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Hydrophobic Nature of the Active Site of Mandelate Racerhase
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ABSTRACT: Mandelate racemase (EC 5.1.2.2) frétseudomonas putideatalyzes the interconversion of

the two enantiomers of mandelic acid with remarkable proficiency, stabilizing the altered substrate in the
transition state by approximately 26 kcal/mol. We have used a series of substrate analogues (glycolates)
and intermediate analogues (hydroxamates) to evaluate the contribution of the hydrophobic cavity within
the enzyme’s active site to ligand binding. Free energy changes accompanying binding of glycolate
derivatives correlated well with the hydrophobic substituent constaamd the van der Waals surface
areas of the ligands. The observed dependence of the apparent binding free energy on surface area of the
ligand was—30 =+ 5 cal mol'* A2 at 25°C. Free energy changes accompanying binding of hydroxamate
derivatives also correlated well with values and the van der Waals surface areas of the ligands, giving

a slightly greater free energy dependence equaldb+ 3 cal molt A-2at 25°C. Surprisingly, mandelate
racemase exhibited a binding affinity for the intermediate analogue benzohydroxamate that was 2 orders
of magnitude greater than that predicted solely on the basis of hydrophobic interactions. This suggests
that there are additional specific interactions that stabilize the altered substrate in the transition state.
Mandelate racemase was competitively inhibited RyBY-1-naphthylglycolate (appareit = 1.9+ 0.1

mM) and R,S)-2-naphthylglycolate (apparekt = 0.52+ 0.03 mM), demonstrating the plasticity of the
hydrophobic pocket. BothR)- (K = 0.46+ 0.06 mM, ket = 33 &+ 1 s71) and §-2-naphthylglycolate
(Km=0.414 0.03 mM,kear= 25+ 1 s1) were shown to be alternative substrates for mandelate racemase.
These kinetic results demonstrate that no major steric restrictions are imposed on the binding of this
bulkier substrate in the ground state but that steric factors appear to impair transition state/intermediate
stabilization. 2-Naphthohydroxamate was identified as a competitive inhibitor of mandelate racemase,
binding with an affinity Ki = 57 & 18 uM) that was reduced relative to that observed for benzohydroxamate
and that was in accord with the10-fold reduction in the value Ok../Kn for the racemization of
2-naphthylglycolate. These findings indicate that, for mandelate racemase, steric constraints within the
hydrophobic cavity of the enzyméntermediate complex are more stringent than those in the enzyme
substrate complex.

Mandelate racemase (MREC 5.1.2.2) fronPseudomonas Crystal structures of MR complexed with substrate and
putida catalyzes the Mg -dependent 1,1-proton transfer substrate analogues-7, 16) reveal the aromatic ring of
reaction that interconverts the enantiomers of mandelic acidall ground-state ligands located within a large hydrophobic
(Scheme 1)1—3). Isotope exchange, site-directed mutagen- cavity at the mouth of the enzyme active site, remote from
esis, and X-ray crystallographic experiments indicate that the site of proton abstraction (Figure I)7f. The cavity is
catalysis proceeds via a two-base mechanism, with His 297composed of hydrophobic amino acid residues from both
and Lys 166 abstracting the-proton from R)-mandelate the N-terminal and centrgd-barrel domains of the enzyme
and ©-mandelate, respectivelyd{6). In addition, site- and also includes Leu 93 from an adjacent 2-fold related
directed mutagenesis experiments have revealed that Glu 318ubunit (L7). A major component of the hydrophobic cavity
acts as a general acid catalygf @nd Asn 197 interacts with  is a large, mobile, amphipathmeander flap that extends
the a-hydroxyl of mandelate to facilitate stabilization of the over the active sitel(7). The hydrophobic cavity appears to
altered substrate in the transition sta8g The ability of MR accommodate a variety of substrates, including several para-
to catalyze rapid carberhydrogen bond cleavage from a  substituted mandelic acid¢§—20), p-(bromomethyl)man-
carbon acid with a relatively highk (9—11) makes it a delate R1), propargylglycolate Z2), vinylglycolate @3),
useful paradigm for understanding enzyme-catalyzed protono-chloromandelate, and furyl-, thienyl-, and naphthyl-
abstraction from carbon acid$2—-15). substituted glycolic acidslg). The wide spectrum of aryl-
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aB; and B represent the active site bases His 297 and Lys 166, respectively.

hydrogen bonding, electrostatic interactions, and nonpolar
interactions in the enzymdransition state complex28).
While it is clear that numerous electrostatic interactions
between the ligand and polar residues within the active site
contribute to transition state stabilizatid®(8, 24, 29, 30),

it is also possible that nonpolar interactions originating in
the hydrophobic cavity may contribute to stabilization of the
altered substrate in the transition state.

In the present work, we examine binding interactions
between the hydrophobic cavity and a series of ground state
(glycolates) and intermediate (hydroxamates) analogues. We
demonstrate that the free energy changes accompanying
FIGURE 1: X-ray crystal structure of the active site hydrophobic binding of MR with both SUb_Strate and intermediate ana-
cavity of wild-type' MR with bound $)-atrolactate [PDB code logues bearing alkyl groups in place of the phenyl group
1MDR (6)]. The general acid/base catalysts (His 297 and Lys 166) are proportional to the corresponding hydrophobicity of the
are shown along with the essential Mgion. Space-filling group (7-[) and the VDW Surface areas of the ||gands

representations of residues making up the hydrophobic pocket (Ph ; ; ;
52, Tyr 54, Leu 142, Leu, 298, Leu 319, and Leu 321) within the e.Interestlngly, the intermediate analogue benzohydroxamate

