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9 ABSTRACT: The S enantiomer of allantoin is an intermediate of purine
10 degradation in several organisms and the final product of uricolysis in
11 nonhominoid mammals. Bioinformatics indicated that proteins of the Asp/
12 Glu racemase superfamily could be responsible for the allantoin racemase
13 (AllR) activity originally described in Pseudomonas species. In these
14 proteins, a cysteine of the catalytic dyad is substituted with glycine, yet the
15 recombinant enzyme displayed racemization activity with a similar
16 efficiency (kcat/KM ≈ 5 × 104 M−1 s−1) for the R and S enantiomers of
17 allantoin. The protein crystal structure identified a glutamate residue
18 located three residues downstream (E78) that can functionally replace the
19 missing cysteine; the catalytic role of E78 was confirmed by site-directed
20 mutagenesis. Allantoin can undergo racemization through formation of a
21 bicyclic intermediate (faster) or proton exchange at the chiral center
22 (slower). By monitoring the two alternative mechanisms by 13C and 1H nuclear magnetic resonance, we found that the velocity
23 of the faster reaction is unaffected by the enzyme, whereas the velocity of the slower reaction is increased by 7 orders of
24 magnitude. Protein phylogenies trace the origin of the racemization mechanism in enzymes acting on glutamate, a substrate for
25 which proton exchange is the only viable reaction mechanism. This mechanism was inherited by allantoin racemase through
26 divergent evolution and conserved in spite of the substitution of catalytic residues.

27 A single enantiomer of allantoin is produced in nature
28 through uricolysis, a three-step purine degradation
29 pathway whose last reaction is the enantioselective decarbox-
30 ylation of 2-oxo-4-hydroxy-4-carboxy-5-ureidoimidazoline
31 (OHCU) to give (S)-allantoin.1−4 With few exceptions,5 the
32 enzymes for allantoin breakdown (allantoinase), though
33 encoded by two different gene families, specifically catalyze
34 hydrolysis of the S enantiomer.6,7 However, racemic allantoin is
35 produced by the chemical oxidation of urate or its incomplete
36 enzymatic conversion catalyzed by urate oxidase.8,9 In addition,
37 if allantoin is not hydrolyzed but rather eliminated in the
38 environment, the R enantiomer is produced by spontaneous
39 racemization, which occurs at a rate constant of ∼2 × 10−5 at
40 neutral pH.10 Remarkably, two separate mechanisms exist for
41 allantoin racemization: formation of a bicyclic intermediate that
42 can decompose to form either enantiomer of allantoin and
43 proton exchange at the chiral center with solvent. Both
44 mechanisms contribute to spontaneous racemization, but the
45 pathway through the bicyclic intermediate is ∼10 times faster
46 than the other.10 Allantoin can be utilized by various organisms
47 as a nutrient source.11 Only half of the racemic mixture can be
48 readily utilized through stereospecific allantoinase, unless an
49 enzyme is present that is able to catalyze the interconversion of
50 allantoin enantiomers.

51Enzymes with allantoin racemase (EC 5.1.99.3) activity have
52a potential use in the determination of the output of urate
53oxidation. (S)-Allantoin can be quantified in serum by an
54enzymatic method based on the use of stereospecific
55allantoinase.12 The use of allantoin racemase would allowe
56the quantification of both enantiomers and the distinction
57between enantioselective and non-enantioselective urate
58degradation. This can be useful for monitoring uricolytic
59activities in biological fluids after administration of uricolytic
60drugs in the enzymatic therapy of severe hyperuricemia caused
61by tumor lysis syndrome and Lesch-Nyhan disease.13,14

62In early studies, isolation of the (R)-allantoin enantiomer
63through the use of stereospecific allantoinase15 allowed several
64Pseudomonas species to be tested for growth on this substrate;
65some species were found to utilize this substrate as a nitrogen
66source because of the presence of a racemase enzyme.5 More
67recently, the Dcg1p gene of Saccharomyces cerevisiae and the
68hpxA gene of Klebsiella spp. were predicted to encode allantoin
69racemase (AllR) for their proximity with other genes involved
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70 in purine degradation and sequence similarity with other
71 racemases.16,17

72 The demonstration of the AllR function was provided by the
73 functional and structural characterization of the Klebsiella
74 pneumoniae enzyme.18 The KpAllR protein is able to catalyze
75 allantoin racemization with similar kcat and KM values for both
76 enantiomers. The structure of the protein in complex with
77 allantoin identifies two cysteine residues (C79 and C184)
78 situated on opposite sides of the substrate chiral center in a
79 position consistent with the two-base mechanism typical of the
80 Asp/Glu racemase superfamily. Replacement of either of the
81 two cysteines with serine leads to the loss of enzymatic
82 activity.18 The KpAllR mechanism is confirmed by quantum
83 mechanics/molecular mechanics (QM/MM) calculations of the
84 enzyme-catalyzed reaction, suggesting that allantoin stereo-
85 inversion proceeds through a stepwise mechanism involving a
86 transient unprotonated intermediate.19

87 Here we present evidence, obtained through bioinformatics
88 analysis, of the identification at the molecular level of the
89 allantoin racemase enzyme (PfAllR) originally described in
90 Pseudomonas species. This evidence includes sequence
91 similarity with the characterized KpAllR protein. Interestingly,
92 however, the candidate PfAllR and orthologous proteins show
93 the substitution of the first cysteine of the catalytic dyad with
94 glycine. In spite of this nonconservative substitution, nuclear
95 magnetic resonance (NMR) analysis demonstrated that the
96 PfAllR enzyme can catalyze proton exchange at the allantoin
97 chiral center, while not affecting the velocity of formation of the
98 bicyclic intermediate, an alternative faster mechanism of
99 allantoin racemization. The atomic structure of the PfAllR
100 enzyme provided a rationale for the enzyme activity, identifying
101 a glutamate residue that can functionally replace the substituted
102 cysteine in catalysis. The evolution of allantoin racemase within
103 the Asp/Glu racemase superfamily illustrates a clear example of
104 the importance of the enzyme ancestry for the choice and
105 conservation of a particular catalytic mechanism.

