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ABSTRACT:. Macrophage migration inhibitory factor (MIF), an immunoregulatory protein, exhibits a
phenylpyruvate tautomerase (PPT) activity. The catalytic mechanism of this activity has recently attracted
attention in an effort to determine whether there is a relationship between the PPT activity and the role
of MIF in various immune and inflammatory processes. One of the active site residues is lysine-32, which
is postulated to play two roles: it assists in substrate binding through an interaction with a carboxylate
oxygen at C-1 of phenylpyruvate, and it may be partially responsible for loweringkthefthe catalytic

base, Pro-1. The role of Lys-32 has been investigated by changing it to an alanine and an arginine and
determining the kinetic parameters, the stereoselectivity, the competitive inhibition, and the pH dependence
of the resulting K32A- and K32R-catalyzed reactions. For the K32R mutant, these properties are mostly
comparable to those determined for the wild type with two exceptions. There is a modest decrease in the
stereoselectivity of the reaction and in the binding affinity of the competitive inhibiE)r2{fluoro{p-
hydroxycinnamate. These differences are likely due to the increased steric bulk of arginine. For the K32A
mutant, there are 11- and 12-fold decreasek.inandk../Km, respectively, using phenylenolpyruvate.

Part of the decrease in activity can be attributed to the observed increase of 1.3 unitskg ofi@mo-1.

It was also found that the loss of the electrostatic interaction did not significantly affect the stereoselectivity
of the K32A-catalyzed reaction, although it did result in a decrease in the binding affinity of the competitive
inhibitor. The combination of these results indicates that the primary function of Lys-32 in the PPT activity
of MIF is to lower the K, of Pro-1. The interactions responsible for the stereoselectivity of the PPT
activity were further delineated by examining the wild type- and K32A-catalyzed reactions with an alternate
substrate, 2-hydroxy-2,4-pentadienoate, in which the phenyl group of phenylenolpyruvate is replaced with
a double bond. The effect of this substitution is moderate as evidenced by the observation that the
ketonization of 2-hydroxy-2,4-pentadienoate by the wild type protein is more stereoselective than the
K32R-catalyzed ketonization of phenylenolpyruvate but not as stereoselective as the K32A-catalyzed
ketonization of phenylenolpyruvate. However, the low degree of stereoselectivity observed for the K32A-
catalyzed reaction indicates that an electrostatic interaction between the protein and 2-hydroxy-2,4-
pentadienoate is now crucial.
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led to the conclusion that MIF and phenylpyruvate tau-
tomerase (PPT) are the same protein (

Although it remains uncertain whether there is a connec-
tion between the PPT activity of MIF and its other biological
activities, the elucidation of the catalytic mechanism of the
PPT activity would certainly be useful if a link between these
activities were establishe®,(10). Hence, the mechanism
and the active site structure of MIF's PPT activity have come
under scrutiny recently-13). On the basis of these studies,
Pro-1 has been implicated as the catalytic base witKa p
value of~6.0 (10, 11).

In addition to Pro-1, two recent crystal structures identified
Lys-32, lle-64, Tyr-95, and Asn-97 as active site residues

and suggested that Lys-32 plays a prominent role in the

binding of the substrate’s carboxylate grou®,(13). In a
crystal structure of MIF complexed with the competitive
inhibitor (E)-2-fluorop-hydroxycinnamate®, Scheme 3),
one carboxylate oxygen is within 2.9 A of the ammonium
group of Lys-32 while the other carboxylate oxygen is within
2.4 A of the nitrogen of Pro-11@). In a crystal structure of
the MIF5 complex, one carboxylate oxygen is within 2.6
A of the ammonium group of Lys-32 and the other
carboxylate oxygen is within 2.7 A of the backbone amide
of lle-64 (13). These crystallographic observations are
consistent with the differential inhibition data reported for a
series of enol analogue inhibitors of PP/F10, Scheme 3)
(14). 1t was found that theH)-7 is a more potent inhibitor
than its isomeric counterpark)8, and ¢)-9 is a more potent
inhibitor than its isomeric counterpartE)10 (14). The
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To elucidate the contribution made by Lys-32 to the PPT
activity, two mutants of MIF were constructed in which Lys-
32 was replaced with either an alanine or an arginine.
Subsequently, the kinetic parameters, the-péte profiles,
the competitive inhibition by and 10, and the stereoselec-
tivity of each mutant-catalyzed reaction were determined and
compared to those of the wild type. The results show that
the interaction of Lys-32 with substrate is not a critical factor
either in substrate binding or as a determinant of the
stereoselectivity of the reaction. However, Lys-32 does
contribute to the potency afas a competitive inhibitor but
not to that ofL0. More significant, though, is the observation
that the proximity of Lys-32 or a similar cationic group such
as arginine plays an important role in lowering the, of
the catalytic proline. Additional insight into the PPT activity
of MIF was obtained by identifying the factors responsible
for the stereoselectivity of the reaction. An examination of
the wild type- and K32A-catalyzed ketonization of 2-hy-
droxy-2,4-pentadienoate to 2-oxo[3-D]-4-pentenoate4® D
shows that replacing the phenyl group with a double bond
results in a moderate decrease in the stereoselectivity of the
reaction. Coupling this substitution with the loss of the
electrostatic interaction between Lys-32 and the carboxylate
group of substrate causes a major decrease in the stereo-
selectivity of the reaction. Collectively, these studies show
why Lys-32 is important to the PPT activity of MIF and
shed light on the factors governing the stereochemical fidelity
of the reaction.