a/p-barrel are displayed in gold and are drawn at the VDW radii. 1S Pound 2 orders of magnitude more tightly than would be
Hydrophobic residues contributed by the flexible hinged loop are predicted on the basis of these correlations, suggesting that
shaded yellow (Leu 18, Val 22, Ala 25, Val 26, and Val 29). specific enzymeligand interactions stabilize the enolic
intermediate of mandelate relative to the ground state. We
or transition state by delocalization of negative charge into also use the alternative substrate 2-naphthylglycolate and the
ap,y-unsaturated system contributes significantly to catalysis corresponding intermediate analogue, 2-naphthohydroxamate,
(18, 19, 23). While the structure of the hydrophobic cavity to show that steric constraints within the hydrophobic cavity
within the active site of MR has been well characterized and of the MR—intermediate complex are more stringent than
the requirement fof,y-unsaturation in catalysis is clear, the those in the MR-substrate complex.
contribution to catalysis from enzymdigand interactions
within the hydrophobic cavity has not been clearly estab- MATERIALS AND METHODS

lished. Racemic R)- and ©)-mandelic acid, R)- and §)-hexa-

MR is extremely proficient at discriminating between the hydromandelic acid, R)- and ©)-lactic acid, §-(—)-2-
substrate in the ground state and the altered substrate in thydroxy-3,3-dimethylbutyric acid, glycolic acid, acetohy-
transition state, binding the latter with an apparent associationgroxamic acid, benzohydroxamic acid, am)-(and ©)-a-
constant equal to approximately & 10'* M~* thereby  methylbenzylamine were purchased from Sigma-Aldrich
stabilizing the transition state by 26 kcal/m@4. Highly Canada Ltd. (Oakville, Ontario, Canada). All other reagents
proficient enzymes are often strongly inhibited by analogues were purchased from Sigma-Aldrich Canada Ltd. Recom-
of either the altered substrate in the transition state or unstableyinant MR fromPs. putidawas overexpressed in and purified
intermediates that resemble the transition st@e—@7). from Escherichia colistrain BL21(DE3) cells transformed
Indeed, we have shown that benzohydroxamate is a potentyith a pET15b plasmid (Novagen, Madison, WI) containing
intermediate analogue inhibitor of MR, binding with an the MR gene §). This construct encodes the MR gene
affinity that is 2 orders of magnitude greater than that productwithanN-terminal polyhistidine tag [MGSS(EBGLV-
observed for the substratg)( Using N197A MR, we  pRGSHM...MR]. The enzyme was purified by metal ion
demonstrated that the binding of benzohydroxamate is moreaffinity chromatography as described previoussy. (The
sensitive to changes in transition state binding free energypresence or absence of the hexahistidine tag does not
than to changes in substrate binding free energy, and hencénflyence the kinetic parameters for the recombinant enzyme
benzohydroxamate may be regarded as a transition statg31). Melting points (uncorrected) were determined on a
analogue §). Gallenkamp melting point apparatus, and optical rotations

The high proficiency of MR is achieved principally by at 589 nm were measured using a Rudolph Instruments
enthalpy reduction, with enthalpy providing nearly 23 kcal/ Digipol 781 automatic polarimeter. NMR spectra were
mol to the apparent binding free energy of the altered obtained using a Bruker AC 250F spectrometer. Chemical
substrate in the transition sta0f. This substantial release  shifts are reported relative the deuterium lock signal cali-
of energy is compatible with the development of enhanced brated for the indicated deuterated solvent. Circular dichroism
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assays were conducted using a JASCO J-810 spectropolarsolid and aqueous phase were extracted four times with ether
imeter. Elemental analyses were conducted by Canadian(100 mL), and the combined ether extracts were dried over

Microanalytical Service Ltd. (Delta, British Columbia,
Canada).
(R,S)-1-Naphthylglycolic Acidlhe preparation ofR,S)-

magnesium sulfate. Removal of the ether by rotary evapora-
tion gave a white powder. Recrystallization of this crude
product from chloroform-ethanol (10:1) afforded puré)-

1-naphthylglycolic acid was based on the synthesis of 2-naphthylglycolic acid (0.32 g, 6% yield)o[*% = —144.9
mandelic acid from benzaldehyde described by Maggio et (¢ = 1.7, EtOH) [lit. [0]*°> = —145.6 ¢ = 0.98, EtOH)
al. (32). 1-Naphthaldehyde (15.62 g, 0.1 mol) was added to (34), [a]*r = —142.2 ¢ = 0.98, EtOH) 85)].

a solution of sodium bisulfite (11 g, 0.1 mol) in water (30
mL), and the mixture was swirled vigorously for 20 min.

(9-2-Naphthylglycolic acid was resolved by addition of
(9-(—)-o-methylbenzylamine (3.70 mL, 28.8 mmol) to a

Potassium cyanide (14 g, 0.2 mol) dissolved in water (30 solution of R,S)-2-naphthylglycolic acid (5.8 g, 28.8 mmol)
mL) was then added, and the mixture was swirled vigorously in ethanol (100 mL). The solution was refluxed for 30 min
for an additional 20 min. A yellow-orange oil separated, and and then slowly cooled to room temperature. Crystals (4.37
the resulting solution was extracted with ether. The ether g) that appeared after 24 h were subsequently recrystallized
extract was washed with water and twice with a saturated twice from aqueous ethanol (90%). Crudg-2-naphthyl-

sodium chloride solution. After the ether extract was dried

glycolic acid was liberated from the salt as described for

over magnesium sulfate, the ether was removed by rotary(R)-2-naphthylglycolic acid and recrystallized from chloro-
evaporation, leaving an orange oil. The oil (4 g) was added form—ethanol (15:1) to afford pureS-2-naphthylglycolic

dropwise to hot hydrochloric acid (5.3 M). After being

acid (94.1 mg, 2% yield): d]?% = +146.8 € = 0.8, EtOH)

refluxed for 3 h, the solution was cooled to room temperature, [lit. [ 0]?% = +144.7 € = 0.98, EtOH) 84), [0]?}> = +142.5

and any unreacted brown oil was removed using a disposablgc = 0.98, EtOH) 85)].