106 ■ EXPERIMENTAL PROCEDURES
107 Bioinformatics. The analysis of genotype/phenotype
108 correlation was conducted with the OrtholugeDB web server
109 (www.pathogenomics.sfu.ca/ortholugedb)20 by selecting com-
110 pletely sequenced organisms that were reported to possess or
111 not possess AllR activity.5 The complete set of orthologous
112 genes was “filtered” according to the reported phenotype to
113 obtain a list of orthologs present in AllR+ and absent in AllR−
114 organisms. The presence of the identified genes in three
115 genomes not included in Ortholugedb (Pseudomonas tolaasii,
116 Pseudomonas alcaligenes, and Pseudomonas pseudoalcaligenes)
117 was determined through reciprocal best hit blast searches.
118 Comparative analysis of the gene context was performed with
119 the MicrobesOnline web server (http://www.microbesonline.
120 org).21 Sequence alignments and phylogeneic trees (based on
121 neighbor joining of corrected genetic distances) were generated
122 using Clustalx.22 Sequence logos for different groups of the
123 Asp/Glu superfamiliy were generated using the WebLogo
124 server (http://weblogo.berkeley.edu).23

125 Protein Expression and Purification. DNA encoding the
126 candidate AllR was amplified from a Pseudomonas f luorescens
127 type strain (DSM 50090). Genomic DNA was prepared using
128 described procedures,24 and the region encoding putative AllR
129 protein was amplified by polymerase chain reaction using Go
130 Taq DNA polymerase (Promega) and two sequence specific
131 primers (Table S2). The amplification product was inserted

132into the pGEM vector (Promega) to generate intermediate
133vector pGEM-AllR. The restriction fragment obtained from
134NdeI and BamHI digestion was then ligated into expression
135vector pET11b (Novagen). The resulting plasmid was verified
136by sequencing and electroporated into Escherichia coli BL21
137codon plus cells (DE3). The expression of AllR was induced at
138an optical density at 600 nm of 0.6 with 1 mM isopropyl β-D-1-
139thiogalactopyranoside; after 5 h at 28 °C, the cells were
140resuspended in 180 mL of lysis buffer [50 mM sodium
141phosphate, 0.3 M NaCl, 1 mM β-mercaptoethanol, 10%
142glycerol, 1 μM pepstatin, 1 μM leupeptin, and 100 μM
143phenylmethanesulfonyl fluoride (pH 8)] and lysed by
144sonication. The supernatant obtained after centrifugation of
145the crude extract was concentrated by ultrafiltration in an
146Amicon cell (YM-10 membrane, Millipore). AllR was purified
147to homogeneity, as assessed by 16% sodium dodecyl sulfate−
148polyacrylamide gel electrophoresis analysis, by anion exchange
149(Q Sepharose, Pharmacia) and gel filtration (AcA54,
150Pharmacia) chromatography, with a final yield of approximately
151∼6 mg/L of cell culture. The anion exchange column (10 cm ×
1521.5 cm) was equilibrated in 0.1 M KP (pH 7.6) and eluted with
153a linear gradient of NaCl (0 to 0.5 M in 60 mL of column
154buffer). Fractions corresponding to ∼0.3 M NaCl were
155concentrated by ultrafiltration in an Amicon cell (YM-10
156membrane, Millipore), applied to the AcA54 column (120 cm
157× 1.5 cm), and eluted with 0.3 M NaCl in 0.1 M KP (pH 7.6).
158ε280 (extinction coefficient) of AllR was estimated to be 15930
159M−1 cm−1, based on the amino acid sequence. The molecular
160weight of purified AllR was estimated by gel filtration on a
161Sephadex G-100 column (Pharmacia) (55 cm × 1.5 cm), using
1620.1 M potassium phosphate (pH 7.6) as buffer for equilibration
163and elution.
164Crystallization and Data Collection. Initial crystallization
165screens were performed at 20 °C by a vapor diffusion technique
166using an automated sitting-drop setup (Oryx-8, Douglas
167Instruments). The most promising conditions were reproduced
168and optimized by the hanging-drop method. The best crystals
169grew under two conditions of the Structure screen I and II HT-
17096 kit (Molecular Dimension Ltd.): SSI n.38 [0.1 M Tris (pH
1718.5) and 8% (w/v) PEG 8000] and SSI n.23 [0.2 M CaCl2, 0.1
172M HEPES (pH 7.5), and 28% (w/v) PEG 400], corresponding
173to two different crystal forms that were grown. Cubic crystals (a
174= b = c = 109.72 Å), grown under condition SSI n.38, belong to
175the P213 space group and contain two monomers per
176asymmetric unit (VM = 2.21 Å3 Da−1, solvent content of
17744%). Orthorhombic crystals (P212121, a = 60.22 Å, b = 142.32
178Å, c = 146.02 Å), grown under condition SSI n.23, contain an
179entire hexamer in the asymmetric unit, corresponding to a VM
180of 2.08 Å3 Da−1 and a solvent content of ∼41%. Data for the
181cubic and orthorhombic crystal forms were measured at
182beamlines ID23-1 and ID14-1, respectively, of the European
183Synchrotron Radiation Facility (ESRF, Grenoble, France). Both
184crystal forms were cryoprotected by soaking for a few seconds
185in the corresponding crystallization condition supplemented
186with 20% glycerol, prior to being flash-frozen and stored in
187liquid nitrogen. The best crystals diffracted to maximal
188resolutions of 2.10 and 2.15 Å for the orthorhombic and
189cubic crystal forms, respectively.
190Structure Determination and Refinement. All data sets
191were indexed and integrated with Mosflm software25 and
192merged and scaled with Scala,26 contained in the CCP4
193crystallographic package.27 Both structures were determined by
194molecular replacement using the Phaser software.28 The model
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195 was displayed and manually adjusted with graphic Coot
196 software.29 Refinement was conducted using Refmac30 and
197 Phenix31 packages. The two structures were refined to final R
198 factors of 0.205 (Rfree = 0.264) and 0.188 (Rfree = 0.233) for the
199 cubic and orthorhombic crystal forms, respectively. Geo-
200 metrical parameters of the models, checked with Procheck,32

