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ABSTRACT. Phenylpyruvate tautomerase (PPT) has been studied periodically since its activity was first
described over forty years ago. In the last two years, the mechanism of PPT has been investigated more
extensively because of the discovery that PPT is the same protein as the immunoregulatory cytokine
known as macrophage migration inhibitory factor (MIF). The mechanism of PPT is likely to involve
general basegeneral acid catalysis. While several lines of evidence implicate Pro-1 as the general base,
the identity of the general acid remains unknown. Crystal structures of MIF with the competitive inhibitor
(E)-2-fluorop-hydroxycinnamate bound in the active site and that of the protein complexed with the enol
form of a substrate pthydroxyphenyl)pyruvate, suggest that Tyr-95 is the only candidate in the vicinity
that can function as a general acid catalyst. Although Tyr-95 is nearby the bound inhibitor and substrate,
it is not within hydrogen bonding distance of either ligand. In this study, Tyr-95 was mutated to
phenylalanine, and the kinetic and structural properties of the Y95F mutant were determined. This alteration
produces a fully active enzyme, which shows no significant structural changes in the active site. The
results indicate that Tyr-95 does not function as the general acid catalyst in the reaction catalyzed by
wild-type PPT. The mechanism of PPT was studied further by constructing and characterizing the kinetic
properties of two mutants of Pro-1 (P1G and P1A) and one mutant of Asn-97 (N97A). The mutation of
Asn-97, a residue implicated in the binding of the phenolic hydroxy group of the keto and enol isomers
of (p-hydroxyphenyl)pyruvate and oEf-2-fluoro{p-hydroxycinnamate affects only the binding affinity

of the inhibitor. However, the mutations of Pro-1 have a profound effect on the valleg @idk../Kn

and clearly show that Pro-1 is a critical residue in the reaction. The results are discussed in terms of a
mechanism in which Pro-1 functions as both the general acid and the general base catalyst.

Phenylpyruvate tautomerase (PPTatalyzes the inter-  Scheme 1
conversion of the enol and keto isomers of phenylpyruvate

OH (o] F
(1 — 2, Scheme 1) andpthydroxyphenyl)pyruvate3 — m_ = /©/\fo. m.
4). Although this enzymatic activity was reported more than R 2 R * HO 2
40 years ago, its physiological significance remains unclear 1:R=H 2:R=H 5
(1). In mammals, the enzyme is found in several tissues 3:R=0OH 4:R=0OH
including the thyroid glandl( 2). Its location in the thyroid
gland coupled with reports that PPT uses (diiodohydroxy- known what role the enzymatic activity might play in the
phenyl)pyruvate as a substrate suggested that it might beother mammalian tissues. PPT may also be part of the
involved in the thyroxine biosynthetic pathwag) (It is not biosynthetic pathways for various alkaloids and other plant-
derived bioactive substances, but specific substrates have not
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The PPT activity of MIF has also generated interest MATERIALS AND METHODS
because the protein shares substantial structural homology ) ) ) )
with two bacterial isomerases, 4-oxalocrotonate tautomerase _Materials. All biochemicals were purchased from either
(4-OT) and 5-(carboxymethyl)-2-hydroxymuconate isomerase Aldrich or Sigma Chemical Co. with the exceptions noted

(CHMI) (16). The structures of the three proteins are nearly in the text. Ultrafiltration membranes (10 000 MW cutoff)

superimposablelf, 17). Both MIF and CHMI are trimers were purchased from Amicon. The clone con.taining recom-
of identical subunits. The MIF subunit consists of 114 amino 2inant mouse MIF was obtained from Dr. Richard Bucala
acids, whereas the CHMI subunit is made up of 125 amino (The Picower Institute for Medical Research, Manhasset,
acids. 4-OT is a hexamer, consisting of identical 62-amino NY)- The composition of LB medium is described elsewhere
acid monomers. The structural similarities were surprising (26)- (E)-2-Fluorop-hydroxycinnamic acids) was synthe-
because there is little sequence identity among these three'2€d following a literature procedur8)(
proteins although they all have an amino-terminal proline.  General MethodsHigh pressure liquid chromatography
Pro-1 has since been identified as the general base catalystHPLC) was performed on a Waters system using a Waters
in each reaction 18—21). In addition to Pro-1, it was Protein Pak (DEAE-5PW) anion-exchange column. Protein
anticipated that a general acid catalyst would be present inconcentrations were determined using either the com-
each protein as other nonmetal requiring isomerases usenercially available bicinchoninic acid (BCA) protein assay
general acietbase catalysis1@, 22). In 4-OT, Arg-39 and kit (Pierce Chemical Co., Rockford, IL) or the method of
an ordered water molecule polarize the carbonyl group of Waddell 7). Protein was analyzed by sodium dodecy!
the substrate23—25). Superimposition of the 4-OT and sulfate-polyacrylamide gel electrophoresis (SBDBAGE)
CHMI crystal structures suggests that Arg-40 might act as under denaturing conditions on 17% geB8)( The PPT
the general acid catalyst in CHML§). activity was monitored by foI_Iowing the ke_tonization f