pipet. The solution was then extracted twice with ether, and  2-Naphthohydroxamic Acid®2-Naphthohydroxamic acid
the combined ether extracts were dried over magnesiumwas prepared according to the procedure described by
sulfate. Removal of the ether by rotary evaporation gave a Summers et al.36). 2-Naphthoic acid (2.5 g, 14.5 mmol)
crude product that was recrystallized from benzene to yield was dissolved in dichloromethane (100 mL) containing DMF

silver-brown crystals of racemic 1-naphthylglycolic acid
(1.12 g, 25% yield): mp 8992°C [lit. 87—88°C (33)]; *H
NMR d (250.13 MHz; CDCJ, ppm) 5.81 (1 H, s), 7.28
8.31 (7 H, m). Anal. Calcd for GH100s: C, 71.28; H, 4.98.
Found: C, 71.16; H, 5.02.

(R,S)-2-Naphthylglycolic AciRacemic 2-naphthylglycolic

(1.06 g, 14.5 mmol). The solution was cooled t6@ and
oxalyl chloride (4.4 g, 32.6 mmol) was added dropwise. After
being stirred for 45 min, this solution was added to a solution
of hydroxylamine hydrochloride (3.75 g, 58 mmol) and
triethylamine (8.8 g, 87 mmol) in THFwater (5:1, 60 mL)
while the temperature was maintained & The solution

acid was prepared according to the procedure described bywas stirred for an additional 30 min at 2& and poured

Compere 83). 1,4-Dioxane (100 mL), 2-naphthaldehyde
(15.6 g, 0.1 mol), and bromoform (25.24 g, 0.1 mol) were
added to a slurry of lithium chloride (8.48 g, 0.2 mol),
potassium hydroxide (23.6 g, 0.4 mol), and ice (100 g). After
being stirred for 24 h at 4C, the pH was adjusted to 12 by
addition of potassium hydroxide (6 M, 8 mL), and the
solution was stirred for an additional 24 h at 3Z. The
solution was then diluted with water (100 mL), acidified with

into aqueous HCI (2 M, 100 mL), and the resulting acidic
solution was then extracted with dichloromethane (200 mL).
A precipitate formed rapidly in dichloromethane and was
collected by suction filtration and recrystallized from ethanol
(100%) to afford colorless needles of 2-naphthohydroxamic
acid (400 mg, 15% yield): mp 162164 °C [lit. 169—170

°C (36)]; *H NMR 6 (250.13 MHz; CROD, ppm) 7.5-
8.25 (m). Anal. Calcd for gHgNO,: C, 70.58; H, 4.85; N,

concentrated HCI (20 mL), and extracted twice with ether 7.48. Found: C, 70.51; H, 5.11; N, 7.49.

(50 mL). The combined ether extracts were washed with a Cyclohexanecarbohydroxamic Acidethyl cyclohexan-
saturated sodium chloride solution and dried over magnesiumecarboxylate was reacted witlo{oenzylhydroxylamino)-
sulfate. An orange solid remained after the ether was methylaluminum chloride on a 10 mmol scale to generate

removed using rotary evaporation. Recrystallization from
chloroform—hexanes-ethanol (8:2:1) afforded white needles
of racemic 2-naphthylglycolic acid (9.6 g, 48% vyield): mp
148-150 °C [lit. 155—156 °C (33), 163.5-167 °C (34)];

IH NMR 6 (250.13 MHz; CROD, ppm) 5.31 (1 H, s), 7.45
7.86 (7 H, m). Anal. Calcd for GH1003: C, 71.28; H, 4.98.
Found: C, 70.54; H, 4.94.

Resolution of (R)- and (S)-2-Naphthylglycolic Ad&bth
(R)- and §-2-naphthylglycolic acid were resolved using the
procedure of Kinbara et al34). (R)-(+)-o-Methylbenzyl-
amine (3.44 mL, 26.8 mmol) was added to a solution of
(R,S-2-naphthylglycolic acid (5.4 g, 26.8 mmol) in ethanol
(150 mL). The solution was refluxed for 30 min and then

the O-(benzylcyclohexyl)hydroxamate according to the gen-
eral procedure described by Pirrung and CIgd). (The crude
O-(benzylcyclohexyl)hydroxamate was a yellow oil. Silica
chromatography using hexanresthyl acetate (3:1) as the
mobile phase afforded a white crystalline product. The
O-benzylhydroxamate (117 mg, 0.5 mmol) was subsequently
dissolved in methanol (20 mL) and hydrogenated over
palladium for 14 h according to the procedure described by
Pirrung and Chau3dy). The resulting white powder was
recrystallized from hexanesthyl acetate (3:1) to give
cyclohexanecarbohydroxamic acid as white needles (40.7 mg,
3% vyield): mp 119-120°C [lit. 125—-129 °C (37), 137—
139°C (38)]; *H NMR 6 (250.13 MHz; RO, ppm) 1.14-