MATERIALS AND METHODS

Materials. All biochemicals were purchased from Sigma
Chemical Co. Centricon (10 000 molecular weight cutoff)
centrifugal microconcentrators and ultrafiltration membranes
were purchased from Amicon. The clone containing recom-
binant mouse MIF was obtained from R. Bucala (The
Picower Institute for Medical Research, Manhasset, NY).
Reagents for the PCR were obtained from either Promega
Corp. (Madison, WI) or Perkin-Elmer (Norwalk, CT).
Restriction enzymes and other molecular biology reagents
were obtained from Promega Corp. with the exception of
the Geneclean Il kit, which was purchased from Bio 101,
Inc. (La Jolla, CA). Oligonucleotides for site-directed mu-
tagenesis and DNA sequencing were synthesized by Oligos
Etc. Inc. (Wilsonville, OR). The composition of the LB
medium is described elsewherEs). The syntheses of)-
2-fluorop-hydroxycinnamic acid ) and 2-hydroxy-2,4-

differences in potencies are presumably due in part to the pentadienoateld) are described elsewherg4( 16).

interaction between the carboxylate group and Lysi2. (

It is interesting to note that Pro-1 and Lys-32 (along with
lle-64) are among the few invariant residues in all known
MIF homologues 10, 13).

Lys-32 may play another role in the PPT activity. The
unusually low X, value of Pro-1 has been attributed to its
location within a hydrophobic environment coupled with its
proximity to two cationic residues, Lys-66 and Lys-32(
13). Support for this hypothesis comes from studies of a
mutant of MIF in which an alanine is inserted between Pro-1
and Met-2. Titration of Pro-1 indicated that thEjvalue is
further reduced 13). A crystal structure of the mutant
demonstrated that Pro-1 was now “pushed out” of the
hydrophobic cavity and positioned closer to Lys-32 and Lys-
66.

General MethodsHPLC was performed on a Waters
system using a Waters Protein Pak (DEAE-5PW) anion-
exchange column. Protein concentrations were determined
using the commercially available bicinchoninic acid (BCA)
protein assay kit (Pierce Chemical Co., Rockford, IL). Protein
was analyzed by sodium dodecyl sulfaflyacrylamide gel
electrophoresis (SDSPAGE) under denaturing conditions
on 12.5% gels7). Kinetic data were obtained on a Hewlett-
Packard 8452A diode array spectrophotometer. The cuvettes
were mixed with a stir/add cuvette mixer. The kinetic data
were fitted by nonlinear regression data analysis using the
Grafit program (Erithacus Software Ltd., Staines, U.K.)
obtained from Sigma Chemical Co. DNA sequencing was
carried out at The University of Texas Sequencing Facility.
NMR spectra were obtained on either a Bruker AM-250
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spectrometer or a Varian Unity INOVA-500 spectrometer enol isomers form a complex with boric acid4( 20).
as noted in the text. Chemical shifts were referenced as notedAlternatively, enzyme activity was measured by following
below. the rate of ketonization a8 or 5 (12). The ketonization of

Site-Directed Mutagenesihe two mutants of MIF were 3 is monitored at 288 nme(= 17 300 Mt cm™), and the
prepared using the gene for mouse MIF cloned into a pET- ketonization of5 is monitored at 300 nme(= 21 600 M
11b vector as the templat8)( A Ndd restriction site and a  cm™%). The assay mixture contains 50 mM JR# O, buffer
BarrHlI restriction site flank the gene. The K32A and K32R (1 mL, pH 6.5) and an aliquot of a solution of MIF
mutant proteins were constructed using the overlap extensionsufficiently dilute (0.5-1.0uL of a 2.3 mg/mL solution, final
polymerase chain reaction as described elsewl&e The concentration of 93186 nM) to yield an initial linear rate.
external PCR primers were oligonucleotidesSGGATAA- The assay was initiated by the addition of a small quantity
CAATTCCCCTCT-3 (designated primer A) and'&T- (1—3.3uL) of either3 or 5 from various stock solutions (5,
CAGCTTCCTTTCGGGCTT-3(designated primer D). Primer 10, 20, or 50 mM) made up in ethanol. The crystallhe
A corresponds to the coding sequence of a region of the pET-and 5 exist exclusively as the enol isomer2l). The
11b vector~50 bp upstream from thidd restriction site, concentration of substrate used to assay the enzymatic
while primer D corresponds to the complementary sequenceactivity of MIF ranged from 10 to 15@M. No significant
of the pET-11b vector20 bp downstream from thganH| inhibition of the enzymatic activity by ethanol is observed
restriction site. For the K32A mutant, the internal primers at concentrations 0£0.5% (v/v).
were oligonucleotides'8sCCACCGGCGCGCCCGCACAG- Mass Spectrometry of MIF and the K32 Mutanthe
3' (designated primer C) and-ETGTGCGGGCGCGCCG-  masses of the purified wild type MIF and the purified mutant
GTGGC-3 (designated primer B). For the K32R mutant, the proteins were determined by electrospray ionization mass
internal primers were oligonucleotidesGCCACCGGC- spectrometry (ESI-MS) using a LCG Finnigan octapole
CGGCCCGCACA-3 (designated primer C) and-5GT- electrospray mass spectrometer. Samples for ESI-MS were
GCGGGCCGGCCGGTGGC-3designated primer B). In  prepared and analyzed as previously descril2)i (Typi-
each set of primers, primer C contains the codon for the cally, each protein elutes as a single peals min after the
desired mutation (underlined), while the remaining bases injection. The observed monomeric molecular masses{(MH
correspond to the coding sequence of the MIF gene. Primerfor MIF, K32A, and K32R were 12 371 (calcd 12 373 Da),

B is the complementary primer with the desired codon 12 316 (calcd 12 316 Da), and 12 401 Da (calcd 12 401 Da),
underlined. respectively.