Although a general acid catalyst for the PPT activity of at 288 nm and o8 at 300 nm in 50 mM sodium phosphate
MIF has not been determined, Tyr-95 appeared to be a likely Puffer (pH 6.5) as described§). Competitive inhibition of
candidate because it occupied a similar position to Arg-39 the PPT activity bys was carried out as described usiBg
in 4-OT (15). However, the crystal structures of MIF @S the substratel®). K|n_et|c data were obtained on a
complexed with two different ligands show that the hydroxyl Hewlett-Packard 8452A Diode Array spectrophotometer. The
group of Tyr-95 is not likely to be within hydrogen-bonding réaction mixtures in the cuvettes were mixed by a stir/add
distance of the carbonyl oxygen &for 4 (15, 21). One cuvette mixer. The kinetic data were fitted by nonlinear
crystal structure of a MIfB complex places the hydroxyl ~ regression data analysis using the Grafit program (Erithacus
group of Tyr-95 4.0 A from the C-2 hydroxyl group &f Software Ltd., Stalr)es, U. K.) obtained from_S|gma Chemical
(21). A second crystal structure of MIF complexed with the CO- DNA sequencing was done at the University of Texas
competitive inhibitor E)-2-fluorop-hydroxycinnamate 5 (Austin) Sequencing FaC|I|ty. Electrospray ionization mass
Scheme 1) shows that the hydroxyl group of Tyr-95 is SPectra were acquired using a LCQ Finnigan octapole
located 3.6 A from the fluorine of. (15). While these  €lectrospray mass spectrometer. CD spectra were recorded
observations argue that Tyr-95 is not the general acid catalyst 2N & Jasco J-600 spectropolarimeter.
both crystal structures show that the general base catalyst, Site-Directed Mutagenesishe four mutants of MIF (P1G,
Pro-1, is also not within hydrogen-bonding distance of C-3. P1A, Y95F, and N97A) were prepared using the gene for
For this reason, it can be inferred that these active site mouse MIF cloned into a pET11b vector as the template
residues are sufficiently mobile enabling Pro-1 and Tyr-95 (7). A Ndd restriction site and &anH| restriction site flank
to function as general base and general acid catalyststhe gene. Two mutants (Y95F and N97A) were constructed
respectively. Significantly, neither structure shows another using the overlap extension polymerase chain reacé (
functional group in the area that can act as a general acidThe external PCR primers were oligonucleotidess&G-
catalyst (5, 21). GATAACAATTCCCCTCT-3 (designated primer A) and-5

To clarify the role of Tyr-95 in the PPT activity of MIF, = CTCAGCTTCCTTTCGGGCTT-3(designated primer D).
it was changed to a phenylalanine and the resulting Y95F Primer A corresponds to the coding sequence of a region of
mutant was characterized by kinetic and crystallographic the pET-11b vector~50 bp upstream from theéNdd
studies. The mutation has little effect on the kinetic param- restriction site, while primer D corresponds to the comple-
eters and on the structure, making it unlikely that Tyr-95 mentary sequence of the pET11b vect@0 bp downstream
would function as the general acid catalyst. The mechanismfrom the BanHlI restriction site. For the Y95F mutant, the
of the PPT activity was further studied by changing Pro-1, internal primers were oligonucleotidesGACCGGGTCTT-
the catalytic base, to a glycine and an alanine. These TATCAACTAT-3' (designated primer C) and-BTAGT-
mutations have a significant detrimental effect on catalysis, TGATAAAGACCCGGTC-3 (designated primer B). For the

underscoring the importance of Pro-1 in the reaction. Finally, N97A mutant, the internal primers were oligonucleotides 5
Asn-97, an active site residue implicated in the binding of GTCTACATCGCCTATTACGAC-3 (designated primer C)