slowly cooled to room temperature. Crystals (5.90 g) that 2.19 (m). Anal. Calcd for @:3NO.: C, 58.71; H, 9.15; N,
appeared after 2 days were subsequently recrystallized twice9.78. Found: C, 59.51; H, 9.24; N, 9.91.
from aqueous ethanol (90%). The resulting salt was dissolved Trimethylacetohydroxamic Acidlrimethylacetohydrox-

in water (100 mL). Upon acidification of this solution with
aqueous HCI (3 M, 50 mL), a white precipitate formed. The

amic acid was synthesized according to the general method
described by Larsen et al3%). Sodium hydroxide (4.3 g,
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0.11 mol) and methyl trimethylacetate (13.3 mL, 0.10 mol) at 262 nm (p]Rs, = +2908 deg mol* cn?) but had no
were added to a solution of hydroxylamine hydrochloride effect on theK,, for (R)-mandelate [0.8 0.1 mM in 0%
(6.95 g, 0.10 mol) in methanol (100 mL). The mixture was DMSO (8); 1.0+ 0.3 mM in 20% DMSOQO] or on th&; for
stirred at room temperature for 3 days, and formation of the benzohydroxamate [114M in 0% DMSO @); 11.8uM in
hydroxamate was verified by the development of a charac- 20% DMSO].
teristic purple spot on a silica plate after treatment with  For assays with the substratd®) and §)-2-naphthyl-
aqueous ferrous chloride. The solution was adjusted to pHglycolic acid, the reactions were followed at 266 nif] pee
7 by addition of methanolic HCI, filtered, and evaporated to = —35000 deg mol' cn¥) in a quartz cuvette with a 0.1
dryness. The crude mixture was extracted three times withcm light path. Reactions were initiated by addition of MR
ethyl acetate (25 mL), and the combined extracts were to give a final enzyme concentration between 0.5 and 2.0
evaporated to dryness. Recrystallization from toluene ug/mL.
petroleum ether (1:1, 100 mL, with a few drops of ethanol) = Data AnalysisThe values oVmaxandKy, were determined
afforded pure trimethylacetohydroxamic acid as colorless from plots of the initial velocity ) versus substrate
needles (0.90 g, 9% yield): mp 15355°C [lit. 154—159 concentration ([S]) by fitting the data to eq 1 using nonlinear
°C (40), 160-161°C (41)]; 'H NMR 6 (250 MHz; DO, regression analysis and the program EnzymeKinetics v1.5b5
ppm) 1.18 (s). Anal. Calcd for4E11:NO,: C, 51.26; H, 9.46; (Trinity Software, Plymouth, NH). Competitive inhibition
N, 11.96. Found: C, 50.90; H, 9.35; N, 11.87. constants K;) were determined from linear replots of the
Propionohydroxamic Acid?ropionohydroxamic acid was observed values of/Vmax Versus inhibitor concentration
synthesized according to the general methods described by([l]) according to eq 2. All kinetic parameters were deter-
Larsen et al.39) and Fishbein et al4@). Sodium hydroxide  mined in triplicate, and average values are reported. The
(4.3 g, 0.11 mol) and ethyl propionate (10.21 g, 0.10 mol) reported errors are standard deviations. Protein concentrations
were added to a solution of hydroxylamine hydrochloride were determined using the Bio-Rad protein assay (Bio-Rad
(6.95 g, 0.10 mol) in methanol (100 mL). The mixture was Laboratories, Mississauga, Ontario, Canada) with BSA
stirred at room temperature for 36 h, and formation of the standards, andét..: values were obtained by dividingmax
hydroxamic acid was verified as described above. The values by the total enzyme concentration ([Eising M,
solution was adjusted to pH 6 by addition of methanolic HCI, 40728.
filtered, and evaporated to yield a yellow oil. Methanol (100

mL) was added, and again, the solution was evaporated to VinadS]

yield a yellow oil and some crystals. This crude mixture was v = m (1)
extracted with boiling ethyl acetate (100 mL) and hot filtered. m

The volume of the filtrate was reduced by boiling +d.0 V. adS]

mL, and acetone (2 mL) was added. Crystallization overnight v; 2

at room temperature afforded pure propionohydroxamic acid KL+ VK) +[S]

as colorless needles (1.54 g, 17% yield): mp-96 °C [lit. . o

92-96°C (42), 9192 °C (43)]; 'H NMR 6 (250.13 MHz; Computer ModelingGeometry optimizations and van der
D,O, ppm) 1.06-1.12 (t, 3H,J = 7.5 Hz), 2.11-2.54 (q, Waals (VDW) surface areas were calculated for glycolate,
2H, J = 7.5 Hz). Anal. Calcd for gH;NO,: C, 40.44; H,  (S-lactate, §-a-hydroxybutyrate, §)-2-hydroxy-3,3-di-

7.92: N, 15.72. Found: C, 40.62: H, 7.57: N, 15.58. methylbutyrate, §-mandelate,9-hexahydromandelate, and
Enzyme AssajR activity was assayed using the circular thetranscpnjugate.bases of benzohydroxamic.: acid, aceto-
dichroism (CD) assay described by Sharp et &f).( Al hydroxamic acid, trimethylacetohydroxamic acid, propiono-

inhibition assays were conducted at 25 in Na*-HEPES hydroxamic acid, naphthohydroxamic acid, and cyclohex-
buffer (0.1 M, pH 7.5) containing Mg&l(3.3 mM) and anecarbohydroxamic acid by conducting self-consistent field

bovine serum albumin (BSA, 0.1%). For all inhibition assays, calculations at the 6-31G* level using MacSpartan Plus
the conversion of R)-mandelate to $-mandelate was software (Wavefunction, Inc., Irvine, CA). VDW surface

followed, and the concentrations dR)(mandelate ranged 2a/€as are based on an electron density isos_urface with a
from 0.24 to 9.50 mM. Reactions were initiated by addition density of 0.002 e/ywhich encompasses approximately 95%
of MR to give a final enzyme concentration between 150 ©f the VDW radii @45).