201 are as expected or better for this resolution. Data collection and
202 refinement statistics are listed in Table 3.
203 Synthesis of Allantoin Enantiomers. (S)-Allantoin was
204 synthesized enzymatically from urate. A typical reaction mixture
205 [10 mL, 100 mM KP (pH 7.6)] contained 5 mg/mL urate, 10
206 mg of Uox from Candida (Sigma), 2.5 mg of catalase, and
207 recombinant Urah (0.1 mg) and Urad (1 mg) from
208 zebrafish.2,33 The mix was incubated while being stirred at
209 room temperature; the complete conversion of uric acid to
210 allantoin was monitored by recording spectra between 200 and
211 340 nm. (R)-Allantoin was synthesized enzymatically starting
212 from racemic allantoin. A typical reaction mixture [10 mL, 100
213 mM KP (pH 7.6)] contained 10 mg/mL allantoin and
214 recombinant allantoinase (0.2 mg) from P. f luorescens.6 Proteins
215 were removed from the solution by Amicon (10 kDa cutoff).
216 The prepared enantiomers were utilized immediately in
217 enzymatic assays or briefly stored at −80 °C for the
218 determination of the reaction velocity at different substrate
219 concentrations. The (R)-allantoin preparation contained
220 allantoic acid; however, the AllR reaction was reported not to
221 be inhibited by this compound.18

222Site-Directed Mutagenesis. Site-directed mutants E78Q
223and E78D were obtained by site-directed mutagenesis using a
224mix (50 μL) containing 50 ng of the PfAllR expression vector,
2252.5 units of PFU turbo (Stratagene, La Jolla, CA), 0.3 mM
226dNtp, 2% DMSO, and 126 ng of each mutagenic primers
227(Table S2). Reactions were performed as follows: initial
228denaturation at 95 °C (30 s) followed by 16 cycles of 95 °C
229for 30 s, 55 °C for 60 s, and 68 °C for 7 min, followed by 5 min
230at 68 °C. For each mutation, the product of the reaction was
231treated with DpnI (New England Biolabs) to digest the
232parental DNA template. The products of each digestion were
233used to transform E. coli XL1 Blue cells. Single clones were
234sequenced to confirm the presence of the desired mutation.
235CD Spectroscopy. Circular dichroism measurements were
236taken at 25 °C in a 10 mm light path length cuvette with a Jasco
237J715 spectropolarimeter. AllR activity was determined using
238(S)-allantoin or (R)-allantoin as the substrate in the presence of
239AllR (9 μg) in 1 mL of 0.1 M potassium phosphate (pH 7.6).
240CD spectra were recorded every minute in the range of 200−
241300 nm for 10 min. To evaluate the kinetic parameters of wild-
242type and mutants enzymes, the ellipticity of allantoin
243enantiomers6 was monitored at a fixed wavelength of 220 nm
244(molar ellipticity of 2.1 × 103 deg M−1 m−1) for concentrations
245of ≤0.6 mM and of 240 nm (molar ellipticity of 0.2 × 103 deg
246M−1 m−1) for higher concentrations. The reactions were
247initiated by the addition of AllR (1.8 μg) to 1 mL of 0.1 M
248potassium phosphate (pH 7.6). The reaction rate was obtained

Figure 1. Bioinformatics evidence of the identification of P. f luorescens AllR. (A) Alignment of K. pneumoniae AllR (Protein Data Bank entry 3QVJ)
with the homologous P. f lourescens protein (GenBank accession number ADE88156). Known residues involved in the two-base catalysis are denoted
with blue arrows; functionally equivalent residues identified in the PfAllR structure (see Figure 3D) are denoted with red arrows. (B) Examples of
genetic associations of the putative PfAllR and similar genes (white boxes) with genes involved in purine catabolism (colored boxes). (C) Genotype/
phenotype correlation between the presence of PfAllR orthologs in complete genomes and the AllR phenotype. The tree is in accordance with the
NCBI taxonomy.
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249 for different substrate concentrations by linear fitting of data
250 points collected over the first 15 s of the reaction.
251

13C and 1H NMR Assays. Labeled [2-13C]-(S)-allantoin,
252 used for 13C NMR assays, was obtained enzymatically from
253 [8-13C]urate, which was synthesized by condensing 5,6-
254 diaminouracil with [13C]urea (Sigma) according to a described
255 protocol.8 Labeled urate was converted to [2-13C]-(S)-allanotin
256 in the presence of 20 units of urate oxidase from Candida utiliz,
257 28 units of catalase from Corynebacterium glutamicum (Fluka),
258 12 μg of zebrafish HIU hydrolase, and 156 μg of zebrafish
259 OHCU decarboxylase. The conversion was performed in 1.1
260 mL of 0.1 M potassium phosphate [20% D2O (pH 7.4)] and
261 monitored spectrophotometrically. After the completion of the
262 reaction, the solution was ultrafiltered to remove proteins and
263 then transferred into a 5 mm NMR tube. The time course of
264 isotopic exchange of [2-13C]-(S)-allantoin was monitored in the
265 absence and presence of 9 μg of recombinant AllR. The 13C
266 NMR spectra were proton-decoupled and recorded at 25 °C
267 with a VARIAN Inova 600 instrument. 1H NMR assays were
268 performed in 0.55 mL of 0.1 M potassium phosphate [98%
269 D2O (pD 7.6)], containing 20 mM (R,S)-allantoin, in the
270 absence and presence of 5.2 μg of recombinant AllR. The time
271 courses of proton−deuterium exchange were collected at 25 °C
272 with a Bruker AVANCE 300 instrument.

