the protein inceea3ée system that examines binding of
benzenesulfonamide ligands,(#50,CsH4-R, where R represents various organic moietiesatbonic
anhydrase is thus an excellent one (the best, Wevbeso far developed) for physical-organic stsdof
the hydrophobic effect in a biologically relevangs®m comprising protein and ligafitl.lt is
particularly interpretable since the rigidity ofethiertiary structure of CA Il makes contributiorts t
binding from protein plasticity negligibfe.

The first objective of this study was to explore tielationship between the hydrophobic effect and
ligand structure, using two chemically differentit Istructurally related classes of hydrophobic gsou
alkyls (Ry) and fluoroalkyls (R). Our hypothesis was that either: i) The hydropbaddfect is due
primarily to exclusion of water from the hydropholsurfaces of the active site and of the ligand; in
which case, the magnitude of the effect for homolsgRy and R tails interacting with the hydrophobic
wall of HCA 1l would be the same when adjustedddferences in the solvent-accessible surface areas
of the tails. ii) The hydrophobic effect resultorfr the physical properties ofyRand R (i.e.,
polarizability, van der Waals interactions, etdn);which case, the magnitude of the effect might be
quite different for the two types of tails, sinbese properties are different fog Bnd R.

Our second objective in comparing; Rnd R was to define their relative hydrophobicity in the
context of protein-ligand interactions. Incorpooatiof fluorine into small molecules is an important
tactic in designing inhibitors of protein5§This strategy is often used to increase bindirfmiaf, to
improve membrane permeability, and to augment noditalstability of pharmaceuticals. There is a
widespread belief—based primarily and qualitatively the hydrophobicity and oleophobicity of
Teflon—that R, and R are fundamentally different in their hydrophobjcit In many (in fact, most) of
the systems studied, the hydrophobicities faraRd R are different, but there is no thermodynamic

evidence to support this argument.



Improved understanding of hydrophobic interaction®lving Ry and R in the context of protein-
ligand binding will clarify the nature of the hyghoobic effect in biomolecular recognition, assist
advances in the rational design of inhibitors fazyames, and help to understand the basis of intersc
of both fluorocarbons and hydrocarbons with pratein

Aliphatic Fluorocarbons and Hydrocarbons. Alkyl and fluoroalkyl groups have considerably
different properties, including: i) refractive indes (1.2515 for hexane and 1.3751 for
perfluorohexane}? i) dipole moments (1.85 D for GH, 1.64 D for CHE); iii) C-X bond lengths
(1.09 A for X = H, and 1.35 A for X = B} iv) van der Waals radii (1.20 A for H, 1.47 A B);*° v)
molecular surface areas (46 for —CHs, 59 A% for —CR); vi) conformations of X with respect to the C-
C bond (all-antiperiplanar vs. helicafyand vii) solubility in water.

The Classical View of Hydrophobic Interactioiifie term “hydrophobic interaction”, which implies
the tendency of a nonpolar surface to minimize aonwith water, refers to the favorable free enefgy
formation of aggregates of hydrated hydrocarbonglgorocarbons) in watér*> Early thermodynamic
analyses by Frank and Evans indicated that thevardale free energy of dissolution of nonpolar gase
in water was determined by an unfavorable entrégricn at room temperature, where the enthalpy of
dissolution is nearly zerd. As temperature increased, however, the magnitidehe enthalpy of
dissolution of nonpolar gases also increased. dbesvation indicates that the change in heat cgpaci
of dissolving nonpolar solutes in water is positioth the increase in heat capacity and the
unfavorable entropy at room temperature led Fram#k Bvans to rationalize the poor solubility of
nonpolar compounds in water to be the result aharease in the order of the water that solvateseh
compounds, and they introduced the term “icebeogtiéscribe the structure of water molecules that
hydrate nonpolar soluté$.

Kauzmann—based on the analyses of Frank and EvaysstHesized that the folding of proteins was
due to an unfavorable entropy of hydrating the mdepside chains of Val, Leu, lle, and Phe.
Kauzmann inferred that ordering of water molecuiear hydrophobic amino acids in solution might

explain the entropic driving force for the foldired proteins. At the same time, structural studiés o
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methane hydrates showed that the ordering of wateund methane in the solid state produced a
network of hydrogen bonds that is almost indistisable from the structure of hexagonal 3te.
Tanford coined the term “hydrophobic effect” foethnfavorable free energy of hydration of nonpolar
molecules in wate?*

Modern Views of Hydrophobic InteractioriBhe community of biophysical chemists, in the diesa
since, has embraced the concept that water is ordexed near hydrophobic solutes than it is in the
bulk. Most of the support for structured water, lewer, derives from spectroscopic studies of water
near macroscopic interfaces with nonpolar phas&swhile a few studies (by neutron diffraction
spectroscopy) of solutions of nonpolar solutes iatew seem to provide contradicting res@ft&
Theoretical studies in the decades since KT, teemsto provide conflicting results: although some
theoretical treatments of hydrophobic effects—prilpahose presented by Stillinger, Pratt, Chandler
Hammer, and others—predict structured water ne@nebed (> 1 nff) surfaces, and a lack of structured
water near smaller soluté$3®? molecular dynamics simulations that have explictudied the behavior
of water near small nonpolar solutes have, in mzases, supported the original KT speculafibir.
Little consensus exists in the literature to supplee notion of structured water near small solates
those having areas less than ~1%afn aqueous solution’ Moreover, little work has focused on the
behavior of water near fluoroalkyl groups in aquemedium?