and 250 ng/mL. Except_where mention.ed otherwise, init@al RESULTS AND DISCUSSION

velocities were determined by following the change in

ellipticity at 262 nm in a quartz cuvette wita 1 cmlight Enzymes utilize many interactive forces, including hy-
path. Inhibition assays with 1-naphthylglycolic acid and drogen bonding, electrostatic interactions, VDW forces, and
2-naphthylglycolic acid were conducted at 262 nm using a entropically driven hydrophobic interactions to bind sub-
quartz cuvette with a 0.5 cm light path. The commercial strates and stabilize transition states and intermediates during
preparation of §-(—)-2-hydroxy-3,3-dimethylbutyric acid catalysis 46). For MR, such interactions include hydrogen
was very hydroscopic, and hence to accurately determinebonding with Glu 3178, 7) and Asn 1978) and electrostatic

its concentration in inhibition assays, NMR was used to interactions with Lys 16416) and Mg+ (6, 30, 47). The
quantify the a-hydrogen peak of §-(—)-2-hydroxy-3,3- importance of these polar interactions is underscored by the
dimethylbutyric acid relative to a benzoic acid standard. For major enthalpic contribution that they make to transition state
inhibition assays with 2-naphthohydroxamate, 20% DMSO stabilization 20). However, the contribution of hydrophobic
was added to the 0.1 M NeHEPES buffer to increase the interactions to catalysis is less well understood probably
solubility of the inhibitor. The addition of 20% DMSO to because no distinct point of interaction can be readily
the assay buffer altered the molar ellipticity &){mandelate identified. The hydrophobic cavity of MR, for example, is
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Table 1: Competitive Inhibition Constants for Mandelate Racemase -1.0
with Substrate and Intermediate Analogues and Their Pieces 15
[N OH =
=
R H-C~OH ¢-om \g 2.0
R R
glycolate hydroxamic acid® k 25
H- K,=302%57mM — 5 30
(R) ®) g
K, mM K, mM K, mM 35
(AAG, keal/mol) (AAG, keal/mol) (AAG, keal/mol) 83
CH.- 320+ 14 26.1+3.1 265 +2.6 = -40
¥ 0.03 0.0 (-0.09 + 0.02° —
4.5
_ 3.6 £ 0.4 (for (R.S) ) 119 +3.6
CH,CH, 13209 (-05 % 0.2°
1.39 %027 0.81+0.17
(CH,),C- - (182035 (-2.1%0.9° -1.0
0.70 £ 0.24 0.071 + 0.029 0.25 + 0.03 15E
<:>_ (-22%09" (-36% 16" (-28+ 0.4 = 15¢
Q_ 0.84 +0.04 0.73 %005 0.0117 £ 00012 ~ 20F
(<2.1 +0.49° (-2204° (4.6 +0.6)° §<E s
Substrate Analogue Pieces Lacking the Carboxyl Function o 25 E
CHoH | Ki=154%19mM @ K,2230mM* O 30F
K, >950mM ' X 35 E
a2 The hydroxamate is drawn as the enol because it resembles the 8’ UL
putative enolic intermediate and an OH function is required at the — 40F
o-position for potent inhibition (8). (The cis arrangement shown is an b
arbitrary choice.)® Binding free energy due to the glycolate R group; -4.5
i.e.,AAG = —RTIn(K"/KR). ¢ Value from ref23. 4 Binding free energy 75 100 125 150 175 200 225
due to the hydroxamate R group; i. AAG = —RTIn(K€H/KiR). € K; VDW surface area, A2

value estimated assuming competitive inhibition and a limi=&P6
detectable loss of activity in the presence of the inhibités. value
estimated assuming noncompetitive inhibition and a limit=§%
detectable loss of activity in the presence of the inhibitor.

Ficure 2: Correlation between log(; values for the modified
glycolate inhibitors and the hydrophobicity substituent constant
(A) and VDW surface areas (B). (A) Valuesofare for substituents
on thef-carbon atom of the substrates/inhibitors and are from ref
56 except for the value corresponding to the naphthyl group, which
likely to contribute a set of diffuse VDW forces that serve was Ca|<_3u|a|t_ed f_rorr|1 lg@Cu;Hlal - ||09 PH(2 (|75, 76%). ;gei dgttleld Ilznear

; i regression line includes all values (slope—0. A1,r2 =
to blkr:ddthe Ehgny_l %rouptpf thg subgtrtat?. I?E)L.thlow S|g(|j’1|tf|cam 0.844) while the point corresponding t8)thexahydromandelate
a}re yaropho 'C in ?rac lons In subs ra,e In Ing and ransi-is omitted in the solid linear regression line (slepe-0.724+ 0.08,
tion state stabilization? To address this question, we haverz = 0.915). (B) The VDW surface areas were calculated as
determined the competitive inhibition constants for a series described in Materials and Methods. The dotted linear regression
of glycolates (substrate analogues) and hydroxamates (in-ine includes all values (slope —0.022+ 0.004 A2, r2 = 0.769)

termediate analogues) and constructed linear free energ)%ﬁth%tggI%Oil?rfggrreesgﬁ‘égg:g% tl?zgh?gﬁ%‘f%%%%df'gfgézoﬁ\njizned

relationships describing the dependence of the binding 2 = ¢ g53).
affinity on hydrophobicity and VDW surface areas.