273 ■ RESULTS

274 Bioinformatics Evidence of the Identification of
275 Pseudomonas Allantoin Racemase. Allantoin racemase

276activity was first described in Pseudomonas species,5 but the
277genes and proteins responsible for the activity in these
278organisms have not been identified at the molecular level. By
279homology searches with the sequence of a confirmed AllR
280protein of K. pneumoniae,18 we found several proteins that are
281significantly similar in Pseudomonas spp. The best hit in P.
282f luorescens was a protein sharing 40% sequence identity with
283 f1KpAllR (Figure 1A). Comparative analysis of the gene context
284provided additional evidence of the functional identification
285(Figure 1B). In Pseudomonas, the gene is encoded in the same
286operon with a gene similar to the DAL4 allantoin transporter of
287S. cerevisiae;34 in other organisms, the gene is found near genes
288similar to characterized allantoinase and allantoicase.
289In the original study, the AllR activity was meticulously
290assayed in 17 Pseudomonas isolates and found to be scattered
291across species.5 Several complete genomes are available of the
292species and strains tested for AllR activity (Table S1), allowing
293us to search for genotype/phenotype correlations. A whole
294genome analysis of orthologous genes20 identified the candidate
295PfAllR among the four genes (GenBank accession numbers
296ADE88156, PFLU0825, PFLU2141, and PFLU2444) present
297in AllR+ species and absent in AllR− species (Figure 1C).
298Evidence from gene context and genotype/phenotype
299correlation would have allowed the functional identification
300of the gene even in the absence of a characterized homologue.
301Paradoxically, the very examination of the homology evidence
302calls this identification into question. The Pseudomonas protein
303lacks a cysteine residue (C79 in the KpAllR sequence) that is
304essential for the two-base catalytic mechanism of KpAllR. The

Figure 2. Racemase activity of P. fluorescens AllR. (A) Time course of S (red) and R (green) allantoin CD spectra in the presence of PfAllR (9 μg).
Spectra were recorded every 60 s with 0.23 mM allantoin. (B) Kinetic analysis. Initial velocities were determined with different concentrations of S
(red circles) or R (green circles) allantoin in the presence of 1.8 μg of wild-type PfAllR (left) or the E78D mutant (right). Data were fitted with the
Michaelis−Menten equation. The solid red line in the left panel is a tentative fitting yielding a KM higher than the maximal concentration used in the
assay. The initial slope of the hyperbola (−−−) was used to estimate kcat/KM. (C) Catalyzed and uncatalyzed reaction courses. Dashed lines
represent the loss of CD signal in the absence of PfAllR (kuncat = 6.2 × 10−5 s−1); circles are experimental data points in the presence of PfAllR, and
red and green lines are kinetic curves55 calculated as a function of time, initial substrate concentration, Vmax (3.5 × 10−7 mM × kcat), and KM.
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305 residue is substituted with glycine in the candidate PfAllR
306 sequence (see Figure 1A), while the more conservative
307 Cys79Ser substitution was found to completely abolish the
308 enzyme activity.18 The Cys79Gly substitution is observed in an
309 ungapped block of the alignment in multiple homologous
310 sequences, thus ruling out the possibility of sequencing or
311 misalignment errors.
312 Recombinant Expression and Activity of PfAllR. In the
313 presence of contrasting evidence of bioinformatics analysis, we
314 decided to test the activity of the isolated protein. The
315 candidate gene was cloned from a P. f luorescens-type strain in E.
316 coli, and the corresponding untagged protein was overproduced
317 and purified to apparent homogeneity by ion exchange and gel
318 filtration chromatography. The size of the protein as
319 determined by gel filtration (∼55 kDa) is consistent with a
320 dimeric quaternary structure in solution. The purified protein,
321 assayed through CD spectroscopy for activity on (R)- and (S)-
322 allantoin substrates, was found to be able to catalyze the

f2 323 interconversion of the two enantiomers (Figure 2A), with a kcat
324 of ≈130 s−1 and a KM of 2.5 mM for S → R conversion and a
325 kcat of ≈60 s−1 and a KM of 1.1 mM for R → S conversion

t1 326 (Figure 2B and Table 1). Differences in the kinetic parameters
327 are compensatory, so that the catalytic efficiency is approx-
328 imately the same for the two enantiomers (kcat/KM ≈ 5 × 104

329 M−1 s−1) as reflected by the similar reaction progression curves
330 (Figure 2C). Compared to that of the uncatalyzed reaction, the
331 rate of allantoin racemization is enhanced by 6 orders of

t2 332 magnitude by the enzyme (Table 2).

333 Crystal Structure of PfAllR. The crystal structure of P.
334 f luorescens allantoin racemase has been determined in two
335 different crystal forms (cubic and orthorhombic) at 2.10 and

t3 336 2.15 Å resolution, respectively (Table 3). The overall folding of
f3 337 the monomer (Figure 3A) is similar to that of other proteins of

338 the Asp/Glu racemase superfamily, two domains, each
339 containing a four-stranded parallel β-sheet sandwiched between
340 two pairs of α-helices. The highest degree of structural