the phenolic hydroxy group o8 and 4 (21), and in the  and 3-GTCGTAGTAGGCGATGTAGAC-3 (designated
binding of the hydroxyl group o5 (15), was changed to an  primer B). Primer C contains the codon for the desired
alanine. Characterization of the N97A mutant shows that mutant (underlined), and the remaining bases correspond to
while its kinetic parameters are comparable to those of wild the coding sequence of MIF. Primer B is the complementary
type, there is a modest decrease in the binding affinity. of primer with the desired codon for the mutation underlined.
Together, these studies suggest a mechanism for the PPT The PCRs were carried out in a Perkin-Elmer DNA
activity in which Pro-1 functions as both the general base Thermocycler 480 using template DNA, synthetic primers,
and the general acid catalyst. and the PCR reagents supplied in the Perkin-Elmer Cetus
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GeneAMP kit as described elsewheB)( In two separate 12 347), 12 358 (calc. 12 357), and 12 330 (calc, 12 330) Da,
PCRs, the AB and CD fragments were generated using therespectively.
plasmid pET11b as template with primers A and B in one  Circular Dichroism SpectroscopyCircular dichroism
reaction and primers C and D in a separate reaction asspectra of the wild-type protein and the four purified mutants
described 30). Subsequently, the mutated DNA fragment were measured in 20 mM Tris buffer containing 20 mM
was produced by performing the PCR on a mixture of the NaCl buffer (pH 7.4) at a concentration of approximately
AB and CD fragments (L each) using primers Aand D  10uM in a CD cell with a 1.0-mm optical path length.
(20). The resulting, gel-purified AD fragment and the pH Rate Profiles for P1A and Y95F MIF Mutant§he
pET24af-) vector were digested wittBamHI and Ndd pH dependence of the P1A- and Y95F-catalyzed ketonization
restriction enzymes, purified, and ligated using T4 ligase of 1 to 2 was determined at 23C as previously described
following a previously described protocd@€). Aliquots of (20, 31). For the P1A mutant, the dependence was deter-
the resulting mixtures were transformed into electrocompe- mined over the pH range of 4%.8, and the final concen-
tent E. coli strain DH5%x cells and grown overnight on LB/  tration of enzyme was 1aM. For the Y95F mutant, the
Kn (100ug/mL) plates at 37C (26). Single colonies were  dependence was determined over the pH range ef A8}
chosen at random and grown in liquid LB/Kn media (100 and the final concentration of enzyme was QM. Above
ug/mL). The newly constructed plasmid was isolated using pH 7.8, the rapid rate of the base-catalyzed nonenzymatic
the Wizard Plus Minipreps DNA Purification System (Prome- reaction precludes an accurate measurement of the enzymatic
ga Corp., Madison, WI) and sequenced to verify the rate of reaction. The reaction was initiated by the addition
mutation. Subsequently, the mutated plasmid was trans-of a quantity ofl from various stock solutions (5 mM, 10
formed into electrocompetekt colistrain BL21(DE3)pLysS ~ mM, 20 mM, and 50 mM) made up in ethanol. The final
for protein expression2g). concentration ofl ranged from 10 to 15@M. The enzyme
The P1G and P1A mutants were constructed in a single W8S allqued to incubate in the assay mixture for 5 min before
PCR using two primers. One primer contained the desired th€ @ddition ofL. The reported pH is measured at the end of
mutation, and the second primer was a pET11b-vector each assay. The_ initial rates were determined from plots of
specific primer. The mutation primer for the P1G MIF mutant aPsorbance vs time at 288 nm, and the data were fitted as
was oligonucleotide AGGAGATATACATATGGGCAT-  described elsewher@g, 31).
GTTCATC-3, where the first 16 bases corre%d to the Crystallization of the YO5F Mutanthe Y95F MIF mutant

coding sequence of the pET11b vector followed by the W&S crystallized using the hanging drop vapor diffusion
desired mutation (underlined) and nine bases of the MIF Method. Crystals were grown at 22 from 10uL drops

gene. The mutation primer for the P1A MIF mutant was that contained L of MIF solution (16 mg/mL in 20 mM
oligonucleotide 5AGGAGATATACATATGGCCATGT- 111 buffer, pH 7.4, containing 20 mM NaCl) and:&. of
TCATC-3, where the desired mutation is underlined. The the precipitant solution. The precipitant solutlon_contamed
vector-specific primer was oligonucleotide- GTCAGCT- 25% poly(ethylene glycol)8000 and 42 mM S(.)d'um phos-
TCCTTTCGGGCTT-3 which corresponds to the comple- phate puffer, pH 7.0. Crystals appeared overnight and grew
mentary sequence of the regior20 bp downstream from O full size 0f 0.3x 0.3 x 0.8 mm in 2-3 weeks. The space
the BanH| restriction site. The mutated fragments were group of the crystals i®6; with one trimer per asymmetric

treated as described above and cloned into the pEF24a( unit and 61% solvent by volume. The unit cell parameters
vector werea = b = 96.16 A ,c = 88.52 A.