PCRs were carried out in a Perkin-EImer DNA Thermo-  Circular Dichroism SpectroscopyCircular dichroism
cycler 480 using template DNA, synthetic primers, and the spectra of MIF, K32A, and K32R were measured in 50 mM
PCR reagents as described previoudl§) (In two separate  sodium phosphate buffer (pH 6.5) at a concentration of
PCRs, the AB and CD fragments were generated using theapproximately 1M using a 30QuL CD cell with an optical
plasmid pET-11b as the template with primers A and B in path length of 0.1 mm. CD spectra were recorded on a Jasco
one reaction and primers C and D in a second reaction asJ-600 spectropolarimeter.
described previouslyl@). Subsequently, the mutated DNA pH—Rate Profiles of MIF, K32A MIF, and K32R MIF.
fragment was produced by performing PCR on a mixture of The pH dependence of the K32A- and K32R-catalyzed
the AB and CD fragments (6L each) using primers A and  ketonization of3 to 4 was determined at 24C using a
D. The mutated DNA fragment and the pET-244) (rector previously described protocol with the following modifica-
were digested wittNdd and BanH]I restriction enzymes,  tions (19). For the K32A mutant, the dependence was
purified, and ligated using T4 DNA ligase following a determined over the pH range of 4.8.4 and the final
previously described protocal9). Aliquots of the resulting  concentration of the enzyme was 1.6 (pH-41), 0.8 (pH
mixture were transformed into competdescherichia coli 6.6—7.5), or 0.5uM (pH 8.0—8.4). For the K32R mutant,
JM109 cells as described elsewhet8)(and grown on LB/ the dependence was determined over the pH range of 4.8
Kn (100ug/mL) plates at 37C. Single colonies were chosen 8.4 and the final concentration of the enzyme was 1.5 (pH
at random and grown in liquid LB/Kn medium (5@00ug/ 4.8-5.5) or 0.7uM (pH 6.1—8.4). It was necessary to use
mL). The newly constructed plasmid was isolated and different enzyme concentrations to facilitate the measurement
sequenced to verify the mutation. Subsequently, the mutatedof the reduced rates at the extreme pH values. The reaction
plasmid was transformed as described above Etaoli was initiated by the addition of a quantity 8from various
strain BL21(DE3)pLysS for protein expression. stock solutions (5, 10, 20, or 50 mM) made up in ethanol.

Overexpression and Purification of Recombinant MIF and The final concentration d8 ranged from 10 to 150M. The
the K32 Mutants The recombinant enzymes were over- mutants were allowed to incubate in the assay buffer for 10
expressed using a previously described procedie MIF min before the addition 08. The reported pH is measured
and the K32 mutants were purified95% as judged by at the end of each assay. The initial rates were determined
SDS-PAGE) by a published procedur&d). Activity was from plots of absorbance versus time at 288 nm and the data
monitored by following the ketonization &(12). The most fitted as described previousiyL9).
active fractions were pooled and concentrated. Typically, the Inhibition Studies with MIF, K32A, and K32RThe
yield of purified enzyme per liter is’75 mg of MIF,~100 reversible competitive inhibition of MIF, K32A, and K32R
mg of K32R, and~35 mg of K32A. by 10 was examined by following the enolization 4f(14,

Enzymatic Actiity Assays Two assays were used to 20). Accordingly, the extent of inhibition was measured at
measure the enzymatic activity of MIF as indicated in the increasing concentrations d0 (0, 50, 75, 100, and 2Q@M)
text. In one assay, the enolization #fvas followed using in the presence of 11 concentrations4of0.25-6.0 mM).

a previously described assay in which the enzyme-generatedA stock solution ofL0 (50 mM) was made in 50 mM sodium
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acetate buffer (final pH 7.0). The amount of enzyme used Scheme 4

varied as follows: MIF, 515 uL of a 2.6 mg/mL solution;

K32A, 5-15uL of a 2.8 mg/mL solution; and K32R, 515 Enzyme N b
uL of a 3.9 mg/mL solution. Sincd0 has a strong UV =~ 3 —— [3-D]4 Rad
absorbance at 300 nm, the wavelength at which the rate of

borate complex formation is usually followed4; 20), it

was necessary to determine the initial rates from plots of

absorbance versus time at 320 nen= 4300 Mt cm™?)

where the UV absorbance d0is less significant. The extent H CoéH palie  w 02

. R DaZ yme o 3 A"OH
of reversible competitive inhibition of MIF, K32A, and K32R W/L@H — H
by 7 was determined by following the ketonization312). COx- €Oy
Various concentrations af (MIF, 0, 1, 2.5, 5, and 1@M; [3-D]Malate (2R,3S)-[3-D]13
K32A, 0, 10, 25, 50, and 100M; and K32R, 0, 1, 2.5, 5, 12