341similarity is with the AllR enzyme from K. pneumoniae.18 The
342root-mean-square deviations (rmsds) between equivalent Cα
343atoms of one monomer of our structures compared to one of
344the K. pneumoniae [Protein Data Bank (PDB) entry 3QVJ] are
3451.30 and 1.29 Å for the cubic and orthorhombic forms,
346respectively.
347The monomeric structure of PfAllR in the two crystal forms
348is virtually the same, the rmsd between the Cα atoms of the
349dimer of the cubic form and one of the three dimers present in
350the orthorhombic form being 0.41 Å. In the orthorhombic
351form, the electron density is clearly visible from residue 1 (Met)
352to 236, except for residues from position 144 to 153 in chains A
353and G (chains of the three dimers are labeled A−B, C−D, and
354F−G). In the same two chains, some disorder is also present in
355the region of residues 180−190. The latter area includes Cys
356180, one of the key residues in the active site. In the cubic form,
357the area of residues 180−190 is well-defined, including Cys 180.
358There is extra electron density that corresponds to the sulfur
359atom of this latter residue, suggesting that the cysteine sulfur is
360oxidized (possibly to sulfinic acid). The region of residues
361144−151 is characterized by poor electron density and high B
362factors. This flexible region could have a role in controlling the
363access of the substrate at the active site.
364The P. f luorescences allantoin racemase presents the same
365quaternary structure in the crystal state of the enzyme from K.
366pneumoniae, six monomers arranged as a trimer of dimers
367around a 3-fold axis (Figure 3B,C). The latter is a crystallo-
368graphic axis in the case of the cubic crystal form, and a
369noncrystallographic symmetry axis in the case of the
370orthorhombic form. An analysis performed with the PISA
371server indicates that the enzyme has a hexameric assembly in
372the crystal. The area buried during formation of the complex is
37324150 Å2 over a total accessible surface of 41960 Å2. This is in
374perfect agreement with the quaternary assembly observed in K.
375pneumoniae allantoin racemase
376However, a striking difference between the two proteins is
377observed at the active site, identified by superimposing the
378protein backbone of PfAllR onto the KpAllR structure with a
379bound allantoin molecule (Figure 3D). With respect to the
380equivalent Asp 82 residue of KpAllR, the Glu 78 side chain of
381PfAllR points in the opposite direction, toward the substrate.
382The carboxylic group of Glu 78 nearly occupies the space taken
383by the thiol group of Cys 79 in KpAllR, a residue substituted
384with Gly in the P. f luorescens protein (see Figure 1A). The other
385residues that line the active site cavity, including the other
386catalytic cysteine, are conserved, in terms of both nature and
387conformation. The substitution of a carboxylic group for a thiol
388group at the protein active site could influence the mechanism
389of allantoin racemization in PfAllR.
390Mechanisms of Allantoin Racemization. The atomic
391structure of PfAllR suggested that a glutamate residue (E78)
392could functionally replace the substituted cysteine in catalyzing
393proton exchange at the allantoin chiral center. Direct evidence
394of this mechanism of catalysis can be provided by NMR

Table 1. Kinetic Constants for Wild-Type and Mutant PfAllR

PfAllR Glu78Asp

(S)-allantoin (R)-allantoin (S)-allantoin (R)-allantoin

kcat (s
−1)a 129 ± 14 57 ± 6 not determined 43 ± 7

KM (mM−1)a 2.5 ± 0.6 1.1 ± 0.3 not determined 2.3 ± 0.6
kcat/KM (M−1 s−1) (5.2 ± 1.8) × 104 (5.2 ± 1.9) × 104 (1.6 ± 1.1) × 104 (1.9 ± 0.8) × 104

aKinetic parameters were determined by nonlinear fitting of the data reported in Figure 2.

Table 2. Enhancement of Macroscopic and Microscopic
Reaction Rate Constants of Allantoin Racemization by
PfAllR

loss of optical
activitya

proton
exchangeb

C2−C7 isotopic
exchangec

kcat (s
−1) 129 165 ≤7.4 × 10−5

kuncat (s
−1) 6.2 × 10−5 1.1 × 10−5 7.4 × 10−5

rate
enhancement

2 × 106 1 × 107 ≤1

aLoss of CD signal measured at pH 7.6 in 100 mM KP in the presence
and absence of the enzyme; kcat is from Michaelis−Menten kinetics.
bProton exchange with deuterium measured at pH 7.6 in 100 mM KP
and 98% D2O in the presence and absence of the enzyme; kcat was
calculated from the initial velocity obtained with 20 mM allantoin and
5.2 μg of PfAllR. cIsotopic exchange measured at pH 7.4 in 100 mM
KP in the presence and absence of the enzyme.
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395 analysis. Allantoin can undergo racemization by two mecha-
396 nisms that can be separately monitored by 13C and 1H NMR:
397 formation and hydrolysis of a bicyclic symmetrical intermediate

f4 398 and proton exchange with the solvent (Figure 4A and Figures
399 S1 and S2). The first mechanism, which involves the scrambling
400 between C2 and C7 atoms (159.4 and 159.7 ppm, respectively,
401 at pH 7.4), was monitored by following the 13C signals of (S)-
402 allantoin labeled at C2; the second mechanism was followed by
403 monitoring the exchange of the C5 proton (5.27 ppm at pH
404 7.6) with solvent in deuterated water (Figure 4B). The velocity
405 of racemization through the bicyclic intermediate was found to
406 be independent of the presence of the enzyme (Figure 4C).
407 According to previous results,10 the velocity of proton exchange
408 was slower than that of C2−C7 scrambling, but this velocity
409 was increased by 7 orders of magnitude by the enzyme (Figure
410 4D and Table 2).
411 To gain evidence of the involvement of E78 in the proton
412 exchange mechanism catalyzed by PfAllR, this residue was
413 replaced by site-directed mutagenesis with Asp (E78D) or Gln
414 (E78Q). The mutant proteins were produced and purified
415 using the same procedures that were used for the wild type and
416 assayed in the racemization reaction. The mutation with a
417 shorter carboxylic side chain (E78D) resulted in a diminished
418 catalytic activity (Figure 4E) that affected kcat and KM for both
419 enantiomers (see Figure 2A and Table 1). The mutation with
420 the amide group (E78Q) resulted in the loss of catalytic activity
421 (Figure 4E). These results are consistent with the conservation
422 of the E78 residue in proteins belonging to the same
423 orthologous group as PfAllR: a glutamate residue is present
424 at equivalent positions except for an aspartate in a few cases.
425 On the basis of the evidence presented above and the PfAllR
426 structure, we conclude that the mechanism of racemization of
427 PfAllR (Figure 4F) involves Glu 78 acting as a base for the
428 abstraction of the C5 proton of (S)-allantoin and Cys 180
429 transferring a proton on the opposite side of the allantoin ring.