Substrate Analogue BindinGcomparison of the binding  be proportional to their corresponding free energy changes
constants of R)- and ©-mandelate with that of either for partitioning between nonpolar solvents and wag—(
glycolate, R)-lactate, or §-lactate reveals that interactions 55). Indeed, a plot of the log of the binding constarks (
between the hydrophobic pocket and the phenyl group for mandelate and 2-naphthylglycolate and khealues for
contribute~2 kcal/mol of free energy to ground state binding substrate analogues) againsthe hydrophobicity substituent
(Table 1). Comparison of the binding constants for mandelate constant based on partitioning coefficients between octanol
with those for glycolate and benzyl alcohol reveals that the and water $6), is linear [slope= —0.724 0.08 (Figure 2)].
phenyl group and the carboxylate group make approximately This suggests that the hydrophobic cavity of MR effectively
equal contributions to the binding affinity in the ground state solvates the phenyl group of the substrate in an environment
(2.1 kcal/mol vs 1.8 kcal/mol, respectively; cf. r28). that is slightly less hydrophobic than octanol. Interestingly,

Contributions to the free energy for binding of the substrate the free energy change accompanyiigjtiexahydroman-
in the hydrophobic cavity could originate from several delate binding is about 10-fold greater than that of ke
sources, including entropically driven hydrophobic interac- enantiomer or what would be predicted using the regression
tions, specific electrostatic interactions, and VDW forces. It line. This “anomaly” may arise from fortuitous interactions
is unlikely, however, that specific electrostatic interactions within the hydrophobic cavity. Such enantioselectivity has
such ast—u interactions 48) or cation—u interactions 49) been reported previously for the enantiomersudfydroxy-
contribute significantly to ground state binding since substrate benzylphosphonate8), a-fluorobenzylphosphonate$7),
analogues with bulky alkyl groups in place of the phenyl atrolactate, and the irreversible inactivadéephenylglycidate
ring (e.g., hexahydromandelate ardrt-butylglycolate) (6).
exhibit binding affinities similar to that of mandelate. If the Hydrophobic effects arise primarily from favorable changes
active site of MR “solvates” the substrate similar to a in free energy that accompany the release of ordered water
nonpolar solvent, then the free energy changes associateanolecules surrounding a hydrophobic surface to bulk solvent.
with the binding of substrate and substrate analogues shouldConsequently, the hydrophobic effect correlates with the area
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of the hydrophobic surface that is desolvate8)( Hence,
the free energy changes associated with ligand binding to
MR should correlate with the VDW surface area of the
ligands @5, 58—60). Figure 2B shows a plot of ol values
for the series of glycolates against their corresponding VDW
surface areas. The slope of the solid line in Figure 2B
(—0.022 + 0.004 A2) can be converted to a free energy
dependence [i.eAG/surface area= 2.30RT(slope)] equal
to —30 £ 5 cal molt A=2 at 25°C. This value is in the :
range generally accepted for desolvated hydrophobic surfaces 50 < y
[25—30 cal mot! A—2 (25, 58—61)]. T
Intermediate Analogue BindingThe phenyl group of 0.0 0.5 1.0 1.5 2.0 2.5 3.0 35
mandelate contributes to catalysis by acting as an electron
sink to stabilize the enolic intermediate. Our observation that
(9-hexahydromandelate (20 mM) shows no detectable
change in CD signal after a 48 h incubation with MR (20
ug/mL) and the observation by Li et al23) that vinyl-
glycolate is a substrate for MR, while ethylglycolate is not,
support the notion thap,y-unsaturation is required for
catalysis. Is this the only contribution that the phenyl group
makes to catalysis or do other interactions within the
hydrophobic cavity also contribute to catalysis through
stabilization of the intermediate and transition states?

log Ai (M)

log Ai (M)

In previous work, we reported that the intermediate 100 120 140 160 180 200 220

analogue benzohydroxamate is a potent competitive inhibitor ]
of MR, binding with an affinity approximately 100-fold VDW surface area, A2

greater than that observed for the substra&le Benzo- Ficure 3: Correlation between lok; values for the hydroxamate
inhibitors and the hydrophobicity substituent constantA) and

hydroxamate 'shares geometric anq electronic feat'ures WithVDW surface areas (B). (A) Values afwere obtained as described
the putativeaci-carboxylate intermediate formed during MR, "Figure 2 and are for substituents on the carbon atom of the

catalysis (Scheme 1), including arfgpybridizeda-carbon. hydroxamate function. The linear regression line shown uses all
Examination of the linear free energy relationship between data points except for that corresponding to benzohydroxamate
ine apparent binding affiy of mermediae analogues (Tabe (100 L2000 e e
1) and their hydrophobICIIy:?( values) and VDW S“rfac‘? regression line shown uses all data points except for that corre-
areas reveals good correlation for hydroxamate derivativesgponding to benzohydroxamate (slope—0.030 + 0.002 A2,

of alkanoic acids and 2-naphthoic acid (Figure 3). The slope r2 = 0.987).

of the line in Figure 3A is—1.13+ 0.05, indicating that the

hydrophobic cavity of MR solvates the phenyl group of the slightly enhanced hydrophobic interactions that accompany
intermediate in an environment that is slightly more hydro- intermediate analogue binding relative to substrate binding,
phobic than octanol. The slope of the line in Figure 3B other specific interactions are involved in binding the phenyl
(—0.0304+ 0.002 A™?) gives a free energy dependence equal group of the intermediate. In addition, this specific interaction
to —41 4+ 3 cal mot! A2 at 25°C. This free energy  requires that the polar end of either the substrate or the
dependence is about 10 cal mblA—2 greater than that intermediate must be present since benzene did not inhibit
observed for ground state binding, indicating that MR MR and benzyl alcohol was only a weak competitive
exhibits a marginally enhanced hydrophobic interaction with inhibitor (Table 1).