Hydrophobic Interactions in Protein-Ligand Associaion. Molecular dynamics simulations of
water in the binding pockets of proteins portrag tomplicated nature of the structure and energy of
water near protrusions and cavities on the surfatesoteins’®** Simulations predict that i) water in a
hydrophobic cavity is less favorable in enthalpgrttwater in bulk solution because, near hydrophobic
groups in these cavities, waters form fewer hydnolgends than does water in bulk solution, and ii)
water near polar groups, by contrast, form hydrdgemds with the entropic cost of being more ordered
than water in bulk solutioft.

This complicated picture of water in protein birglipockets coincides with thermodynamic signatures

of hydrophobic interactions that are somewhat ckfiié from those of the hydrophobic effects desctibe
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by KT. Numerous experimental studies of proteirtid association have demonstrated that negative
values for the change in constant pressure heacitgmf binding ACp%), rather than unfavorable
values of —RS°, correlate with hydrophobic interactions in pratdinding?*°* Nonetheless, the
repeated observation that binding of hydrophobidegwdes to proteins has negative valueaGp®, is
consistent with the hypothesis that the structdreaer in the binding pockets of proteins detemsin

the thermodynamics of hydrophobic effects.

Experimental Design.

Choice of Protein-Ligand SystemWe choose HCA Il as a model system for our physioganic
study for five reasons: i) HCA Il is an exceptidgadtable and rigid protein. It can be obtainedriya
by expression in E. Coli (~100 mg'lof growth medium) using techniques with which we familiar,
and obtained in the quantities necessary for ITG.5-mg per experimerif)and X-ray crystallography:;
i) numerous benzenesulfonamide-containing ligafldgNSO,CsH4-R, with some constraints on R),
bind in the active site of HCA Il with a conserve@ometry"® iii) previous X-ray and neutron
crystallographic studies have detailed the striectfrsulfonamide ligands bound in the active site o
HCA;**>%iv) a single protocol for growing crystals of theotein with different ligands can be used; v)
one face of the active site of HCA 1l is a hydrobiwo“shelf” or “wall”, comprising residues Phedl,
Val135, Pro202, and Leu2d2. This wall has ~250 Aof solvent-accessible hydrophobic surface, and
substituents in thpara-position of benzenesulfonamide are positioned d¢vat part of the active site
(Figure 1).

Perturbational Approach for Probing Binding. To probe the interactions of "greasy tails” witie
hydrophobic region adjacent to the active site GfAHI, we have followed a perturbational approach:
we used thgara-carboxamido benzenesulfonamide group to ancholighad in the active site of the
protein in a well-defined, conserved geometry, amdsystematically varied the length of, Rnd R
chains ((CX%)n, where X = H, F and n = 0-4) in thmara-position. Previous structural analyses—and

data we present here—indicated that this anchordvpreserve the geometry of the arylsulfonamide
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group, which makes the dominant contribution tariedynamics of binding in this system (~ 8 kcal
mol?), regardless of the nature of the greasy 'faithis structural rigidity is essential to the
perturbational approach that we use because, ahove below, the difference in the contributionhe t
thermodynamics of the interaction between methylemBuoromethylene groups and the hydrophobic
wall of HCA is less than 0.5 kcal mbl

Since this value is roughly the same as the unogrtan the measurement &fH°, (or —TAS’,) by
ITC for any single ligand, the comparison of anyr pé ligands would not be statistically meaningful
The perturbational approach, which in this workludes analyses of five ligands of each series, thus
allows us to evaluate the similarities (or diffezes) between Rand R tails with greater precision than
would be possible for pairs of structurally homalag compounds.

One potential limitation of using thecarboxamido benzenesulfonamide anchor—rather tinaN-
methylcarboxamides, for example—could be differenoethe values of pkof the carboxamide group
for Ry and R series. Involvement of the amide NH group may bute favorably to the enthalpy of
binding via hydrogen-bonding (NHH,OIIThr200, Pro201), a hydrogen bond that we observe-kgy
crystallography (Figure S4 in Supporting Informajioln our previous studies, indeed, we demonstrate
that the pK of the carboxamide group for the Beries is lower than that of the Reries, and the value
of AG®, of the R tails were more favorable than that of the tRils!? In that work, however, we also
measured the values @&AG°, for both series ofN-methylcarboxamides and determined that the
difference in the pKof the carboxamide group did not influence theugal ofAAG®,, for either the R
or the R series. We also show here that, although the NMf&2f the carboxamide protons of, Rnd
Rr are different, they are the same across eachssara we infer that the values AAH°, and
—TAAS’, reflect contributions from the hydrophobic intdrass between R and the hydrophobic
wall.

