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led to the proposal that MLE may have 
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reading frames (ORFs) of unassigned or un- 
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Mandelate racemase and muconate lactonizing enzyme are structurally homologous but 
catalyze different reactions, each initiated by proton abstraction from carbon. The struc- 
tural similarity to mandelate racemase of a previously unidentified gene product was used 
to deduce its function as a galactonate dehydratase. In this enzyme superfamily that has 
evolved to catalyze proton abstraction from carbon, three variations of homologous active 
site architectures are now represented: lysine and histidine bases in the active site of 
mandelate racemase, only a lysine base in the active site of muconate lactonizing enzyme, 
and only a histidine base in the active site of galactonate dehydratase. This discovery 
supports the hypothesis that new enzymatic activities evolve by recruitment of a protein 
catalyzing the same type of chemical reaction. 

N e w  enzymatic activities likely evolve by 
the recruitment of a protein catalyzing the 
same type of chemical reaction but possess- 
ing a different substrate specificity (1, 2). 
Support for this hypothesis has been pro- 
vided by the discovery that four enzymes in 
the mandelate pathway in Pseudomoms 
putida are homologous to enzymes in ubiq- 
uitous metabolic pathways (2, 3). The  man- 
delate pathway produces benzoate from R- 
mandelate, thereby allowing mandelate to  
serve as the sole carbon source. 

Mandelate racemase (MR) eauilibrates . . 
the enantiomers of mandelate by a Mg2+- 
dependent mechanism (Fig. I A )  that in- 
volves the abstraction of the proton adja- 
cent to the carboxylate group (a proton) by 
a general base (4, 5). Lys16'j (the S-specific 
base) abstracts the proton from S-mandel- 
ate, and His297 (the R-specific base) ab- 
stracts the proton from R-mandelate. [The 
active site of MR is shown in Fig. 2 (6).] 
The immediate product of proton abstrac- 
tion from either enantiomer is an enolic 
intermediate. Protonation of the intermedi- 
ate by the conjugate acid of either Lys16'j or 
His297 yields the product enantiomer. 

Both the primary (7) and three-dimen- 
sional structures (8) of MR are homologous 
to the primary (9) and three-dimensional 
(10, 11) structures of muconate lactonizing 
enzyme (MLE). MLE, a n  enzyme involved 
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in benzoate catabolism, catalyzes a Mn2+- 
d e ~ e n d e n t  reaction in which cis.cis-mu- 
conate is equilibrated with muconolactone. 
Although the reaction catalyzed by MLE 
may not appear to  resemble the reaction 
catalyzed by MR, in the reverse reaction the 
a proton of muconolactone is abstracted by 
a homolog of Lys1'j6 (Lys1'j9) to  generate an 
enolic intermediate (Fig. IB). This inter- 
mediate undergoes vinylogous p-elimina- 
tion of the remote carboxylate group to 
produce cis,cis-muconate (12). Although 
the active site of MLE does not contain a 

products are ~~~~~~~~~~~to MR (13, 14). 
Each of these proteins contains a homolog 
of His297 (the R-specific base); only one 
unequivocally contains a homolog of Lys1'j6 
(the S-specific base). One  of these ORFs, 
f587, was sequenced in the Escherichia coli 
genome project (13). T h e  COOH-terminal 
two-thirds of the predicted protein encoded 
by f587 is homologous to MR but does not 
contain a homolog of Lys1'j6. TO identify 
the function of this protein, we assumed 
that its activity involves abstraction of the 
a proton from a carboxylic acid, a common 
chemical step catalyzed by MR and MLE. 

A n  operon (dgo) for the utilization of 
D-galactonate (15) (Fig. 3A) had previously 
been located in the vicinity of f587 (82 
min) on  the E. coli linkage map (16). Be- 
cause the reaction catalyzed by galactonate 
dehydratase (GalD) is initiated by abstrac- 
tion of the a proton from galactonate, we 
hypothesized that the COOH-terminal 
two-thirds of f587 encodes GalD. 