the intermediate relative to the substrate during catalysis. It Why is binding of the phenyl group favored in the planar
is interesting to note that the free energy change associatedntermediate and not in the ground state? The stability
with the binding of benzohydroxamate exceeds that which constants for the complexes of the divalent metal ions Cu
would be predicted solely on the basis of the correlation of Ni?*, Zr?*, C&*, and Mg" with acetohydroxamate, cyclo-
log K| values with eitherr values or VDW surface areas by hexanohydroxamate, and benzohydroxamate are very similar
approximately 2 orders of magnitude (i.e:2.5 kcal/mol). (62) and cannot account for the difference of 3 orders of
Comparison of the inhibition constant for benzohydroxamate magnitude observed between the binding affinities of aceto-
with that of acetohydroxamate reveals a contribution from hydroxamate and benzohydroxamate. TKg\mlues for the

the phenyl substituent of 4.6 kcal/mol to the overall binding conjugate acids of acetohydroxamate, cyclohexanohydrox-
free energy of the intermediate analogue. This is more thanamate, and benzohydroxamate are also very sim@ay, (
twice the energy contributed by the phenyl substituent to precluding any effects on the inhibition constants due to
substratebinding (vide supra). Neither theert-butyl- nor differences in ionization states. Our observations suggest that
the cyclohexyl-substituted hydroxamates capture greater thansome (1 kcal/mol) of the increased binding energy for the
3 kcal/mol in binding free energy relative to acetohydrox- phenyl group in the enzymantermediate complex arises
amate, emphasizing that there exists a marked preferencdrom the slightly enhanced hydrophobic interactions within
for binding of the phenyl substituent of the intermediate the active site. Such an effect could arise from enhanced
analogue over that predicted from solely hydrophobic complementarity between the hydrophobic residues of the
interactions. These observations suggest that, in addition toflexible hinged loop over the active sit&4) and the phenyl
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Table 2: Kinetic Constants for MR-Catalyzed Racemization of as potential partners in either catiem interactions 6) or

Mandelate and 2-Naphthylglycolate and Inhibition by hydrogen bonding-type interaction§7 with the phenyl
Naphthylglycolates and 2-Naphthohydroxamate group of the intermediateAbstraction of thex-proton from
either R)- or (9-mandelate to generate the enolic intermedi-
Substrate Kinetic Parameters ate will leave MR with both His 297 and Lys 166 existing
oy ° as their conjugate acids. If the crystal structure of the
H-C-OH unliganded enzymel{) or the enzyme substrate/analogue
R complexes §—7, 16) approximates that of the enzyme
R = phenyl R = 2-naphthyl intermediate complex, then the distance between the proto-
nated forms of His 297 and Lys 166 should bé.7—8.5
K, (mM) 0.81 £0.12 0.46 + 0.06 A. Positioning the phenyl group between these positive
K, (mM) 0.62 + 0.04 0.41 + 0.03 charges would yield a distance-8B.8 A between the phenyl
prIS— group and the positive charges on either side. This distance
ko) 514 £ 48 331 is similar to that observed for most catien interactions in
k=@ (s) 447 + 12 25+ 1 proteins [i.e.,<4.0 A (66)], and such an interaction (e.g.,
His 297f/aromatic) might contribute 0-30.5 kcal/mol or
Inhibition Constants greater to the free energy of binding&-70). We are
N currently pursuing crystallographic studies of MR complexed
(RS)-1-naphthylglycolate, K, () 1901 with benzohydroxamate to explore these possibilities.
(R,S)-2-naphthylglycolate, K; (mM) 052 + 0.03 Finally, we note the possibility that dehydration of the
-OH hydrophobic pocket could also play a role in the free energy
C-0H changes accompanying ligand binding. However, the VDW
R volumes of the phenyl anért-butyl groups are similar7(l),
R = phenyl R = 2-naphthyl a_nd_ hence each group should displace water molecules to a
similar extent.
K, (M) 121 718 Racemization of 2-Naphthylglycolates part of our survey

of the interaction of substrate and intermediate analogues
with MR, we found thatR,S)-1-naphthylglycolate and9)-
2-naphthylglycolate were competitive inhibitors of MR with
respect to R)-mandelate, binding to the enzyme with
approximately the same affinity aR)¢ or (S§-mandelate
(Table 2). Despite the fact that MR exhibited an apparent
affinity for (R,9-1-naphthylglycolate that was 4-fold less than
that exhibited for R,S-2-naphthylglycolate (probably due
to unfavorable steric interactions between the—Ca0
portion of the naphthyl ring and the protein), replacement
surface areas between the two side cha®g 63). In of the phenyl group of mandelate with a nap_hthyl group
addition, weak polar interactions with backbone nitrogens S€€Med to be well tolerated by the hydrophobic pocket.