From our previous work with these groups, we ap#étad negative values a\G®, for both Ry and

Rr tails!? Our objective was to analyze the enthalpic andoeitt contributions to this free energy of
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binding by using ITC, and to correlate these cobntions with the structures and physical propenies

the molecules.

Results

Synthesis of the Ligands.We prepared benzenesulfonamides with alkyl andrdialyl tails
following the previously reported procedufés.

Purification of the Protein. To purify HCA Il (E.C. 4.2.1.1, > 95% pure), wellbwed the
procedures reported by Fierke et al., who alsolkipcbvided the plasmids containing the gene fer th
protein®°° Details of this procedure appear in the Supportinfprmation (available online at
pubs.acs.org).

Collection of Data by ITC. Because of the low solubility (< 5M) in aqueous buffer of the ligands
that had long (n > 2) tails, we expected it to ballenging to conduct ITC experiments, which reguir
that the concentration of molecule in the celllw talorimeter to be no higher thar® ¥0Ky, and that
the concentration of molecule in the syringe be tirh@s the concentration of the molecule in the. %ell
Placing solutions of ligand in the cell not only selower limit on the concentration of ligand nedd
but also allowed us to minimize the contributiorthie uncertainty iMAH®, from the uncertainty in the
concentration of ligand. We titrated aliquots of HCA Il (20 uM), taken from single batch, into
solutions of each of the 10 ligands (~ 2.0 uM). Bguaning that the concentration of active proteis wa
the same in each experiment, we were able to attjestoichiometry of protein-ligand binding to ni=
during analysis of the data. ITC experiments wilclreligand were repeated 7-9 times. We report the
average values otG°, AH°, and —TAS% and estimate their uncertainties as standard tievs(for
number of repeated experimentsN).

AG°, is proportional to the solvent-accessible surfacarea of the ligand ITC experiments
confirmed our previous observation that extending kngth of the “greasy tail” resulted in more
negative values ohG°, and lower values dfq for dissociation from HCA Il Kigure 2). Fluoroalkyls,

in general, display higher affinity (~ 1 kcal rifplfor HCA Il than alkyls with the same number of
11



carbon atoms in the “greasy tail’. We rationalihes teffect, at least in part, by the fact that, Goups
have larger hydrophobic surface area than Qidups (see below). The electron-withdrawing proge

of fluoroalkyl chains, and their absence in alkighins, moreover, result in more acidic amidic NH in
fluoroalkyl amides (Ar-CONHCERf) than in alkyl amides (Ar-CONHCHRy). This inference of a
difference in acidity is supported by chemical shih 'H NMR spectra (Figure S5 in Supporting
Information). Table 2 summarizes the thermodynamic values for binding pafa-substituted
benzenesulfonamides to HCA II.

Based on our X-ray crystallographic analysis of HIGAgand complexes (see later in this paper), we
excluded the datapoint for the longest fluoroalkgand (X = F, n = 4) from the analysis of
thermodynamics of interactions fog Ror free energy, enthalpy and entropy of bindisgg below). The
crystal structure of HCA Il in the complex with tifleoroalkyl ligand that contains the longest side-
chain (n = 4), in contrast to structures with d@hey fluoroalkyl and alkyl ligands, shows that (361
flips its orientation (thgaucheconformation in the case of X = F, n = 4, and dhé conformation in
all other cases).

Both series of ligands display a favorable incremeal entropy of binding. Figure 3 shows that
the free energies of binding for both series ddrigs (R and R) have a favorable entropic contribution
that increases with the length of the hydrophohit (for alkyls —TAAS%, = =7 + 1 cal mét A%, for
fluoroalkyls —TAASS, = -7 + 1 cal mot A®). This contribution could be i) related to changeshe
structure of the network of waters that hydrate lihand and/or the active site of the protein,tig
result of a change in the conformational degreeseafdom of the tail on binding, or (in principli&)
the result of changes in the conformational degoédseedom of amino acid side chains on binding of
ligand.

Both series of ligands also display a favorable inemental enthalpy of binding. Extending the
chain length of alkyl and fluoroalkyl tails alsontobuted to the free energy of binding through a
favorable enthalpic termF{gure 4). The slope of enthalpy as a function of chaingtan(or ligand

solvent-accessible surface area) is indistinguightdy alkyl and fluoroalkyl tails (from the alkylata,
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AAH°, = =5 + 1 cal mot A2 and from the fluoroalkyl data\AH°, = —7 + 1 cal mot A% the
uncertainties in these values overlap).

Crystallization of Protein-Ligand Complexes.We grew crystals of HCA Il in conditions reported
by McKenna and coworkers (1.15 M sodium citrate) ©@M Tris hydrochloride, pH = 7.8) because
under these conditions, crystals of the native ginodiffract X-rays to ~1.0 A resolutidi. We
performed soaking experiments using the ligandé wftort (n = 0 or 1) tails by transferring crystals
from their mother liquor to a fresh drop that comta sodium citrate (1.32 M), Tris (100 mM), and
ligand (20 — 450 uM). The ligands with>n2 were insoluble in sodium citrate, which prolehitts use
as the medium for soaking experiments.