Three additional lines of evidence sup- 
ported this hypothesis. First, the GalD ac- 
tivity associated with this pathway is depen- 
dent on  Mg2+ (17). A Mg2+ binding motif 
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Fig. 1. Mechanisms of the reactions catalyzed by MR (A), MLE (B), and GalD (C). For clarity, only the 
general base catalysts involved in abstraction of the a protons of the carboxylic acid substrates are 
shown. In each reaction, the enolic intermediate resulting from abstraction of the a proton is stabilized by 
interactions with electrophilic groups in the active site, including a divalent metal ion, they carboxylic acid 
group of a glutamic acid, and the E ammonium group of a lysine residue (6). In the active site of MLE, 
L ~ S ' ~ ~  is the homolog of L ~ s ' ~ ~ ,  and no homolog is present for Hiszg7 in MR. In the active site of GalD, 
Hisze5 is the homolog of Hiszg7, and no homolog is present for L ~ s ' ~ ~  in MR. 
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is present in the predicted protein encoded 
by f587 and aligns with the metal binding 
motifs of MR and MLE (18). 

Second, the absolute configuration of 
the 2-carbon of galactonate is R. If galacto- 
nate binds to Mg2+ via its 2-hydroxyl group 
and a carboxylate oxygen in analogy to the 
observed binding of mandelate to Mg2+ in 
MR (6), the general base in GalD should be 
a homolog of His297, the R-specific base in 
MR. There is such a candidate base, His285, 
in the GalD sequence. 

Third, the dgo operon was proposed ( 15) 
to include genes for a galactonate permease 
(dgoT), a galactonate dehydratase (&OD), a 
2-oxo-3deoxygalactonate kinase (&OK), a 
2-oxo-3deoxygalactonate 6-phosphate aldo- 
lase (dgoA), and a regulatory protein (dgoR). 
The DNA sequence suggests that f587 is the 
third in a series of four predicted ORFs (des- 

ignated f177, f292, f587, and f445) that 
could constitute a single transcriptional unit 
(13) (Fig. 3B). Although five, not four, pro- 
teins were proposed to be involved in galac- 
tonate utilization ( 15, 17), the region of the 
chromosome containing these ORFs could 
encode the five expected proteins of the 
galactonate utilization pathway. 

From sequence analysis, the predicted 
f445 gene product is similar to bacterial 
permeases (19), which suggests that it en- 
codes galactonate permease (dgoT). The 
predicted f177 gene product is similar to the 
gntR family of repressors (20), which sug- 
gests that it encodes the regulatory protein 
(dgoR). Because the dgo operon is subject to 
catabolite repression, the transcriptional 
unit should be and is preceded by a possible 
binding site for the catabolite activator pro- 
tein (21 ). 
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Fig. 3. (A) The pathway for utilization of galactonate in E. coli (1 7). (B) The organization of the putative dgo 
operon (13, 15). 

To test the hypothesis that f587 en- 
codes GalD, a cell-free extract of E. coli 
DH5a transformed with plasmid pGTMl 
that contained only f587 (22) was assayed 
for GalD activity (1 7, 23). An a ketoacid 
was produced from galactonate (specific 
activity 0.042 pmol min-' mg-') but not 
from gluconate or galactarate (<0.002 
pmol min-' mgP'). No detectable activ- 
ity (<0.002 pmol min-' mg-') was de- 
tected in a control experiment in which a 
cell-free extract of DH5a transformed 
with pUC18 (pGTM1 lacking the f587 
insert) was assayed. We conclude that 
f587 does encode GalD and that the posi- 
tion of the dgo operon in the physical map 
(16) can be correlated with the sequence 
of the chromosome (13). 

We purified the GalD activity to homo- 
geneity from this cell-free extract (24). Its 
mass was 43 kD as determined by SDS- 
polyacrylamide gel electrophoresis (PAGE), 
not 64 kD as predicted from the sequence of 
f587. The NH2-terminal sequence of GalD, 
Met-Lys-Ile-Thr-Lys-Ile-Thr, was deter- 
mined by automated Edman degradation 
and was contained within the predicted 
gene product of f587 (the NH2-terminal 
Met was codon 206 of f587). On this basis, 
we predict that GalD contains 382 amino 
acids and has a molecular mass of 43 kD, as 
experimentally determined. For compari- 
son, MR contains 358 amino acids (7), and 
MLE contains 372 amino acids (9). 