10, and 25uM) were examined in the presence of 12
concentrations a8 (10—150uM). A stock solution of7 (10 was purified by anion-exchange chromatography as described
mM) was made up in 50 mM phosphate buffer (final pH to yield 18 mg of MIF, 20 mg of K32A, and 11 mg of K32R
6.5). The amount of enzyme used varied as follows: MIF, (22). The (Z-isomer of [3-D]malate was removed by
1ul of a 1.1 mg/mL solution; K32A, &L of a 2.0 mg/mL treating a solution of diastereomeric [3-D}--malate with
solution; and K32R, JuL of a 1.8 mg/mL solution. The  malic enzyme as described previousB2,(25). The (R)-
initial rates were determined from plots of absorbance versusisomer was purified by anion-exchange chromatography as
time at 288 nm. The kinetic data were fitted by nonlinear described previously2@) to afford 4.5 mg of MIF, 6.3 mg
regression data analysis using the equation for competitiveof K32A, and 2.2 mg of K32R. [®,39-[3-D]Malate (13)
inhibition provided with the Grafit program. (from the MIF-catalyzed reaction}H NMR (CDsOD, 500
MIF-, K32A-, and K32R-Catalyzed Ketonization®fo MHz) 6 2.61 (1H, brd dJ,3 = 9.1 Hz, H3), 4.46 (1H, brd
[3-D]4 in D,O and Comersion of [3-DK to [3-D]11 A d, J3 = 9.1 Hz, H2). (R 39-[3-D]Malate (13) (from the
solution of 3 (4 mg, 24umol) dissolved in DMSQds (30 K32A- and K32R-catalyzed reactions)4 NMR (CDz;OD,
uL) was added to 100 mM NBPQ, (0.6 mL, pD 9.3) buffer 500 MHz) ¢ 2.61 (K32A, 0.95H; K32R, 0.8H, brd dy 3=
made up in RO. The addition oB (as the free acid) lowered 9.0 Hz, H3), 4.46 (K32A, 0.95H; K32R, 0.8H, brd &3 =
the pD of the buffer to~6.8. Enzyme (MIF, 3Qug; K32A, 9.0 Hz, H2). (R3R)-[3-D]Malate (from the K32A- and
120ug; and K32R, 8Qug) was added to the reaction mixture K32R-catalyzed reactions)H NMR (CD;OD, 500 MHz)
immediately. Fifteen individual reaction mixtures were 0 2.76 (K32A, 0.05H; K32R, 0.2H, brd dl;3 = 4.5 Hz,
prepared for each enzyme. After 2.5 min, an aliquot of H3), 4.44 (K32A, 0.05H; K32R, 0.2H, brd s, H2).
NaBH, (9 mg in 30uL of 100 mM NaDPO, buffer) was MIF- and K32A-Catalyzed Ketonization of 2-Hydroxy-2,4-
added and the individual mixtures were allowed to stand pentadienoatel(4) to 2-Oxo[3-D]pent-4-enoate [3-05 in
overnight at room temperature. The reaction mixtures for D,O and Conersion to [3-D]Malate (L3). The stereochem-
each enzyme were pooled, and the pH was adjusted to 6.5cal analysis of [3-D15, generated in BD by the action of
(using 8.5% phosphoric acid) to destroy the excess NaBH either wild type MIF or the K32A mutant ori4, was
After the bubbling had stopped, the pH was adjusted to 8 performed by the modification of a literature proced&2)(
(using 5 M NaOH) and the solution was extracted with ethyl Accordingly, each reaction mixture consisted of enzyme
acetate (3x 50 mL). Subsequently, the pH was adjusted to (MIF, 34 ug; and K32A, 90Qug) and14 (4 mg) dissolved
1.5, and the solution was extracted with ethyl acetate (3 in DMSO-ds (30 «L). Individual reactions (18 for MIF and
50 mL). The ethyl acetate layers (containing [3tD)] were 22 for K32A) were carried out in 100 mM NarPQ, (0.6
pooled, dried over anhydrous MO, filtered, and evapo-  mL, pD 9.1 in D.O). The addition ofL4 lowered the pD to
rated to dryness. To remove the residual DM&Dihe ~6.8. The individual reaction mixtures were allowed to run
resulting oil was heated at 5% under vacuum (1.5 mm)  at room temperature for either 2.5 (MIF) or 3.25 min (K32A).
for 1.5 h to yield 60 (MIF and K32A) and 50 mg (K32R) of Reactions were quenched with 2 of a 300 mg/mL
[3-D]11. The'H and®3C NMR spectra corresponded to the solution of NaBH in 100 mM NaDPQ, in DO after 2.5
previously reported spectra taking into account the deuterium(MIF) or 3.25 min (K32A) and pooled. The produds, was
substitution 23). isolated and converted to [3-D]malaté?{ as described
Chemical and Enzymatic Coersion of [3-D]11to [3-D]- previously @2). The diastereomeric [3-Dd;L-malate (MIF,
Malate (13). To convert [3-D1L1 to [3-D]-p,L.-malate (2), 7 mg; and K32A, 8 mg) was purified by anion-exchange
a solution of [3-D]L1in 90% (v/v) acetic acid was subjected chromatography and treated with malic enzyme as described
to a stream of @ at room temperature for 4.5 24). previously @2) to afford 2 mg of MIF or 2.5 mg of K32A
Subsequently, the mixture was purged with @nd a 30% of the (R)-isomer of [3-D]malate 13, Scheme 5). R,39)-
solution of hydrogen peroxide (2 mL) was added. The [3-D]Malate (13) (from the MIF-catalyzed reaction)*H
solution was then stirred at room temperature for 2 days andNMR (CDs;OD, 500 MHz)6 2.62 (~0.9H, brd d,J,3= 8.0
concentrated by rotary evaporation. The concentrate wasHz, H3), 4.46 (-0.9H, brd d,J,3 = 8.0 Hz, H2). (R,3R)-
dissolved in 20 mM sodium phosphate buffer, and the pH [3-D]Malate (from the MIF-catalyzed reaction}H NMR
of the solution was adjusted to 7.3. A total of 4Q of (CDs0OD, 500 MHz)¢6 2.76 (~0.1H, brd d,J,3 = 4.5 Hz,
catalase (4 mg/mL) was added in«b portions over a 16 H3). (2R,39)-[3-D]Malate 13) (from the K32A-catalyzed
15 min period. After the bubbling had stopped, the pH was reaction): 'H NMR (CDsOD, 500 MHz)¢6 2.62 (~0.6H,
adjusted to 8, and the diastereomeric [3d)]-malate (2) brd d,J, 3= 8.0 Hz, H3), 4.46{0.6H, brd d J, 3= 8.0 Hz,
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Table 1: Kinetic Parameters for the PPT Activity of MIF and the