We expected that the solubility of the ligands wibbk higher in solutions containing polyethylene
glycol (PEG, 30 — 35%) than in sodium citrate, \wete unable to grow crystals of HCA Il in solutions
of PEG. We chose, thus, a solution condition (PEG01 20 %; HEPES 100 mM) that was slightly
higher in concentration of PEG than conditions regmb previously to crystallize HCA 1l in the same
polymorph as our crystals, and we transferred alysif native HCA Il, grown in sodium citrate, into
drops containing PEG and saturated with ligandk {emger (n> 2) tails. The strategy was successful in
that the resulting crystals diffracted X-rays t6 4. 1.8 A resolution, and the maps of electron itens
derived from molecular replacement indicated thesence of ligand (Figure S4 in Supporting
Information). We refined the crystal structureseaich of the ten HCA ll-ligand complexes at high
resolution (1.83 — 1.05 A) dat@gble 2, Table S1 in Supporting Information).

Structural Characterization of the Protein-Ligand Complexes. To determine whether the
thermodynamic trends in binding were the resubtafictural changes to the protein, we aligned ¢e t
structures and calculated the root-mean-squarete®v (RMSD) for all atoms of the proteins. The
average value for RMSD for these structures wa8104) a result that indicated that the conformation
of the protein did not depend on the identity ghhd bound in the active site.

To verify our assumption that the geometry of ilgarids in the active site of HCA Il was conserved

for each complex, we aligned the atoms of the t€AH-ligand complexes, and calculated the RMSDs
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for the atoms of the ligands and the?Zion (Figure 5). The 10 ligands had the same geometries of
binding: the average value of RMSD for the alignmenthe heavy atoms of the ligand, the ?Zion,

and the heavy atoms of residues His94, His96, isPhel31, Thr200 (chosen arbitrarily to allow the
three-dimensional alignment) was 0.064 A, the dgtat justified our assumption that the
carboxybenzenesulfonamide group, the Zn-N bond,tl@dnteraction between the carboxamide group
and the protein-bound water at Thr200 were indistishable for the ten complexes.

The structure of HCA Il is invariant in nine of temystal structures of ligand complexes that we
solved, the exception being the structure of HC# Itomplex with the longest fluoroalkyl tail (X
n = 4,Figure 6). In this case, the side chain of GIn136, whelat the edge of the hydrophobic shelf,
flips to contact the terminal -GFgroup of the tail. That flip of conformation indeg agauche
conformation of the GIn136 side chaifiqgure 6B). The number of crystallographically defined water
molecules within 4 A of the —-CONHgroup of GIn136, however, did not change: eacthef two
possible conformations of GIn136 showed four castadth ordered molecules of water in the crystal
structures (Figure S7 in Supporting Informationyy<tallography of the protein-ligand complexes
verified that the ligands bind to the active sitethe same geometry, and that extension of the tail
increased the putative surface of contact betweehidand and the protein.

For the R series, all of the contacts between the tail dredhtydrophobic wall occurred between
methylene and methyl groups of the tails and meghylips of Val135 and Leu204, methylene groups of
Pro202, and methine groups of Phel3l. This observatalidated our first-order analysis of
hydrophobic effects in the linear trends MH°, and —TAS’, across the series. For the Beries,
similarly, crystallography validated our first-ord@nalysis of linear trends itH°, and —TAS’;, for the
ligands n = 0 — 3, and indicated potential causes folar contacts, steric interactions, changdabe
hydration of protein, and change in the conformrattd GIn136) for deviations from those trends foe t
ligand n = 4.

Crystallography provides no direct evidence conogrithe hydration of the hydrophobic wall or the

structure of the network of hydrogen bonds amondeoubes of water at the surface. It is interesting,
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however, to analyze both the regions of the acsite in which crystallographic waters appear, and
those in which they do not. We analyzed three resemctures of HCA 1l that were solved by high
resolution (~1.0 A) X-ray diffraction and by neutrdiffraction>° These structures show that more than
90% of the observable (crystallographic) waters mreindistinguishable positions. Interestingly,
however, no crystallographically identifiable maltes of water appear within 3 A of the hydrophobic
wall. This observation provides no positive supgortthe idea of structured water near a hydrophobi

surface in HCA 1l (although it also does not dentmts theabsenceof such structure).

Discussion

Negative values dAAG®, (AG®, n+1 —AG®p, n = AG°cx2, protein— AG°cx2, soiv) COuld be the result of i)
favorable desolvation of the protein and/or thanig (i.e., AAG°cx2, sov < 0), ii) favorable interactions
(dispersion interactions) between the alkyl andribalkyl tails of the ligand and the hydrophobicliwa
(i.e., AAG°cx2, protein < 0), lii) an increase in conformational degreéf@edom of the ligand or protein
on binding (i.e.,AAG°cx2, protein < 0), or iv) favorable solvation of the proteigdnd complex (i.e.,
AAG°cx2, protein < 0). The analysis we describe below indicatesdeaolvation of the greasy tails and of
the hydrophobic wall determine the thermodynamfdsimding in this system.