430In the stereoinversion of (R)-allantoin, proton abstraction is
431performed by Cys 180 and reprotonation by Glu 78. The
432charge of the oxyanion in the deprotonated intermediate18,19

433could by stabilized through H-bond interactions formed by the
434backbone N−H group of Gly 181 and Tyr 76 that in the PfAllR
435structure are in the proximity of the carbonyl oxygen on C5 of
436the docked substrate (see Figure 3D).
437Origin and Conservation of the Catalytic Mechanism
438of Allantoin Racemase. Experimental evidence indicates that
439AllR enzymes have been selected during evolution for the
440catalysis of allantoin racemization through a mechanism that is
441kinetically less favorable than an alternative one; PfAllR has
442conserved this mechanism in spite of the substitution of a
443catalytic residue. To gain insights into the evolutionary origin of
444the catalytic mechanism of AllR, we examined its phylogenetic
445relationships and distribution within the Asp/Glu racemase
446 f5superfamily (Figure 5). For this analysis, we identified, through
447hidden Markov model (HMM) searches, 2702 Asp/Glu
448racemase members in a set of 1700 reference complete
449genomes.
450The protein phylogenetic tree shows four main groups; a
451tentative function can be assigned to groups or subgroups on
452the basis of the presence of characterized proteins. The most
453numerous group (GLU) is represented by proteins assigned to
454glutamate racemase by similarity with the structural and
455functional characterized enzymes from Aquifex pyrophilus
456(PDB entry 1B74), Helicobacter pylori (PDB entry 2JFY), E.
457coli (PDB entry 2JFN), and Bacillus anthracis (PDB entry
4582DWU).35−37 A second group (ASP) phylogenetically close to
459Glu racemase is represented by aspartate racemase and includes
460the characterized enzyme from the archaeon Pyrococcus
461horikoshii (PDB entry 1JFL).38 Both glutamate and aspartate
462racemase exhibit strict conservation of the two catalytic
463cysteines (Figure 5). By contrast, in numerous sequences of a
464distinct subgroup allied to aspartate racemase, the first cysteine

Table 3. Data Collection and Refinement Statistics

orthorhombic cubic

wavelength (Å) 0.97372 1.0000
space group P212121 P213
cell parameters (Å) a = 60.22, b = 142.32, c = 146.02 a = b = c 109.72
no. of monomers in the asymmetric unit 6 2
resolution (Å) 39.78−2.10 (2.21−2.10) 77.58−2.15 (2.27−2.15)
Rsym or Rmerge 0.068 (0.329) 0.080 (0.212)
⟨I/σ(I)⟩ 11.4 (3.3) 19.5 (12.1)
completeness (%) 99.4 (96.9) 97.4 (86.1)
redundancy 3.8 (3.7) 9.4 (9.2)

Refinement
no. of reflections 73475 23619
Rwork/Rfree 0.188/0.233 0.205/0.264
no. of atoms

protein 10557 3505
water 877 288

rmsd
bond lengths (Å) 0.008 0.016
bond angles (deg) 1.2 1.9

Ramachandran plot (%)
favored 94.9 92.2
allowed 4.4 7.3
generously allowed 0.6 0.5
outliers 0 0

overall G factor 0.2 0.0

Biochemistry Article

DOI: 10.1021/acs.biochem.6b00881
Biochemistry XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00881/suppl_file/bi6b00881_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00881/suppl_file/bi6b00881_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.6b00881


465 is often substituted with threonine or alanine. A member of this
466 subgroup, named EcL-DER (PDB entry 5ELL), has recently
467 been reported to exhibit racemase activity with the L

468 enantiomers of Glu and Asp.39 A third group (MAL) includes
469 characterized maleate isomerase from Nocardia farcinica (PDB
470 entry 2XEC) and Pseudomonas putida (PDB entry 4FQ7)40,41

471 and malonate decarboxylase from Bordetella brochiseptica (PDB
472 entry 3DG9).42 The first cysteine of the catalytic dyad is
473 typically conserved in the maleate isomerase subgroup but not
474 in the malonate decarboxylase subgroup. Finally, a fourth group
475 (HYD) includes sequences characterized as hydantoin race-
476 mase (GenBank entries AAQ93382 and BD181026)43,44 and
477 allantoin racemase (KpAllR and PfAllR). The two enzymes
478 catalyzing the racemization of allantoin (5-ureido hydantoin)
479 form two distinct subgroups that are intermixed by sequences
480 characterized as hydantoin racemase. A common characteristic
481 of hydantoin and allantoin racemase is the presence of an acidic
482 residue at position +3 with respect to the position occupied by
483 the N-terminal cysteine of the dyad; in the PfAllR subgroup,
484 this residue is glutamate, while the cysteine is substituted with a
485 conserved glycine (Figure 5).
486 By constructing specific HMM profiles, we observed the
487 occurrence of the four main phylogenetic groups of the

488superfamily (GLU, ASP, MAL, and HYD) in 143 completely
489sequenced organisms classified in the Tree of Life.45 The gene
490distribution (Figure S3) shows that the Asp/Glu superfamily is
491mostly represented by bacterial sequences. Among eukaryotes,
492genes belonging to the ASP group are found in plants, and
493genes belonging to the HYD group are found in fungi
494(including the putative allantoin racemase Dcg1p of S.
495cerevisiae), while members of the superfamily are absent in
496animals. Indeed, in previous work, the presence of allantoin
497racemase sequences in the genomes of nematodes led to the
498identification of a contaminant bacterial genome.46 Genes
499belonging to the ASP, MAL, and HYD groups are found in
500some archeae. However, in the phylogenetic tree, these archaeal
501sequences cluster with bacterial sequences, suggesting that they
502could derive from lateral gene transfer.
503Overall, the data support an origin of the Asp/Glu
504superfamily in the common ancestor of all bacteria, with the
505GLU group as the founding member of the superfamily. This is
506consistent with the presence of orthologous genes of the GLU
507group in the vast majority of bacteria, and with the fundamental
508role of glutamate racemase in providing the D-glutamate
509building block of peptidoglycan. This defining feature of the
510bacterial cell is thought to be already present in the last

Figure 3. Crystal structure of PfAllR. (A) Monomer in cartoon representation. (B) Dimeric organization in the cubic crystal form. The hexamer is
generated by the crystallographic 3-fold axis. (C) Hexameric organization in the orthorhombic crystal form. (D) Comparison of the active site of
PfAllR in the cubic crystal form (left, cyan carbon atoms) and KpAllR (right, orange carbon atoms, PDB entry 3QVJ). Enolic allantoin (gray carbon
atoms) was docked by superimposing the backbone chain of the two protein structures onto the protein−substrate complex of the KpAllR double
mutant (PDB entry 3QVK). Hydrogen bonded contacts are indicated by gray dashed lines. Distances from the putative catalytic dyads to the
allantoin chiral center are reported in angstroms.