and side chain sulfurs may contribute an additional 4 kcal/ Because there appear to be slightly enhanced VDW forces
mol of binding energy &4). Interestingly, the binding of  between MR and the phenyl group of mandelate in the
cyclohexane within the same hydrophobic pocket of neuro- enzyme-intermediate complex, we reasoned that racemiza-
physin is disfavored as a result of steric hindrang4.(In tion of 2-naphthylglycolate might exhibit a sensitivity to
order for similar advantageous and specific interactions to steric interactions. As shown in Table 2, thg values for
occur between the phenyl group of the planar intermediate both [R)- and §)-2-naphthylglycolate are slightly less than
and the active site of MR, there must be a relatively high those for R)- and §-mandelate while théc.: values are
degree of complementarity between the active site and theapproximately 6% of théc.: values observed forR)- and
aromatic ring. Similar studies on a hydrophobic cavity in (S-mandelate. Becaudéy, ~ Ks for MR (20), it is clear
y-glutamylcysteine synthetased) revealed that a nonpolar  that the enzyme binds 2-naphthylglycolate and mandelate
substrate Cys residue and a substrate carboxylate group madeith equal affinity and, in contrast to the suggestion by Felfer
equal contributions to transition state stabilization, demon- et al. (L8), no steric restrictions are imposed on the binding
strating that nonpolar interactions can play a significant role of the bulkier substrate in the ground state. The observed
in enzyme-transition state stabilization. 10-fold decrease i../Kn, for 2-naphthylglycolate relative

It is clear from our analysis that hydrophobic effects alone to mandelate is caused by an increase in the free energy
cannot account for the preferred binding of the phenyl group barrier for the chemical steps as shown in Figure 4. The
relative to alkyl groups in the intermediate analogues. X-ray extendedr system of 2-naphthylglycolate should stabilize
crystal structures of wild-type and mutant forms of MR with  a negative charge on tlecarbon through resonance slightly
bound substrate or substrate analog®es/( 16, 17) do not better than the phenyl group [e.g., the value @k
suggest any obvious side chains of amino acid residues that
could interact with the phenyl group of the intermediate 2We thank Professor John Gerlt for suggesting the possible role of

through aromatic stacking interactions. Itis possible that the e conjugate acids of the two active site general acid/base catalysts in
two general acid/base catalysts in the active site may servestabilizing the intermediate.

group of the intermediate (i.e., increased VDW forces) and
possibly additional weak polar interactiods). For example,

the hydrophobic pocket of neurophysin exhibits an unusually
large (5.1 kcal/mol) difference in binding energies between
Phe and Leu at position 2 of peptide ligands. Modeling

studies using crystallographic data indicate that this differ-
ence in binding energies arises from a 3.4 kcal/mol difference
in packing energies. The bound Leu side chain is only able
to establish one-third of the VDW contacts available to the
Phe side chain, despite only~d 7% difference in accessible
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2-naphthohydroxamate relative to benzohydroxamate. These
observations indicate that steric constraints within the
hydrophobic cavity of the MRintermediate complex are
more stringent than those in the MRubstrate complex.

5

relative
free energy
(kcal/mol)

E(R)

E(9)

Ficure 4: Free energy profiles (2%, pH 7.5) for the racemization 4

of (R)- and §-mandelate (solid line) andRf- and §)-2-naphth-
ylglycolate (dashed line) catalyzed by MR. TReand S substrate
enantiomers are denoted &) énd ), respectively. The profiles
were derived from the kinetic parameters given in Table 2 and
assuming a standard state of 1 M.*E8presents the enzyme
substrate complex in the transition state.

is 0.042 72) and o para ranges between-0.14 and—0.28

(793) for the 2-naphthy! substituent, while the valuefa

is —0.01 andr*parais —0.179 {2) for a phenyl substituent].
Not only are changes in electron delocalization expected to
enhance catalysis but the 2-naphthylglycolate enolic inter-
mediate should also be stabilized by the putative cation
interaction similar to mandelate as discussed above. Con-
sequently, one would expect the point corresponding to
2-naphthohydroxamate in Figure 3B to lie below the re-
gression line, similar to benzohydroxamate. However, this
is not the case. Although 2-naphthylglycolate and mandelate
are bound with similar affinity in the ground state
(AAG2-naphthyiglycolate mandelate™ 0.3 kcal/mol), they exhibit a
larger difference between their transition state stabilization
free energiesAAGy-naphthylglycolate mandelate™ —1.4 kcal/mol).

Thus racemization of the bulkier 2-naphthylglycolate is 1

sensitive to steric constraints in the enzynngermediate 16.

complex, and it follows from the Hammond postula?e)(

that the binding affinity of the 2-naphthohydroxamate

intermediate analogue should be reduced relative to benzo- 17-

hydroxamate. Our observation that the binding free energy

for 2-naphthohydroxamate is 0.9 kcal/ne$sfavorable than 18.

the free energy for binding benzohydroxamate is in accord

with this expectation. 19.
20.

CONCLUSIONS

In general, the free energy changes accompanying binding
of MR with both substrate and intermediate analogues
bearing alkyl groups in place of the phenyl group are
proportional to the corresponding hydrophobicity of the
group (r) and the VDW surface areas of the ligands. The

VDW surface area dependence of the free energy change 24.

accompanying desolvation of the hydrophobic surface during
intermediate analogue binding-41 + 3 cal mott A-?) is
about 10 cal moft A2 greater than that observed for ground
state binding +30 & 5 cal mol? A-?). Interestingly, the

intermediate analogue benzohydroxamate is bound 2 orders 27.

of magnitude more tightly than would be predicted on the
basis of correlations with values or the VDW surface areas.
This suggests that specific polar interactions with the phenyl

group stabilize the mandelate enolic intermediate relative to 29.

the ground state. MR exhibited reduced stabilization of
2-naphthylglycolate in the transition state (relative to man-
delate in the transition state) and reduced binding of

2.
3.

13.

22.
23.

26.

28.

30.
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