Dehydration of the ligand accounts for the favaable entropy of binding. Our ITC data show that
the entropy of binding becomes more favorable Vatger alkyl and fluoroalkyl tails (for alkyls
—TAAS, = =7 + 1 cal mot A2, for fluoroalkyls -AAS’, = =7 + 1 cal mot A2, Table 1). There are at
least four ways to explain a favorable incremeatdiopy of binding for Rand R

First, as Kauzmann and Tanford would have predjcted desolvation of R and R could be
entropically favorable (i.e.,AAS’cx2, sov > 0). We assume—based on the large number oficebic
data for the transfer from octanol into aqueoussphand for transfer from aqueous phase to vacdum o
homologous alkyl-alcohols, and alkyl-amitfé¥—that the incremental entropy of desolvation of the
Ry tails is favorable (<EAS’cra, sov = —0.9 kcal mot CH,™).%® This value—which is ~0.6 kcal nibl

more favorable than -AAS’, for Ry and HCA ll—indicates that dehydration of the taihkes the
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dominantfavorable contribution to —RAS’,,. It is also plausible that the conformational ftelkty of
the tail in the unbound state is greater than tthahe tail in the bound state: loss in conformadilo
flexibility of the tail on binding to HCA would rainalize this difference between AAS’ch,sonv @and
—TAAS’,. We are not aware of a calorimetric study of tlwdvation of aliphatic fluorocarbon
compounds, presumably because their low solubilityvater makes their solvation inherently difficult
to study by calorimetry.

Second, Homansgt al. showed in studies with major urinary protein (MUfRgat increasing the
number of methylene groups in ligands made unfétereontributions to -XAS:>* for the series of
n-alkyl alcohols, they report a value for AAS, = +412 cal mot CH,™. Values of =S, however,
include the difference in conformational mobilitftbe ligand between the unbound and bound states.
Although the conformational mobility of alkyl chaion n-alkyl alcohols in the unbound state ardyike
to be similar to that of our alkyl tails in thmboundstate, the conformational mobility of these groups
in theboundstate are determined by the structure of the bgndite of the protein. The structures of the
binding sites of HCA 1l and MUP are very differetie binding site of MUP is a narrow groove lined
with Leu, Tyr, and Phe residues that completelyaurd its ligands, while that of HCA 1l is an open,
conical cleft in which bound ligands retain 30 26®f their solvent-accessible surface area. It is
difficult to estimate the conformational mobility ligands in the bound state. It is plausible, hogre
that alkyl tails in the active site of HCA Il retamore conformational mobility than do alkyl alctdo
bound in the active site of MUB.Such a difference in conformational mobility wouktionalize, at
least in part, the difference in values oIAAIS’, between alkyl tails binding to HCA Il and to MUP.

The third contribution to the overall ARS’, could derive from changes from conformational degr
of freedom for amino acids in the active site upamding. Our crystallographic data indicate thas th
contribution is unlikely to be important, becausidigands except the longest fluorinated one (X,
= 4) do not change the conformation of side-chahsmino acids in the proximity of ligands (the
conformation of all amino acids of HCA Il remairetsame in complexes withyRind R ligands, the

only exception being GIn136 in the case ¢f R=4).
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Fourth, there is no indication from high-resoluti¥rray and neutron diffraction studies of native
HCA Il that molecules of water are localized nelae thydrophobic wall, although configurational
restriction of molecules of water that are not obabkle by crystallography could, at least in pniie)
make favorable contributionsARS’cx2, protein

Our results—an increasing favorable entropy wittreasing area of alkyl and fluoroalkyl tails—are
compatible with Kauzmann-Tanford’s hypothesis fog brigin of the hydrophobic effect: the burial of
hydrophobic surface area, in both cases, is ematipifavorable. The entropic contribution AAG°,
appears to be dominated by the entropically faveraehydration of the greasy tail. Although it is
plausible that association with HCA Il restrictse tbonformational flexibility of the alkyl tails, it
restriction could be less unfavorable for the aisdimn of greasy tails with HCA 1l than it is fonat of
n-alkyl alcohols with MUP because of the differemige the structures of the active sites of the two
proteins.

Is the favorable enthalpy of binding a result of dspersion interactions or dehydration of the
hydrophobic wall of HCA 11?7 Our ITC results show that the enthalpy of bindiagHCA 1l becomes
more favorable with larger alkyl and fluoroalkyilsa(for alkyls AAH°, = =5 + 1 cal met A, for
fluoroalkyls AAH°, = —7 + 1 cal mot A, Table 1). The values we measure faAH?, for the alkyl
tails are quite different from those reported byntdms for the aliphatic alcohols binding to MUP
(AAH°, = =150 + 30 cal mdi for HCA Il with alkyl tails; AAH®, = ~ —1350 cal mal for MUP with
aliphatic alcohols). Homans et al. did not comghegmodynamics of binding for aliphatic alcoholslan
fluorinated aliphatic alcohols, and they did notretate the thermodynamic parameters of bindindp wit
solvent-accessible surface area of ligands.