Biochemistry Article

DOI: 10.1021/acs.biochem.6b00881
Biochemistry XXXX, XXX, XXX−XXX

G

http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00881/suppl_file/bi6b00881_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.6b00881


511 common ancestor of bacteria.47 A peptidoglycan cell wall has
512 been lost by several bacterial species such as Tenericutes,
513 Chlamydia, and Wolbachia. These species have also lost GLU
514 racemase genes (Figure S3).

515 ■ DISCUSSION

516 The observation of a substituted catalytic residue in protein
517 sequence alignment is generally considered to be evidence that
518 the protein has lost or modified the enzymatic activity. Before
519 this conclusion can be reached, the alignment is manually

520inspected to rule out problems arising from misalignment of
521gapped regions. In the case described here, the nonconservative
522Cys/Gly substitution occurs in an ungapped block (see Figure
5231A) and can be confidently considered as an evolutionary
524substitution. Consistent with data on the enzymatic activity, the
525atomic structure of the protein revealed a downstream residue
526(E78) that can functionally replace the missing catalytic residue
527in the two-base mechanism (see Figure 3D). These results
528emphasize the importance of the availability of structural
529information for protein functional annotation.48

Figure 4. Uncatalyzed and catalyzed allantoin racemization mechanisms. (A) Alternative mechanism of allantoin racemization. The labeled carbon
atom in the (S)-allantoin molecule is denoted with an asterisk. (B) Examples of the time-dependent isotopic exchange between C2 and C7 (top) and
H−C5 proton−deuterium exchange (bottom) as monitored by 13C and 1H NMR. (C) Kinetics of isotopic exchange between C2 and C7 of allantoin
at pH 7.4 in the absence (○) and presence (●) of PfAllR. (D) Kinetics of C5 proton exchange in 98% D2O (pH 7.6) in the absence (right) and
presence (left) of PfAllR. (E) Comparison of the activity toward the S and R enantiomers of allantoin (0.2 mM) for the wild-type and Glu 78
mutants (1.8 μg). (F) Proposed mechanism of allantoin racemization catalyzed by PfAllR.
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530 Changes in the identity and position of catalytic residues
531 during divergent evolution have been observed in “mechanis-
532 tically diverse superfamilies”,49 such as enolase or Nudix
533 hydrolase. These examples, however, concern distantly related
534 proteins catalyzing different reactions. It is uncommon to
535 observe changes in the identity and position of catalytic
536 residues in similar proteins catalyzing the same reaction. It is
537 not clear what selective advantage has driven the substitution of
538 the catalytic cysteine in allantoin racemase. Certainly, the
539 replacement of one of the two cysteines with glutamate creates
540 a more asymmetric active site that could allow different
541 reactivity toward the two enantiomers. The kinetic parameters
542 for the two enantiomers appear to be more diverse for the
543 enzyme with the carboxyl thiol dyad (PfAllR) with respect to

544the enzyme with the thiol dyad (KpAllR), but the catalytic
545efficiency for the two enantiomers is similar in PfAllR (5 × 104

546M−1 s−1) and inferior to that reported for KpAllR (6 × 105 M−1

547s−1).4

548The phylogeny and distribution of the Asp/Glu racemase
549superfamily in living organisms suggest that the original
550function of these proteins could be the synthesis of the D-
551glutamate component of the bacterial cell wall. At variance with
552an early origin of glutamate racemase, the enzymatic
553racemization of allantoin probably appeared late in evolution.
554For a long evolutionary time, the bioavailability of this
555intermediate of purine catabolism must have been limited, as
556in microorganisms purines are either recycled or completely
557degraded for carbon and nitrogen recovery.11 Allantoin,

Figure 5. Evolution of allantoin racemase within the Asp/Glu racemase superfamily. Unrooted neighbor-joining tree of the Asp/Glu racemase
superfamily. Experimentally characterized proteins are indicated in bold with PDB or GenBank accession numbers; other sequences are indicated
with GenBank accession numbers followed by the taxid. Sequences from eukaryotic organisms (plants and fungi) are labeled. Tree branches assigned
to functional groups based on the phylogenetic analysis are shown in different colors next to sequence logos representing residue conservation
around the cysteine dyad (−3,+3). Reaction intermediates previously proposed on the basis of structural evidence are shown in colored boxes.
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558 however, gained a special role in plants and animals as the end
559 product of purine catabolism. Some plants (e.g., tropical
560 legumes) use allantoin for nitrogen storage and transport, and
561 some animals (e.g., nonhominoid mammals) use allantoin for
562 the elimination of purine nitrogen. The divergent evolution of
563 allantoin racemase from an Asp/Glu racemase progenitor could
564 have allowed certain organisms (particularly bacteria and fungi)
565 to adapt to the increased availability of this compound in the
566 environment.
567 The enzymatic racemization of allantoin illustrates a clear
568 example of evolutionary choice among alternative mechanisms
569 of catalysis (see Figure 4A). Interestingly, the mechanism
570 selected for catalysis (proton abstraction) is kinetically less
571 favorable than the formation of the symmetric intermediate, a
572 reaction not exploited by the enzyme. It should be noted that in
573 the initial phase of evolution, the presence of a mechanism of
574 spontaneous racemization that is 10 times faster than that
575 catalyzed by the enzyme weakened the kinetic advantage of the
576 proto-enzyme. A proto-AllR enzyme would not have provided a
577 selective advantage unless it had been able to increase the
578 proton exchange rate by 1 order of magnitude.
579 According to the evolutionary history of Asp/Glu racemase,
580 proton abstraction at the chiral center and stabilization of a
581 negatively charged enedienolate intermediate35,50 could be
582 considered the archetypal catalytic mechanism of the super-
583 family (see Figure 5). This mechanism is found in glutamate
584 racemase, aspartate racemase, and malonate decarboxylase.
585 Variation of the common theme is found in maleate isomerase,
586 in which the proposed intermediate is a succinyl−Cys covalent
587 enzyme−substrate complex,40,41 and in allantoin racemase, in
588 which the proposed intermediate is an enolate. It should be
589 remarked that the stabilization of the negative charge of the
590 bicyclic intermediate could in principle allow an enzyme to
591 catalyze racemization through the alternative reaction mecha-
592 nism (see Figure 4A). However, QM/MM calculations of the
593 KpAllR reaction suggest that the allantoin substrate binds the
594 enzyme with an extended trans-ureido group,19 a conformation
595 that is unfavorable for the nucleophilic attack of ureic nitrogen
596 on the C4 carbonyl group and the formation of the bicyclic
597 intermediate.
598 The origin and evolution of enzyme catalysis are problems of
599 significant interest.51−53 When a catalytic mechanism of an
600 enzymatic reaction is studied, a relevant question is why the
601 enzyme developed that particular catalytic strategy. In many
602 cases, the answer is that a protein using that catalytic strategy
603 already existed that could be adapted for a novel substrate. As
604 shown by the case presented here, this answer implies that
605 alternative, viable mechanisms of catalysis that have not been
606 selected by evolution do exist. Thus, while conservation of
607 structural and mechanistic aspects of catalysis appears to
608 dominate the evolution of enzyme families, the choice of a
609 particular catalytic mechanism for an enzyme can easily depend
610 on its ancestry. The fact that novel functions are created by
611 modification of old functions rather than by de novo invention is
612 a well-established notion in biology as epitomized by Jacob’s
613 statement “Nature is a tinkerer, and not an inventor”.54