. L Data Collection Diffraction data were collected to 2.0 A
Overexpression and Purification of the MIF Mutan&he

. . X == resolution from a single crystal of MIF using an RAXIS-IV
recombinant proteins were expressed using a mod|f|cat|onimage plate detector instailed on a Rigaku RU200H rotating
of a previously described proceduf20). Typically, 2 L of

X anode X-ray generator. The generator, equipped with a nickel
cell culture yields 7-8 g of cells. MIF and the NO97A mutant  ¢5i| filter. was operated at 5 kW (50 k\k 100 mA).

were purified to homogeneity=(95% as judged by SDS Focusing mirrors were used to produce a collimated beam
PAGE) using a published procedur20). The P1G, P1A,  yigth of 0.3 mm at the crystal. A sweep of 7df diffraction
and YO5F mutants were purified to homogeneity by a a3 was collected as a set of 71 images of aszillations
modification of this literature procedur@Q@). In this modi- at 25°C. The exposure time for each image was 15 min for
fication, the most active fractions from the DEAE anion- images +60 and 25 min for images 6171 at a crystal-to-
exchange column were pooled, concentrated, and passedietecior distance of 150 mm. The data were processed using
through the DEAE anion-exchange column a second time. i programs DENZO and SCALEPACRZ). The data set
Typically, the yields of purified protein per liter of culture s 95 994 complete from 33.0 to 2.0 A resolution. The crystal
are~50 mg P1G~20 mg P1A,~30 mg Y95F, and-30— and data collection statistics are summarized in Table 1.
40 mg of N97A. Structure DeterminatioriThe crystal structure was solved
Mass Spectrometryrhe monomeric masses of the purified by the molecular replacement method using a 1.8 A
mutant proteins were determined by electrospray ionization resolution structure of murine MIF complexed with the
mass spectrometry (ESI-MS). Samples for ESI-MS were inhibitor as a search modell§). The cross-rotation and
analyzed in a solution of 80% (v/v) acetonitrile in water translation functions were calculated with AMORB3|
containing 0.05% TFA. The samples were prepared asusing data collected from 10.0 and 4.0 A resolution. The
previously described?d). Typically, each protein elutes10 rotation function gave a top solution with a correlation
min after the injection. The observed monomeric molecular coefficient (cc) of 26.4, using a trimer as the search model.
masses (MH) for MIF, P1G, P1A, Y95F, and N97A were  The translation function solution had a cc of 49.0 and an
12 371 (calc. 12 373), 12 335 (calc. 12 333), 12 347 (calc. R-factor of 42.1. The translation solution was refined using
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Table 1: Diffraction Data and Refinement Statistics

Diffraction Data

space group P63
unit cell dimensions
a(h) 96.16
c(A) 88.52
Rierge (%) 6.8 (39.0)
total observations 195 439
unique reflections 30194
resolution range (A) 33:02.0
completeness (%) 95.9 (88.5)
averagé/o(l) 12.1(3.7)
redundancy 4.3(3.4)

Statistics for the Refined Modgl

no. of protein atoms 2604
no. of water molecules 60
deviation in bond distancegl) 0.013
deviation in bond anglés 2.4
deviation in dihedral anglés 27.0
deviation in improper torsiofis 2.77
R-factoe 0.191
Riree 0.231

aNumbers in parentheses are the values for the highest resolution
bin of the data® Refinement was performed with REFMAGH) and
the X-PLOR package, version 3.8536]. X-PLOR was used for the
final stages of refinement.Root-mean-square deviations from the
“ideal” values in the X-PLOR protein_rep.param parameter %Jet.
factor calculations are based on all data including a bulk solvent
correction. A test set of 5% of the data (1509 reflections) was used for
the Ryee calculation 41).

the rigid body refinement function in AMORE to give a cc
of 77.5 andR-factor of 28.2. A single trimer is found in the
asymmetric unit, corresponding to a Matthews’ parameter
of 3.2 A¥Da and a calculated solvent content of 6134)(

Structure RefinemenThe model for the crystal structure
of MIF Y95F was refined with computer-based minimization
alternated with manual rebuilding. All refinement was carried
out with REFMAC @5) and X-PLOR, version 3.85136).
The maximum likelihood target function in REFMAC was
used for the refinement of atom positions and individual
temperature factors and for the productionoafweighted
2F,—F¢ and Fo—F. maps used in the manual rebuilding
process 35, 37). Waters were added using the automated
process implemented in ARB8). The maps were displayed
using the graphics package @9}, which was also used for
model rebuilding. The trimer was refined without noncrys-
tallographic symmetry restraints because the observation-
to-parameter ratio is 2.5:1 for all reflections greater than 3.0
0. X-PLOR was used in the final refinement steps including
the bulk solvent correction4(). The refinement statistics
are summarized in Table 1.