Binding of primary alcohols (CHCH,),OH, n = 4-9) to MUP appears to conflict with Kauama
Tanford’s view on the hydrophobic effect: Homaatsal. found that enthalpy of binding becomes more
favorable and the entropy of binding becomes lassrible with the increasing chain length of the

ligands. They rationalized that trend by invokingpersion interactions—which contribute favoraldy t

AAH°,—between the alkyl groups of the alcohols and thiva site of the MUP*
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Previous studies of the dehydration of aliphatimpounds (and of other model compounds) suggest
that the dehydration of aliphatic surface areanithapically unfavorable AAHcx2, sov = ~ 0.7 kcal
mol™).>*® An unfavorable value forAAHcxs, sov paired with an overall favorable value fdAH®y,
requires the sum of the remaining contribution &favorable (for R AAHcx2, protein = —0.9 kcal
mol™Y). This requirement, in turn, indicates at lease¢hpossibilities to obtain the overall favorable
value of AAH®, that we observe experimentally: i) noncovalenénattions between the tail moieties
and the hydrophobic wall makeAHcx2, protein < 0, ii) dehydration of the hydrophobic wall of AdI is
enthalpically favorableAAH®cx, protein < 0), Or iii) hydration of protein-ligand compléx enthalpically
favorable AAH®cx2, protein < 0).

We propose, from the comparison of thermodynamitsbiading for Ry and R and from
crystallography, that partial dehydration of thetophobic wall of HCA 1l upon ligand binding reless
loosely bound molecules of water that are involuedhydrogen bonding interactions that are weaker
than those in bulk water. This release resulthénformation of stronger hydrogen-bonds among water
in the bulk— an enthalpically favorable process.

Dispersion interactions presumably do not accountdr the enthalpic contributions to binding
for alkyl and fluoroalkyl tails. Dispersion interactions are considerably weakédiuimrocarbon liquids
than they are in hydrocarbon liquids; these intevas are determined by a low polarizability of
fluorocarbons inferred from correlating the indek refraction with electronic polarizability. The
difference in polarizabilities would predict th&ietdispersion interactions between the alkyl tds)
and the hydrophobic wall would be more enthalpycédivorable than the analogous interactions of
fluoroalkyl tails (R)—a difference that isot observed in our measurements (for alkydH°, = -5+ 1
cal mol* A for fluoroalkylsAAH?, = =7 + 1 cal mot A?). We conclude, therefore, that the difference
in dispersion interactions between fluorocarbond hydrocarbons does not account for the value of
AAH®, for the two series of ligands.

Favorable enthalpic contribution results from non-@timal hydration of the hydrophobic wall of

HCA II. It is plausible that the hydrophobic wall of HCAig solvated with molecules of water that,
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because of the structure of the active site, arsm@cted by weaker hydrogen bonds than are water
molecules of the bulk. The displacement of suchr-sagace molecules of water (or, alternatively, of
molecules of water disordered in the conical active) by the ligand would be enthalpically favdeab
regardless of the structure and chemical compasitiothe ligand that is doing the displacement. In
addition, larger ligands should displace more eksthwater molecules from the hydrophobic wall, and
the favorable enthalpic contribution to binding Wwbbe proportional to the surface (and also volume)
of the ligand.

The absence of observable, crystallographicallyadowater molecules could indicate, but does not
prove, that hydration of the hydrophobic wall doe$ occur with the ordering of water molecules that
Kauzmann and Tanford suggested as being the arign entropy-dominated hydrophobic effect.

Crystal structures support thermodynamic data iggssting that the molecular driving forces for
binding of Ry and R to HCA Il are indistinguishable. The change in foomation for GIn136 on
binding correlates with a deviation in the trendi®thalpy and entropy of binding for the ligandiwi
the longest fluoroalkyl tail compared to the oth@embers of the series. This result suggests tleat th
binding of alkyl and fluoroalkyl tails (except fot = F, n = 4) to HCA Il is determined by similar
molecular interactions (on an area- and volumeected basis) at the hydrophobic wall of HCA II.

The differences in polarizability of Rand Ry could plausibly make the enthalpy of binding of R
slightly more favorable thanRIn contrast to other alkyls (n = 0 — 4) and flakyls (n = 0 — 3),
crystallographic analysis of the longest fluorimateulfonamide (n = 4) shows a major structural
difference compared to other tails. GIn136 posseskse gauche conformation in the case of this
fluoroalkyl (n = 4), while in the presence of alther ligands, theanti conformation of GIn136 is
observedKigure 6). Overall, we believe that this difference conitds to the lower value @H®, for
the longest fluorinated ligand (n = 4), and expaihe inconsistency (~0.4 kcal rifdless than what
would be predicted using the least squares linegwession fit obtained from n = 0-3) in its value o

AH°, with those of the other fluoroalkyl ligandsigure 4).
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Conclusions