K32 Mutants o g
sub- keafKm  relative relative ; L
enzyme strate Kea(sh) Kn@M) (M71s?)  ka  kealKn :\<E
wildtype 3 320+£80 150440 2.1x 10° 1.0 1.0 EED
K32A 3 30+ 10 180+40 1.7x 10° 0.09 0.08 -4
K32R 3 150+ 10 100+ 30 1.5x 10° 0.47 0.70 L
wildtype 5 140420 200470 6.9x 1¢ 1.0 1.0 )
K32A 5 1542 140+50 1.1x10° 0.11 0.16 4 5 6 7 8 9
K32R 5 160+ 30 350+90 4.6x 1 1.1 0.67

Johnson et al.

[22]
T

10g(Keat/Km)M™'s™)

2 The steady-state kinetics parameters were determined’a& a8d
pH 6.5. Errors are standard deviations.

H2). (2R,3R)-[3-D]Malate (from the K32A-catalyzed reac- -
tion): *H NMR (CD3;OD, 500 MHz)6 2.76 (~0.4H, brd q, =
H3). 3
$
RESULTS =
Production, Expression, and Characterization of the K32 .
Mutants Two mutants of MIF (K32A and K32R) were YT e 7 s e
constructed by overlap extension PCR, expressds itoli PH

strain BL21(DE3)pLysS, and purified t895% (as deter-
mined by SDS-PAGE) using a modification of a previously
described procedurel?, 19). The DNA sequence of each
mutant was confirmed by DNA sequencing. The two mutants
were also analyzed by ESI-MS and circular dichroism. The a slope of 1 (panels A and B of Figure 1). A nonlinear least-

monomeric molecular masses determined for MIF and the squares fit of the pH dependencekgf/K to the logarithmic
K32 mutants are in excellent agreement with the predicted form of

masses. The molecular masses also confirmed that the
initiating N-formylmethionine had been removed. The CD KealKim = (KeafKe) " 7(1 + [H'VKpe) (1)
spectra of the K32 mutants were comparable to that of the

wild type MIF, indicating that the mutations did not result whereKe corresponds to the ionization constant for the free

Ficure 1: pH dependence d&../Km for the PPT activity of (A)

MIF, (B) K32R MIF, and (C) K32A MIF using. The curves were
generated by a nonlinear least-squares fit of the data to eq 1. The
pKa values are given in the text.

in any major conformational changes (data not shown).
Steady-State Kinetic Parameters of the K32 Mutahite
steady-state kinetic parameters for the PPT activity of the
K32 mutants were measured usiBgand 5 as substrates,
and compared to the parameters for the PPT activity of wild
type MIF (Table 1). Two conclusions can be made on the
basis of these data. First, thg, values for the mutant-
catalyzed reactions (usirgand5) do not significantly differ
from those obtained for the wild type. Second, only the K32A
mutation has an effect on they andkea/Km values. There
is an 11-fold decrease ik, Using3 and a 9-fold decrease
in kear using5. This results in a 12-fold decrease kpyd/Km
for 3 and a 6-fold decrease ./Kn, for 5.
pH Dependence of the Kinetic Parameters Usth@he
pH dependence d¢./Kn andk.o:was measured for the PPT
activity of MIF, K32A MIF, and K32R MIF using (Figure
1A—C). For MIF and the K32R mutant, the pHate profile
for keafKm versus pH exhibits a single ascending limb with

enzyme andk:./Ky)™® corresponds to the maximal value
for this parameter gives th&kgvalues (1, 22, 26). For the
PPT activity of MIF, a K, value of 5.5+ 0.1 is measured
(Figure 1A). A K, of 6.0 &£ 0.1 has previously been
measured for the pH dependence of khgK, using4 (11).
The slight difference in theseKp values may result from
the different assays used for their measurement. The higher
pK, value was measured using an indirect assay in that it
monitors the formation of the borate complex3denerated
by the enolization o# (20). The value reported here was
measured using an assay that follows directly the ketonization
of 3to 4 (12), and is comparable to that measured by direct
titration of Pro-1 by NMR spectroscopy (56 0.1) (10).
For the PPT activity of K32R MIF, alf, value of 5.7+
0.1 is measured (Figure 1B).

The plots ofk., versus pH for these two proteins also
exhibit a single ascending limb with a slope of 1 (data not
shown). A nonlinear least-squares fit of the pH dependence
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of keat to the logarithmic form of

kcat= (kcat)maxl(l + [H+]/KHES) (2)

where Kyes corresponds to the ionization constant for the
enzyme-substrate complex gives th&pvalues (1, 22, 26).
For the PPT activity of both MIF and the K32R mutant, a
pKa value of 5.5+ 0.2 is measured.

The pH dependence &f./Kn andk.,;for the PPT activity
of K32A MIF using 3 is more complex (Figure 1C). For the
pH dependence d&../Km, a leveling off is seen at low pH

such that protonation decreases the activity but does not result

in the complete loss of activity. A statistically better fit of

the data is obtained by a nonlinear least-squares fit of the

pH dependence di../Kn to the logarithmic form of

KeafKim = (KeadKe) " (L + [H 1/ Kipp/(1 + [HVK )
®3)

whereKy2e andKye correspond to two ionization constants
for the free enzyme2({7). This yields X, values of 5.7+
0.2 and 6.8+ 0.1 for the free enzyme. The latteKpvalue

is likely that of Pro-1.