We hypothesized that the smaller than 
expected size of GalD is the result of se- 
quence errors after codon 115 of f587. The 
first 115 residues are similar to analogous 
sequences in a family of bacterial aldolases 
(13, 25), but the similarity does not extend 
through an active-site lysine residue that 
would be expected near codon 125. We 
resequenced this region of f587 and found 
three discrepancies between codons 122 
and 204. In the protein encoded by the 
corrected sequence (GenBank accession 
number U19577), the homolog of the ac- 
tive-site lysine is present at codon 126, and 
a TGA stop codon (codon 206) shares its 
TG with the initiation codon for GalD. We 
conclude that the DNA included in f587 
encodes both GalD (the COOH-terminal 
two-thirds; dgoD) and 2-oxo-3-deoxygalac- 
tonate 6-phosphate aldolase (the NH2-ter- 
minal one-third; dgoA; Fig. 3B). 

Sequence analyses have not revealed 
any significant homology of the predicted 
protein encoded by f292 with any kinase. 
However, with the other ORFs in this clus- 
ter assigned to specific genes in the dgo 
locus, f292 most likely encodes 2-oxo-3- 
deoxygalactonate kinase (dgoK). Accord- 
ingly, the expected five enzymes in the 
galactonate utilization pathway are ar- 
ranged contiguously as five distinct genes in 
a dgo operon (Fig. 3B), as predicted ( 15). 
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In the reaction catalyzed by GalD, we 
propose that the active-site base (HisZa5, 
the homolog of HisZ97 in MR) abstracts the 
2-R proton of galactonate (Fig. IC). The 
immediate product of proton abstraction is 
an enolic intermediate. This intermediate 
undergoes vinylogous elimination (12)  of 
the 3-hydroxyl group to generate an a,P- 
unsaturated en01 that tautomerizes to the 
2-0x0-3-deoxygalactonate product. 

With the identification of GalD, we re- 
alize that the lysine and histidine general 
bases found in the active site of MR evolved 
independently to generate the three differ- 
ent reactions now associated with the MR- 
MLE-GalD superfamily: racemization cata- 
lyzed by MR (requiring both Lys'66 and 
His297), p-elimination catalyzed by MLE 
(with a homolog of Lys166 but not of 
His297), and p-elimination catalyzed by 
GalD (with a homolog of His297 but not of 
Lvsl69. 

' ~ h e s e  findings mean that we no longer 
need to assume that MLE is the immediate 
evolutionary precursor to MR. Although 
MR and MLE are both necessary for the 
catabolism of R-mandelate by P. putida, 
the identification of a homolog in carbo- 
hydrate metabolism suggests that this su- 
perfamily of enzymes may be ubiquitous in 
nature. In varticular. anv member of this , , 
superfamily of enzymes may have been 
recruited when the evolution of a meta- 
bolic pathway required a reaction in 
which the a proton of a carboxylic acid 
must be abstracted (26). 
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Circadian Clock Mutants in 'Arabidopsis 
Identified by Luciferase lmaging 
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The cycling bioluminescence of Arabidopsis plants carrying a firefly luciferase fusion 
construct was used to identify mutant individuals with aberrant cycling patterns. Both 
long- and short-period mutants were recovered. A semidominant short-period mutation, 
timing of CAB expression (tocl), was mapped to chromosome 5. The tocl mutation 
shortens the period of two distinct circadian rhythms, the expression of chlorophyll 
alb-binding protein (CAB) genes and the movements of primary leaves, although tocl 
mutants do not show extensive pleiotropy for other phenotypes. 

M a n y  aspects of plant growth and metab- 
olism are regulated by the circadian clock. 
Genes that affect circadian rhythmicity 
have been isolated in Drosophila melano- 
gaster (period or per) and Neurospora crassa 
(frequency or frq) (1).  Allelic series at each 
locus include long- and short-period alle- 
les, whereas the null alleles are largely 
arrhythmic. Although there is no clear 
homology of per or frq sequences to the 
Arabidopsis thaliana genome (2), genetic 
screens for period mutants should never- 
theless identify genes required for oscilla- 
tor function. 

A transgenic Arabidopsis line was pre- 

viously constructed in which a fragment of 
the Arabidopsis CAB2 promoter mediates 
circadian-regulated transcription of the 
firefly luciferase (Luc) reporter gene (3). 
We used this cab2: :R: :Luc transgenic line 
to screen for mutant seedlings, in which 
the first peak of the free-running lumines- 
cence cycle occurs either earlier or later 
than the wild type. M2 seedlings (4) were 
grown for 5 days in 12-hour 1ight:lZ-hour 
dark (LD) cycles and then transferred to 
continuous white light (LL). Candidate 
mutants were initially selected from M2 
populations on the basis of a three-time- 
point screen (5). The mutant candidates 
here entrained to two LD cycles and as- 
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