RESULTS

Production, Expression, and Characterization of the
Mutants.Four mutants (P1G, P1A, Y95F, and N97A) of MIF
were constructed, expressedkn coli strain BL21(DES3)-
pLysS, and purified to~95% homogeneity (as judged by
SDS-PAGE) using a previously described procedure or a
modification of this procedure2()). The DNA sequence of
each mutant was confirmed by DNA sequencing. The range
of overproduction (per liter of culture) varied from 20 (P1G)
to 50 mg (P1A).

The purified recombinant proteins were examined by ESI-
MS to determine whether the initiating methionine has been

Stamps et al.
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FIGURE 1: Active sites structure of the Y95F mutant and of MIF
complexed with5. There are no significant structural differences
between the two sites with the exception of the absent tyrosyl
hydroxy group in the YO5F mutant. (A) Active site of the Y95F
mutant at the interface of two MIF monomers. Pro-1 and Lys-32
are residues from one monomer while Phé-886d Asn-97 are
residues from the adjacent monomer. Two water molecules are
found in the region normally occupied by a ligand. (B) Active site
of MIF complexed with5. The molecule interacts with side chains
of Pro-1, Lys-32, and Asn-97The figure was prepared using
RASTER3D #2) and MOLSCRIPT 43).

removed. The presence of theformylmethionine substan-
tially hinders catalysis and complicates the interpretation of
kinetic studies?1). Mass spectral analysis of the individual
proteins shows a major peak corresponding to the expected
molecular mass of a 114-amino acid species. This observation
indicates that each of the recombinant proteins has undergone
posttranslational processing to remove the initiatiNg
formylmethionine. The structural integrity of the four mutants
was also assessed by circular dichroism (CD). The CD
spectra were comparable to that of the wild type indicating
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Table 2: Kinetic Parameters for the PPT Activity of MIF and
Mutants Using1?

enzyme KnuM)  kea(s™?)  kalKm(M™1sl) pK,of Pro-1
wild type 310+ 50 410+ 50 1.3x 10° 5.7+£0.1
P1A 30370 1.7+£0.3 5.6x 10° 48+0.1
P1G 107+ 13 0.6+0.1 5.6x 10°

Y95F 1124+ 24 109+ 14 9.7x 1 6.3+ 0.1
N97A 180+ 30 660+ 70 3.7x 1P

aThe steady-state kinetics parameters were determined &C23
Errors are standard deviations.

Table 3: Kinetic Parameters for the PPT Activity of MIF and
Mutants Using3?®

enzyme Km (uM) Keat(s™%) KealKm(M™1s71)
wild type 200+ 24 160+ 10 8.0x 1®
P1A 582+ 61 4.1+ 0.4 7.0x 10°
P1G 143+ 25 0.8+0.1 5.6x 10°
YO5F 107+ 20 126+ 14 1.2x 1C°
N97A 110+ 10 58+ 4 5.3x 10°

2 The steady-state kinetics parameters were determined in 50 mM
sodium phosphate buffer (pH 6.5) at 23 as described elsewhetksy.
Errors are standard deviations.

that the mutations did not result in any major conformational
changes. The structural integrity of the Y95F mutant was
further investigated by X-ray crystallography as described
below.

Structural Characterization of Y95F MIFThe Y95F
mutant of MIF was crystallized in the absence of a ligand.
The structure was solved by the molecular replacement
method and refined against 2.0 A resolution data to a
crystallographidr-factor of 19.1% and &ee Of 23.1%. A
comparison of the active site structures for the YO95F mutant
(Figure 1A) and MIF complexed with (Figure 1B) shows
no significant differences in the positions of the active site

groups. Using the least-squares method in the program O

(39) to superimpose the structures reveals a root-
(rms) deviation of 0.28 A for the € atoms and an rms
deviation of 0.53 A for all atoms. The one difference between

these active sites is the presence of two water molecules in

the active site of the Y95F mutant. One water molecule is
located within hydrogen bonding distance of the carbonyl
group of Asn-97 and is near the position occupied by the
hydroxyl group of5 in the MIF-5 complex crystal 15). The
other water molecule is located within hydrogen bonding
distance of Pro-1 nitrogen and is near the position occupied
by the carboxylate oxygen &fin the MIF-5 complex crystal
(15). The Y95F mutant of MIF did not crystallize in the
presence of the competitive inhibitérusing the same or
similar conditions to those used to produce the MNIF
complex crystal.