The pH dependence &, shows the same behavior as
that observed for the pH dependencekgfK, (data not
shown). Again, a statistically better fit of the data is obtained
by a nonlinear least-squares fit of the pH dependendg,of
to the logarithmic form of

Keat = (Kead "L + [H VK e /(1 + [H K e (4)

whereKye andKyes correspond to two ionization constants
for the enzyme-substrate complex2{). The K, values of
6.2+ 0.3 and 7.2+ 0.2 are measured.

Competitie Inhibition Studies of the K32 Mutants with
and 10. Both 7 and 10 have previously been reported to be
competitive inhibitors of the PPT activity of MIF witK
values of 2.6+ 0.3 and 31Gt 60 uM, respectively 11, 12,

14). These compounds are also competitive inhibitors of the

PPT activity of the K32A mutant witl; values of 40+ 4
and 375+ 60 uM, respectively. Likewise, they are competi-
tive inhibitors of the PPT activity of the K32R mutant having
Ki values of 30+ 3 and 234+ 30 uM, respectively. The
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FicURE 2: H NMR (500 MHz, CxOD) spectrum of (R)-[3-D]-
malate obtained from the chemical and enzymatic conversion of
[3-D]4 generated by the PPT activity of (A) MIF, (B) K32A MIF,
and (C) K32R MIF in BO. The other signals in the spectrum
correspond to the fully protio malate and other impurities.

In this protocol, the stereochemical analysis of [3#1{
carried out by its chemical and enzymatic conversion R)+(2
[3-D]malate @3) (Scheme 4). Accordingly, the addition of
enzyme (MIF, K32A MIF, or K32R MIF) catalyzes the
ketonization of3 to [3-D]4, in D,O. The immediate addition
of NaBH, reduces [3-D} to [3-D]11 and prevents the
epimerization of C-3. Degradation of [3-D] to [3-D]12is
achieved by subjecting it to ozonolysis and treating the
resulting ozonide with hydrogen peroxid&l]. Subsequently,
the (R)- and (XD)-isomers ofl2 are obtained because the
reduction of4 with NaBH, was stereorandom. Incubation
of this mixture with malic enzyme generates thR}-&somer
of [3-D]13 (25), which is subjected tdH NMR analysis.

It has been previously reported that each diastereotopic
proton at C-3 of the fully protio malate appears as a doublet
of doublets at 2.33 and 2.63 ppm in®@ (29). (In CD;OD,
these signals are shifted downfield and appear at 2.62 and
2.78 ppm.) Stereospecific incorporation of a deuteron at C-3

results show that replacing the lysine-32 with alanine causesresults in the loss of one signal and the collapse of the

a 15-fold decrease in the potency ©iwvhile replacing the

remaining signal into a broadened doubl&d)( The reso-

lysine with arginine causes only an 11-fold decrease in nances for (R)-[3-Djmalate have been assigned by the
potency. In contrast, these mutations have little effect on the reaction of maleic acid with maleate hydratase sO29).
potency ofl0 as a competitive inhibitor. There is a 1.2-fold  The product of the enzymatic reaction is(2R)-[3-D]malate
decrease in the potency for K32A and a 1.3-fold increase in and the resultingH NMR spectrum shows the loss of the

the potency for K32R.

Stereochemical Analysis of the MIF-, K32A-, and K32R-
Catalyzed Reactions Usirg) It has previously been shown
that PPT catalyzes the stereospecific exchange gbithdR
proton of4 (28). It was determined that B-[3-D]4 has a

upfield signal (2.33 ppm) and the presence of a downfield
doublet (2.66 ppm).

For all three enzyme-catalyzed reactions, tHeNMR

spectra (recorded in GOD) of the (R)-[3-D]malate (3
derived from the series of reactions shown in Scheme 4 show

negative Cotton effect at 319 nm and a small positive effect one pertinent signal, the broadened doublet at 2.61 ppm

at 252.5 nm 28). In this analysis, [3-D4 is generated in

(Figure 2A—C). The presence of the upfield signal indicates

situ and a CD spectrum of the entire enzymatic reaction is that (&R,39)-[3-D]malate is the predominant product isolated
recorded. Because the presence of the protein may precludén all three reactions. For the MIF-catalyzed reaction (Figure
an accurate determination of the degree of stereoselectivity,2A), this isomer is obtained exclusively (within the limits

particularly if the mutant-catalyzed reactions require much of detection), indicating that the reaction is stereospecific.
higher protein concentrations, an alternate protocol was For the K32A-catalyzed reaction (Figure 2B), the integral

devised (Scheme 4).

(not shown) for the signal at 2.61 ppm-g20-fold greater



16030 Biochemistry, Vol. 38, No. 48, 1999

A O

e
i J,{L"J""'L‘

S

Lo

S sty S

Pt e

oy

Pt |
) R e .

T v T T o T T 1
2.85 2.80 2.75 2.70 2.65 2.60 2.55 ppm

Ficure 3: 'H NMR (500 MHz, CB;OD) spectrum of (R)-[3-D]-
malate obtained from the chemical and enzymatic conversion of
[3-D]15 generated by the PPT activity of (A) MIF and (B) K32A
MIF in D,O. The other signals in the spectrum correspond to the
fully protio malate and other impurities.

than the integral corresponding to the signal at 2.76 ppm.
Thus, the K32A-catalyzed reaction is highly stereoselective
with the (R 39-isomer predominating by a ratio of 20 to
1. For the K32R-catalyzed reaction (Figure 2C), the integral
(not shown) for the signal at 2.61 ppm is onks-fold greater
than the integral for the signal at 2.76 ppm. Thus, the K32R-
catalyzed reaction is less stereoselective with tHe33)-
isomer predominating by only a ratio of 5 to 1.