614 Although it is generally thought that this notion also applies to
615 the evolution of catalytic mechanisms, it is not easy to find
616 examples in which the choice between alternative reaction
617 mechanisms can be readily explained by the ancestry of the
618 protein responsible for the catalysis. Allantoin racemase
619 provides circumstantial evidence that the evolutionary origin

620of an enzyme can be the decisive factor in the choice of a
621particular catalytic mechanism.
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766W., Echols, N., Headd, J. J., Hung, L. W., Kapral, G. J., Grosse-
767Kunstleve, R. W., McCoy, A. J., Moriarty, N. W., Oeffner, R., Read, R.
768J., Richardson, D. C., Richardson, J. S., Terwilliger, T. C., and Zwart, P.
769H. (2010) PHENIX: A comprehensive Python-based system for
770macromolecular structure solution. Acta Crystallogr., Sect. D: Biol.
771Crystallogr. 66, 213−221.

(32) 772Laskowski, R. a., MacArthur, M. W., Moss, D. S., and Thornton,
773J. M. (1993) PROCHECK: a program to check the stereochemical
774quality of protein structures. J. Appl. Crystallogr. 26, 283−291.

(33) 775Zanotti, G., Cendron, L., Ramazzina, I., Folli, C., Percudani, R.,
776and Berni, R. (2006) Structure of Zebra fish HIUase: Insights into
777Evolution of an Enzyme to a Hormone Transporter. J. Mol. Biol. 363,
7781−9.

(34) 779Dorrington, R. A., and Cooper, T. G. (1993) The DAL82
780protein of Saccharomyces cerevisiae binds to the DAL upstream
781induction sequence (UIS). Nucleic Acids Res. 21, 3777−84.

(35) 782Hwang, K. Y., Cho, C. S., Kim, S. S., Sung, H. C., Yu, Y. G., and
783Cho, Y. (1999) Structure and mechanism of glutamate racemase from
784Aquifex pyrophilus. Nat. Struct. Biol. 6, 422−426.

(36) 785Lundqvist, T., Fisher, S. L., Kern, G., Folmer, R. H. a, Xue, Y.,
786Newton, D. T., Keating, T. a, Alm, R. a, and de Jonge, B. L. M. (2007)
787Exploitation of structural and regulatory diversity in glutamate
788racemases. Nature 447, 817−822.

(37) 789May, M., Mehboob, S., Mulhearn, D. C., Wang, Z., Yu, H.,
790Thatcher, G. R. J., Santarsiero, B. D., Johnson, M. E., and Mesecar, A.
791D. (2007) Structural and Functional Analysis of Two Glutamate
792Racemase Isozymes from Bacillus anthracis and Implications for
793Inhibitor Design. J. Mol. Biol. 371, 1219−1237.

(38) 794Liu, L., Iwata, K., Kita, A., Kawarabayasi, Y., Yohda, M., and
795Miki, K. (2002) Crystal structure of aspartate racemase from
796Pyrococcus horikoshii OT3 and its implications for molecular
797mechanism of PLP-independent racemization. J. Mol. Biol. 319,
798479−489.

(39) 799Ahn, J.-W., Chang, J. H., and Kim, K.-J. (2015) Structural basis
800for an atypical active site of an l-aspartate/glutamate-specific racemase
801from Escherichia coli. FEBS Lett. 589, 3842−3847.

(40) 802Chen, D., Tang, H., Lv, Y., Zhang, Z., Shen, K., Lin, K., Zhao, Y.
803L., Wu, G., and Xu, P. (2013) Structural and computational studies of
804the maleate isomerase from Pseudomonas putida S16 reveal a breathing
805motion wrapping the substrate inside. Mol. Microbiol. 87, 1237−1244.

(41) 806Fisch, F., Fleites, C. M., Delenne, M., Baudendistel, N., Hauer,
807B., Turkenburg, J. P., Hart, S., Bruce, N. C., and Grogan, G. (2010) A
808covalent succinylcysteine-like intermediate in the enzyme-catalyzed
809transformation of maleate to fumarate by maleate isomerase. J. Am.
810Chem. Soc. 132, 11455−11457.

(42) 811Okrasa, K., Levy, C., Hauer, B., Baudendistel, N., Leys, D., and
812Micklefield, J. (2008) Structure and mechanism of an unusual
813malonate decarboxylase and related racemases. Chem. - Eur. J. 14,
8146609−6613.

Biochemistry Article

DOI: 10.1021/acs.biochem.6b00881
Biochemistry XXXX, XXX, XXX−XXX

K

http://dx.doi.org/10.1021/acs.biochem.6b00881


(43)815 Martínez-Rodríguez, S., Las Heras-Vaźquez, F. J., Mingorance-
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