Rr and Ry have indistinguishable hydrophobicities. ITC demonstrates that the increasingly
favorable binding of hydrophobic tails {Rind R) to HCA 1l with increasing length of jRor R- chain
results from favorable contributions franoth enthalpy and entropy. These thermodynamics alews sh
that alkyl and fluoroalkyl tails have indistinguéfie thermodynamic signatures after correctiortter
differences in solvent-accessible surface areas Bhmilarity indicates that the molecular basis for
increasing affinity with increasing surface areatloé tail group is similar for both. Our data are
consistent with the hypothesis that the hydrophdafiect, in this case, results from the exclusién o
water molecules from the contact region betweerhtlaeophobic surface of the ligand, the hydrophobic
wall of HCA IlI, and from the active site cavity,&not from different physical properties of;Rnd R.
Based on the thermodynamics of binding, we concthdehydrocarbons and fluorocarbons are virtually
indistinguishable when interacting with the hydropit surface of HCA Il. Apparent differences
between fluorocarbons and hydrocarbons in this ystebult primarily from differences in their
hydrophobic surface area, and not from differemeeispersion interactions.

The origin of the hydrophobic effect is release ofvater molecules from the protein binding
pocketand from the surface of the ligand.Most of the favorable free energy of binding isnga from
interactions of water with non-polar surfaces. Hrs tparticular case, dehydration of the ligand @lihi
presents a convex hydrophobic surface area) reisulisfavorable change in entropy of binding, and
dehydration of the hydrophobic wall of HCA 1l (whi¢s a concave hydrophobic surface area) results in
a favorable change in enthalpy of binding. Theoedtstudies by Rossky, Berne, Abel, Friesner and
others have, time and again, suggested that thesfrergy of water molecules that solvate hydropghobi
surfaces depend on the shape of the suff&teéOur experimental observations are compatible tiih
view, and indicate that favorable contributionsAi@°, may arise simultaneously from the entropy of
dehydration of convex surfaces (i.e., the greas$ytdhe ligand) and from the enthalpy of dehydrat

of concave surfaces (i.e., the hydrophobic wathefprotein).
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Rational ligand design may require the explicit onsideration of water. A better understanding of
the thermodynamics of water interacting with nomapcsurfaces in various biological systems is
required for generating predictive algorithms itiaaal ligand design. Knowledge of the hydration of
the active sites of medicinally-relevant proteinggim be useful in designing high affinity ligands.
Releasing water molecules of an active site thaarsially (non-optimally) hydrated by a ligand wdu
provide an enthalpically favorable component toftke energy of binding. In this respect, ligandw
larger solvent-accessible surface area (and algerlaszolume) would release more water molecules
upon binding than ligands with smaller SASA (or #aravolume). Thus, designing new inhibitors
would involve an approach where ligands with larf§&SA (and perhaps also volume) would be better
targets than those with smaller SASA and volumeorporation of fluorine instead of hydrogen is one
way to achieve larger SASA, but there are othectional groups (e.g., CHnstead of H) that could
provide a similar effect.

Our results demonstrate that water must be coreideshen designing ligands to bind tightly to
proteins. Structural characterization of proteipsitystallography describes only part of the infice of
water on molecular recognition. Nuclear magnetaonance may fill in some of the detdfishut its
application to proteins much larger than about P4 kas not yet provided detailed information about
locations of water molecules. Rational ligand desrg need theoretical approaches that predict
accurately the structure of water in and aroundhttieve sites of proteins. Toward that aim, wedyad]
it is important to provide the theoretical commuynitith the integrated structural and thermodynamic
characterization of well-defined model systems ighrids and proteins against which to validate
theoretical models. Carbonic anhydrase and argisathides are particularly well suited for this

purpose.
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Figure 1. Our approach to increasing the binding affinitypafa-substituted benzensulfonamide ligands
to HCA Il employs hydrophobic interactions betwésirophobic tails of ligands and the hydrophobic

wall of the protein.
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Figure 2. a) Dependence ofAG®, for binding of benzenesulfonamide ligands N$O,CsH,-
CONHCH,(CX2)nCX3, X = H, F) with alkyl ©) and fluoroalkyl ¢) tails on their chain length. The slope
of the regression line through the alkyl dataAiSG®, = —366 + 30 cal mdl -CH,-*, and that for

fluoroalkyl data isSAAG®, = —479 + 35 cal mdi -CR-"(N = 7).b) Dependence cAG®, for binding of

24



benzenesulfonamide ligands with alkyl) (and fluoroalkyl @) tails on their solvent-accessible surface
area in the fully extended conformation. The slop¢he regression line for the alkyl dataAAG®, =
—12 + 1 cal mot A, and that for the fluoroalkyl data IAG®, = —14 + 1 cal mét A2 (N = 7). The

longest fluoroalkyl ligand «) is not included in the linear regression, becausecontrast to other

fluoroalkyl ligands, it causes a flip in the oriatibn of GIn136 of HCA 1l (see the text).
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Figure 3. a) Plots for —IAS% versus chain length for alkyloY and fluoroalkyl @) tails of

benzensulfonamide ligands AMSO,CsHs-CONHCH,(CX2),CXs, X = H, F). The slope of the

regression line through the alkyl data isAA5% = —217 + 23 cal mdl -CH,-*, and that for fluoroalkyl

data is —RASS, = —232 + 48 cal mdl -CR-" (N = 7). b) Plots for —IAS$, versus solvent-accessible