The stereochemistry at C-3 df3 indicates that the
stereochemistry at C-3 dfl is R. The priority numbering

Johnson et al.

catalyzed reaction exhibits two signals for the diastereotopic
protons at C-3, one at 2.62 ppm and the other at 2.76 ppm,
and indicates that a mixture of thegj3(2.62 ppm) and (B)-
isomers (2.76 ppm) has been obtained. The height of the
integral for the signal at 2.62 ppm is10-fold greater than
that of the signal at 2.76 ppm. Thus, the MIF-catalyzed
conversion ofl4 to 15 is highly stereoselective with the
(2R,39)-isomer predominating by a ratio of 10 to 1. For the
K32A-catalyzed reaction, thé! NMR spectrum (Figure 3B)

of the (R)-[3-D]malate derived from [3-05 exhibits the
same two signals, indicating that a mixture of isomers has
been obtained. However, the height of the signal at 2.62 ppm
is now only ~2-fold greater than that of the signal at 2.76
ppm. Although the K32A-catalyzed reaction is stereoselec-
tive, the (R,39)-isomer now predominates only by a ratio
of 2 to 1.

The stereochemistry at C-3 df3 indicates that the
stereochemistry at C-3 df6 is R. The priority numbering
changes because a double bond replaces the carboxylate
group at C-4. The stereochemistry at C-31d indicates
that MIF and the K32 mutant catalyze the ketonization of
14 to (3R)-[3-D]15 (Scheme 5). As has been shown above
and elsewhere2@), MIF catalyzes the ketonization &fto
(3R)-[3-D]4. On the basis of these two observations, it can
be reasonably inferred thdt4 and 3 bind in the same
orientation in the active site of MIF.

DISCUSSION

Lysine-32 is one of the few residues conserved in all 11
of the reported amino acid sequences of MIF and its
homologues 10). This observation raises the question of
whether Lys-32 plays a critical mechanistic or structural role
either in the PPT activity of MIF or in one of its other
biological activities. For the PPT activity of MIF, two roles
for Lys-32 have been proposed primarily on the basis of
crystallographic studieslQ, 12, 13). Crystal structures of
MIF, complexed with either5 or 7, clearly show an
interaction between Lys-32 and the oxygen of the C-1

changes because a phenyl group replaces the carboxylat%arboxwate group 12, 13). In addition, these crystal

group at C-4. The stereochemistry at C-31df indicates
that MIF catalyzes the ketonization & to (3R)-[3-D]4
(Scheme 4). This observation is in accord with the stereo-
chemical results obtained previousBg|.

Stereochemical Analysis of the MIF- and K32A-Catalyzed
Reactions Using 2-Hydroxy-2,4-pentadienoafed)( The
stereochemistry of the PPT activity of MIF and K32A MIF
was also investigated usirigt (Scheme 5), a compound in
which the phenyl ring has been replaced with a double bond.
In preliminary studied,it has been shown that MIF catalyzes
the conversion ol4 to 15 (Scheme 5) with &, of 760 +
110 uM, a keq Of 160 & 20 s'%, andkeafKm Of 2.1 x 10°
M™1sL

In D,O, MIF or the K32A mutant converts4 to [3-D]15
(Scheme 5). Reduction of [3-D% with NaBH, generates

structures and other studies suggest that the proximity of the
positive charge of Lys-32 to Pro-1, the catalytic base, may
be one of the factors responsible for lowering th€, pf
Pro-1 (L0, 13). In this study, the role of Lys-32 in the PPT
activity was characterized by investigating the consequences
of replacing it with a positively charged residue (arginine)
and with an uncharged residue (alanine).

Mutation of Lys-32 to either alanine or arginine has
surprisingly little effect on the kinetic parameters of the PPT
activity even though a more substantial effect might have
been anticipated on the basis of the observations made in
the crystal structurel@, 13). Using either3 or 5, the K,
values for both mutants are comparable to those determined
for the wild type. If these&K,, values reflect the substrate’s
binding affinity, then the results suggest that neither the loss

[3-D]16. The subsequent stereochemical analysis of [3-D]- of the electrostatic interaction with the carboxylate oxygen
16was based on its further chemical and enzymatic conver- K32A) nor the extra steric bulk of arginine (K32R) has a

sion to (R39)-[3-D]malate (L3) as described above and getrimental effect on substrate binding. Moreover, the extra
elsewhere2, 25). The'H NMR spectrum (Figure 3A) of  gteric bulk of arginine does not affect the reaction chemistry,
the (R)-[3-D]malate derived from [3-005 in the MIF- product release, or both as there is little changéinor

keaf Km. Replacement of lysine with an alanine does result
in modest decreases in the valuek@fandke./Km. Part of

2S. L. Stamps and C. P. Whitman, 1998, unpublished results.
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the decrease in activity can be attributed to the fact that attype protein is significantly less stereoselective than the
pH 6.5 a significant fraction of the enzyme is not in the K32A-catalyzed ketonization &. Finally, the loss of both
correct protonation state to act as a catalytic base (vide infra).interactions (binding of the phenyl group and the electrostatic