Kinetic Analysis of the P1G, P1A, Y95F, and N97A MIF
Mutants The steady-state kinetic parameters for the PPT
activity of the four mutants were measured usinh@rable
2) and3 (Table 3) as substrates and compared to the kinetic
parameters for the PPT activity of wild-type MIF. The
mutation of Pro-1 to either a glycine or an alanine has little
or no effect orKy, (using eitherl or 3) but has a substantial
effect on thek.y. Using 1, the k.o for the P1A-catalyzed
reaction is down~240-fold, while thekg for the P1G-
catalyzed reaction is down680-fold. The decreases k.
result in a~230-fold reduction ok../Ky, for both mutantg.

mean-square
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Ficure 2: pH dependences of ldg{/Ky) are shown for the (A)
P1A mutant enzyme and the (B) Y95F mutant enzyme. Curves were
calculated from a nonlinear least-squares fit of the data to eq 1 as
described in the text.Ky, values are reported in the text.

Using3, thek., for the P1A-catalyzed reaction is dows#0-
fold, while thek., for the P1G-catalyzed reaction is down
~200-fold. As a result, there is &114-fold reduction in
kealKm for the P1A-catalyzed reaction and ~al143-fold
reduction ink../Kn, for the P1G-catalyzed reaction.
In contrast, the mutation of Tyr-95 to phenylalanine and
the mutation of Asn-97 to alanine have little effect on either
Km or ks FOr the Y95F mutation, there is-a3-fold decrease
in Km and a~4-fold decrease iR, Usingl. As a result, the
kealKm is reduced~1.3-fold. Using 3, the k.5 decreases
slightly (1.3-fold) and th&, decreases slightly~1.9-fold).
This results in a 1.5-fold increase kg./Km.

pH Dependence of the PPT Agties of the P1A and Y95F
MIF Mutants The pH dependences &f,: and kea/K, for
the PPT activity of P1A and Y95F MIF using were
determined. For both proteins, a plot of l&g{Km) vs pH
shows a single ascending limb with a slope of 1 (Figure 2).
A nonlinear least-squares fit of the pH dependencé&.gf
Km to the logarithmic form of eq 1:

KealKim = (KeafKe) " 7(1 + [H'VKpe) (1)

whereKye corresponds to the ionization constant for the free
enzyme, gives the following Ky, values R0, 24). For the
PPT activity of P1A MIF, a K, value of 4.8+ 0.1 is
measured for the free enzyme (Figure 2A). For the PPT
activity of YO5F MIF, a K, value of 6.3+ 0.1 is measured

2 Although thek, for the P1G-catalyzed reaction is dow680-
fold, there is a 3-fold reduction in th€, value. As a result, the value
of kealKm for the P1G mutant is comparable to that of the P1A mutant.
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(Figure 2B). A X, value of 5.5+ 0.1 has previously been movement during the reaction that brings it closer to the
reported for the PPT activity of the wild-type enzyngi), carbonyl oxygen.

The plot of logkca) vs pH for the PPT activity of the P1A Our experiments clearly show that Tyr-95 is not an
mutant also shows a single ascending limb with a slope of essential residue in the tautomerization reaction because there
1 (data not shown). A nonlinear least-squares fit of the pH- is not a significant difference between the kinetic parameters

dependence df., to the logarithmic form of eq 2: obtained for wild type and those measured for the Y95F
mutant. It is therefore doubtful that Tyr-95 moves within
Koo = (kcat)max/(1_|_ [H+]/KHES) ) hydrogen bonding distance in the course of catalysis to

function as a general acid catalyst. Moreover, a comparison
of the active site structures for wild type and the Y95F mutant
shows that no significant structural differences result from
this substitution. Because the structure of the Y95F mutant
is not in a complex with a ligand, two water molecules are
found in the area normally occupied by a ligand. These water
molecules are presumably displaced upon substrate binding
making either one an unlikely general acid catalyst. Thus,
in the absence of a heretofore unobserved conformational
change that brings some other polar group into the active
site? it does not appear that a second group functions as the
general acid catalyst.