surface area for alkyb and fluoroalkyl @) tails. The slope of the regression line for theladata is —
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TAAS% = =7 + 1 cal mot A2, and that for the fluoroalkyl data is ARSS, = =7 + 1 cal mét A% (N =
7). The longest fluoroalkyl ligande) is not included in the trendline, because it esushe

conformational change of GIn136 of HCA 1l (see thxet).
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Figure 4. a) Dependence of AH°, for benzenesulfonamide ligands H#5O0,CsH,-
CONHCH(CX2)nCX3, X = H, F) containing alkyl€) and fluoroalkyl ) tails on the length of the
chain. The slope of the regression line throughatkgl data isAAH®, = —150 + 30 cal mdl -CH,- 2,

and that for fluoroalkyl data iSAH°, = —247 + 37 cal mdi-CR-" (N = 7).b) Dependence ofH°, for
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ligands containing alkyldq) and fluoroalkyl @) tails on the solvent-accessible surface area.sldpe of
the regression line for the alkyl dataNiaH®, = -5 + 1 cal mot A2, and that for the fluoroalkyl data is
AAH°, = =7 + 1 cal mot A2 (N = 7). The longest fluoroalkyl ligand)(is not included in the trendline,

because it causes the conformational change of36IolHCA Il (see the text).
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Figure 5. Alignment of the atoms of the ligandsA) Aligned structures for ten ligands determirgd
X-ray crystallography appear as ball and stick espntations. The Zh cofactor appears as a silver

sphere. Individual images of each ligand appe&ignre S6 in Supporting Information.
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GLN-136 |

GLN-136

Figure 6. Crystal structures of fluorinated ‘greasy tails’ complexed with HCA Il. A)
Superimposition of all ligands and the GIn136 sa@in. The distance between GIn136 and one
fluorine atom of the ligand (R n = 4) appears as a dashed line with its lengtieled in A. B)
Conformational analysis for GIn136. Superimpositioh ligands (top left) and individual ligands.
GIn136 possesses thati conformation in cases of n = 0-3, while tjgucheconformation is observed

in the case of n = 4. Values of dihedral angledabeled.

31



Table 1. Comparison of the dependence of #t@°,, AH°, and —TAS% on the chain length (n), ligand
surface area (A), ligand solvent-accessible surésiea (SASA), and volume of the ligand (V) for dlky

(X = H) and fluoroalkyl (X = F) tails of EINSO,CsH4CONHCH,(CX3),CX3(n = 0-4) to HCA Il.

Hydrocarbon, Ru Fluorocarbon, Rr

AAG%/An? (cal mol?) -366 + 30 -479 + 35
AAG°)/AAY (cal mol1A2) -18+1 -18 +1
AAG°/ASASAS (cal mol1A?) 12 +1 14 +1
AAG°/AV4 (cal mol1A) 20+2 20+2
AAH®/An? (cal mol?) -150 + 30 -247 + 37
AAH°/AAY (cal mol1A?) 7+1 9+1
AAH°/ASASA® (cal mol'A?) 5+1 -7+1
AAH®/AV4 (cal molA3) -8+2 -10+2

-TAAS®/An? (cal mol™) 216 + 23 -232 +48
-TAAS®/AAP (cal mol*A2) 11+1 9+2
“-TAAS®/ASASAS (cal mol'A2) 7+1 741
“TAAS®/AV4 (cal mol1A3) 12+1 -10£2

2 Obtained from the slope of AG%, AH% or —TAS% vs. the number of carbon atoms of the tail (Figures 2-4). ®
Obtained from the slope of AG®%, AH% or —-TAS% vs. the surface area (A) of the tail in the fully extended
conformation (Figures 51-S3 in Supporting Information). < Obtained from the slope of AG%, AH®% or —TAS% vs.
the solvent-accessible surface area (SASA) of the tail in the fully extended conformation (Figures 2-4). ¢ Obtained
from the slope of AG%, AH®% or -TAS% vs. the volume (V) of the tail in the fully extended conformation (Figures
S1-S3).
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Table 2. Thermodynamic parametersG°, AH°®, -TAS% for binding of inhibitors (HNSO,CgHa-
CONHCH,(CX2)nCX3, n = 0-4, X = H, F) to HCA Il. The solvent-accddsi surface area (SASA) of

ligands was calculated using the Molecular Opegainvironment (MOE) suite.

N X SASA Ka AG% AH®% -TAS% PDB
(A2) (nM)  (kcal/mol) (kcal/mol) (kcal/mol) ID
0 H 239 86 -9.6 -9.2 -0.4
1 H 261 38 -10.2 94 -0.8
2 H 280 28 -10.4 94 -1.0
3 H 303 13 -10.8 -9.6 -1.2
4 H 323 6.7 -11.2 -9.8 -1.3
0 F 243 16 -10.6 9.7 -0.9
1 F 269 7.3 -11.1 -10.0 -1.1
2 F 295 24 -11.8 -10.3 -1.5
3 F 321 1.8 -12.0 -10.5 -1.6
4 F 347 1.1 -12.3 -10.4 -1.9
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