Our results also show that the PPT reaction of MIF is interaction) severely compromises the stereochemical integ-
highly stereoselective (within the limits of detection) and rity of the reaction as indicated by the very low stereo-
that the high degree of stereoselectivity is only minimally selectivity of the K32A-catalyzed ketonization &#. The
perturbed when lysine is replaced with alanine and somewhatremaining interaction between the carboxylate oxygehdof
more adversely affected when the lysine is replaced with anand the amide group of lle-64 may be responsible for the
arginine. On the basis of the two crystal structurks (3) residual stereoselectivity.
and the inhibition data obtained for compounts10 (14), A more subtle effect of these mutations on the active site
it can be inferred thad binds to MIF in the E)-configuration topology is revealed by competitive inhibition studies using
and that the carboxylate group interacts with both Lys-32 7 and10. Our results show that the inhibitory potencybf
and lle-64. The high degree of stereoselectivity observed inis affected more significantly than that #0. This observa-
the PPT reaction of K32A MIF would suggest that the tion is consistent with the differential inhibition data reported
electrostatic interaction between the lysine and the carbox-for a series of chemically stable enol analogues in addition
ylate oxygen is not a key stereochemical determinant. In to 7—10that inhibit PPT {4). The binding potency of these
addition to Lys-32 and lle-64, interactions between the compounds has been correlated with various structural
phenyl group of3 and several residues of MIF which form features. One critical feature is the stereochemistry. The more
a hydrophobic cavity further favor the binding of thig){ potent inhibitors are those in which the phenyl group and
isomer (12, 13). Evidently, these interactions hold the the carboxylate group are on the same side of the double
substrate firmly in place and maintain access to only one bond [E)-7 and ¢)-9]. A crystal structure of MIF7 shows
face, there face of3. The more significant decrease in the that the carboxylate oxygens interact with Pro-1 and Lys-32
stereoselectivity of the K32R mutant has two plausible while the phenyl group interacts with the same residues
explanations. The first explanation is due to the fact that described above for the binding of substrdt, (L3). Thus,
arginine is not sterically comparable to lysine and may take replacing the lysine with an alanine will decrease the affinity
up more space in the active site. The additional bulk may of 7 for the protein but notO, while replacing the lysine
skew the substrate in such a way that Pro-1 can now with an arginine is more likely to interfere with the binding
protonate thesi face of 3. Alternatively, arginine may be of 7 and not that of10. Moreover, even though these
involved in a bidentate interaction with the carboxylate mutations do affect th&; values for7 more significantly,
group, which may similarly skew the substrate. Nonetheless, these values are sti8—10-fold lower than theK; values
the (R)-isomer of [3-D} is the predominant product, which  measured forl0. The difference provides a rough ap-
would indicate that these effects are not major ones. proximation of the contribution made to binding by the

These kinetic and stereochemical results have one furtherinteraction betweei and Pro-1.
implication. They confirm that the structural integrity of the The most dramatic effect of the mutation of Lys-32 is seen
active sites of these mutants is largely intact as both mutantsin the pH dependence of the K32A- and K32R-catalyzed
process substrate with kinetic and stereochemical parameterseactions. Removing the positive charge of lysine-32 in-
similar to those of the wild type. Thus, it can be inferred creases the K, of the catalytic base by 1.3 units, and
from this observation and the fact that the CD spectra of the replacing the positive charge of lysine-32 with another
two mutants are comparable to that of the wild type that positive charge returns the&kp of the catalytic base to that
Lys-32 is not a critical structural residue. of the wild type. The increase in the&Kpfor Pro-1 in the

To assess the contribution of the interaction between the K32A mutant partially accounts for the observed decreases
phenyl group and the hydrophobic binding pocket to the in ke andkea/Km because these parameters were measured
stereochemical fidelity of the PPT-catalyzed reaction, the at pH 6.5 where-67% of enzyme is in the wrong protonation
stereoselectivity of the MIF- and K32A-catalyzed reaction state. At this pH, the catalytic base is in the charged state in
was determined usintd. Replacement of the phenyl group which it is not able to act as a general base. Correcting the
with the smaller double bond should decrease the strengthobserved value dé./Kn, (1.7 x 10° M1 s71) by the fraction
of the interaction betweed4 and the active site of the of K32A in the correct protonation state yields a second-
protein. This would presumably allow for greater flexibility ~order rate constant of 5.2 10° M~1 s7%, which is only 4-fold
and thereby decrease the stereoselectivity of the reactionlower than the observed./K, value for wild type activity.
The stereochemical studies support this hypothesis and These results provide additional evidence that the 18w p
suggest three additional conclusions. First, the ketonizationvalue observed for the catalytic proline of MIF is due in
of 14 by either the wild type or the K32A mutant generates part to the proximity of a positively charged residue, either
predominantly the (R)-isomer of [3-D]L5. Likewise, MIF lysine or arginine. Crystallographic studies have shown that
and K32A convert3 to the (R)-isomer of [3-D}. These Pro-1 is located at the bottom of a hydrophobic poc&éx (
observations indicate th&and 14 bind comparably in the 12, 13). Two cationic groups, lysine-32 and lysine-66, are
active site such that Lys-32 binds one carboxylate group located nearbyl(0, 13). Placing Pro-1 in this environment
while the side chain of lle-64 binds the other carboxylate favors the neutral form, thereby lowering thi€jpRemoval
group. Second, the binding of the phenyl group of the of one of these features, a nearby positively charged residue,
substrate is more important for the stereochemical fidelity increases the Ku.. These observations contrast with the
of the reaction than is the electrostatic interaction between conclusions of a study on the structural basis of the lé p
Lys-32 and the carboxylate oxygen. This conclusion is basedin 4-oxalocrotonate tautomerase (4-OT), a bacterial isomerase
on the observation that the ketonization1af by the wild with which MIF is structurally homologous3(—33). For
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4-OT, it has been determined that the hydrophobic pockettrometer. Electrospray ionization mass spectrometry was
is primarily responsible for lowering the<p value and that performed by the analytical instrumentation service core
the electrostatic effects of two nearby arginines (Arg-11 and supported by Center Grant ES 07784.
Arg-39) have little influenceZ?2).
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