One potential explanation for this observation is that the
PPT activity of MIF may be responsible for a yet undiscov-
ered physiological reaction in which Tyr-95 functions as the
general acid catalyst. The only support for the existence of
such a reaction is the fact that the physiological relevance
for the PPT activity is not known1@). Although the
structures of the MIR and the MIF5 complexes show a
DISCUSSION “snug fit” between ligand and proteirl$, 21) and do not

suggest obvious alternative substrates, the purpose for the

The interconversion of keto and enol isomers is a common keto—enol tautomerization remains unknowh3J. If the
enzymatic reaction. This reaction is frequently found as an reaction does not utilize a small molecule resemblirgt,
intermediate step in a more complex enzyme-catalyzed it may transform a portion of a larger compound such as the
process, but it can also be found as a separate reaction sucmodified side chain of a protein. A possible role for Tyr-95
as in the transformation catalyzed by the PPT activity of in such a reaction can only be addressed once a physiologi-
MIF (44). Many of these enzymatic reactions use concerted cally relevant substrate is identified.

where Kyes corresponds to the ionization constant for the

enzyme-substrate complex, gives &pvalue of 5.0+ 0.5

(20, 24). A pK, value of 5.5+ 0.2 has previously been

reported for the pH-dependencelgf; for the PPT activity

of the wild-type protein31). The plot of logkca) vs pH for

the PPT activity of the Y95F mutant shows an ascending

limb over the pH range of 5:07.8, which does not level

off. If there is a (K, for a basic group in the enzyme

substrate complex, it must be greater than 7.8.
Competitve Inhibition of the N97A MIF Mutant b$. It

has previously been reported thats a potent competitive

inhibitor of the PPT activity of MIF with & value of 2.6

+ 0.3 uM (3, 15). The compound is also a competitive

inhibitor of the PPT activity of N97A MIF with &; value

of 13.1 + 2.0 uM. The results show that replacing the

asparagine with alanine results in a 5-fold decrease in the

potency of5.

general acid-general base catalysib, (46). In such a A second potential explanation for the apparent absence
mechanism, protonation of the carbonyl oxygen by the of a general acid catalyst is that the reaction does not require
general acid catalyst sufficiently reduces thié, of the one. A general acid catalyst would not be required if the

o-proton so that the general base can readily abstract it. ThispK, of the abstracted proton were withir-3 pK, units of
mechanism can account for much of the rate accelerationthe base catalyst, Pro-#5). The [K, of the a-proton of2
observed for these enzyme-catalyzed reactidhs46). is estimated to be-13—14 based on thely, determined for

Pro-1 was initially implicated as the general base catalyst pyruvate (16.6)47) and the acid strengthening effect of a
in the PPT-catalyzed reaction of MIF because of the protein’s phenyl substituent{3—4 pKj, units) @8). The K, for Pro-1
structural homology with 4-OT, a bacterial isomerase that is ~5.6 (13). Thus, the K, of the a-proton of 2 must be
uses the amino-terminal proline as the catalytic bage-( decreased another-B pK, units to match the Ig, of the
19). Subsequently, affinity labeling studies of MIF with base catalyst indicating that a general acid catalyst is required.
3-bromopyruvate Z0), kinetic analysis Z0), and NMR A third possible explanation is that PPT activity of MIF
studies 13) confirmed this implication and further showed uses a mechanism in which Pro-1 function as both the general
that Pro-1 has aly of ~5.6 so that it could reasonably base and general acid catalysts. Accordingly, for the keton-
function as a base under physiological conditiods).( ization of 1 to 2 (or 3 to 4), the conjugate base of Pro-1
Recent crystallographic and mutagenesis studies providedinitiates the reaction by deprotonation of the 2-hydroxy group
additional evidence to support the assigned role of Pl ( of the enol (Scheme 2). Subsequently, the charged form of
21). Pro-1 delivers a proton to C-3 to affo (or 4). For the

In view of the literature precedence, it was anticipated that enolization reaction, the charged form of Pro-1 protonates
a second residue would be involved in the mechanism andthe carbonyl oxygen o2 (or 4), while the conjugate base
function as the general acid catalyst. Two crystal structures, abstracts thex-proton.
one of the MIF5 complex and one with substraebound
in the active site, suggest that the only proximal residue in 3 This possibility is remote in view of the crystal structures obtained
a position to function in such a capacity is Tyr-98(21). to date. The structures of the free MIF and the MliEomplex are

_ ; nearly identical with a root-mean-square deviation of 0.34 A for the
However, these crystal structures show that Tyr-95 is not Ca positions (5). Likewise, the structures of the free MIF and the

within hydrogen bonding distance of the carbonyl oxygen .3 complex are also nearly identicall). Neither structure indicates
making it an unlikely catalyst in the absence of some any major conformational changes upon ligand bindibg 21).
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as 2-0x0-4-hexenedioat8)(to its conjugated isomer, 2-oxo-
The strongest support for this mechanism comes from the 3-hexenedioate8] through the dienol intermediate 2-hy-
observation that of all the reported mutants of active site droxy-2,4-hexadiene-1,6-dioaté) (known more commonly
residues, only those of Pro-1 affect catalysis. Pro-1, Tyr-95, as 2-hydroxymuconate (Scheme 3p). The substrate for
Asn-97, and Lys-32 are found in the region assigned to the the reactiong, cannot be synthesized nor isolatetlexists
PPT activity of MIF and have been mutated to assess theirin rapid equilibrium with7. Hence, studies of 4-OT utilize
role in catalysis 15, 21). The results reported here clearly the observation tha? as well as the related dienols are
show that neither the Y95F mutant nor the N97A mutant partitioned to bott6é and8 (50). One question that arises is
has a significant effect on catalysis. The only effect of the how does the enzyme obtain a proton to place at C-3 (to
Tyr-95 mutation appears to be a 0.6 unit increase in the p  produce6) or at C-5 (to generat8) (24). The proposed
of the catalytic base, while the most notable effect of the mechanism is that 4-OT abstracts the proton from the
Asn-97 mutation is a decrease in the binding affinity 3dr 2-hydroxy group of7 and delivers it to either C-3 or to C-5
Previous studies have shown that the primary effect of Lys- (24), analogous to the mechanism proposed here for the
32 mutations is on the Ky of Pro-1, indicating that the  ketonization ofl and3.
positive charge of Lys-32 is partially responsible for lowering  Finally, MIF, 4-OT, and CHMI are classified as members
the K, of Pro-1 31). of an enzyme superfamily that may have evolved from a
In contrast to these observations, mutations of Pro-1 common ancestral protein responsible for the ketool
severely impair catalysid8, 14, 21). The most extensively ~ tautomerization of a pyruvyl moietyl7, 20). The mecha-
characterized P1 mutants are the P1G, P1A, and P1S mutantgistic and structural similarities among these proteins raise
which have some activity, and the P1F mutant, which has questions about the extent to which they are related. One
no detectable activity 14). Examination of the kinetic ~ particular question is whether MIF catalyzes an isomerization
properties for the P1G, P1A, and P1S mutants shows thatreaction analogous to the reactions catalyzed by 4-OT and
the major effects of replacing a rigid secondary amine (i.e., CHMI (15, 20, 31). 4-OT and CHMI readily partition dienols
proline) with the more flexible primary amines (i.e., glycine, such as7 and 2-hydroxy-2,4-pentadienoate( Scheme 3)
alanine, and serine) are on the valuekgfandkea/Km, (14). to their respectivgs,y- and a,S-unsaturated ketone$@).
This suggests that the decrease in catalysis for these thredVe have also shown that MIF readily convetto 2-oxo-
mutants may be due to a combination of effects including [3-D]pent-4-enoateq, Scheme 3) with a high degree of
the lower basicity of the primary amine, the increased stereoselectivity, in BD (31). In contrast, the MIF-catalyzed
flexibility of the amine resulting in suboptimal positioning production of 2-oxo-pent-3-enoat&l( Scheme 3) froni0
of the general base, and the slower release of proddgt (  is barely, if at all, detectableAlthough this result could be
21). attributed to that fact thatO is not a physiological substrate
There are two explanations for the observation that the for MIF, our proposed mechanism suggests that MIF cannot
P1F mutant, which is isolated with a methionine-blocked Catalyze an isomerization reaction. If Pro-1 functions as both
amino-terminus, is inactivel). The presence of the extra the general acid and base catalysts in the PPT activity of
amino acid may push the amino-terminal group of the MIF, then its ability to transfer a proton to C-5 to generate
methionine out of the hydrophobic pocket so that it does 11would be limited. The limited mobility would make MIF
not have a significantly lowlg, value to function as a general ~ an effective tautomerase but an ineffective isomerase. Thus,
base 14, 21). Alternately, the large phenyl side chain of the While tautomerization could be achieved using a single
P1F mutant may limit the mobility of the amino-terminal bifunctional group (i.e., Pro-1), isomerization requires the
group or completely block the active siti4). presence of separate general base and acid catalysts. We are
The proposed mechanism for the PPT activity of MIF currently pharactenzmg other membgrs of this superfamny
shares similarity with one proposed for 4-OZ4], 4-OT to determine whether this observation is generally applicable.
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