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MINIREVIEW

Evolution in action

The o/B barrel enzyme phosphotriesterase from soil bacteria appears to have
evolved the ability to hydrolyze the insecticide paraoxon at the diffusion
limit in only a few decades. A newly-identified open reading
frame from Escherichia coli may offer a clue to its origins.
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Generic protein structural motifs that can be adapted to
different functions are a
biology. For cxample, immunoglobulins all share a
common tertiary styuctural fold that forms a stable
framework for loops that can bind a wide range of
different antigen molccules. Thus, the fold that gives the
protein stability remains relatively constant, while the
residues that give the protein specificity can vary with
few restrictions. The o/ barrel family of enzymes
provides an example of a similar situation in proteins
that have evolved to catalvze biochemical reactions
[1=4]. These enzymes share a common tertiary fold
consisting of cight parallel f-strands connected by
t-helices, as shown in Fig. 1 for the archetypical a/f
barrel enzyme triosephosphate somerase (TIM) |5].

comnion  occurrence  in

The o/ barrel structure appears to be a generic scaftold-
ing for catalytic activity: ~10% of all structurally-charac-
terized enzymes belong to this family {1]. Like the
immunoglobulin molecules, which bind many difterent
antigen structares, the o/ff barrel enzymes catalvze a
range of very ditferent biochemical reactions using a
collection of different catalytic mechanisms and colactors
{Table 1) [1]. In the case of TIM. the enzymatic activity
of the o/f barrel structure has been refined over the
course of evolution to convert dihydroxvacetone phos-
phate to D-glyceraldehvde-3-phosphate so rapidly that
the rate of diffusion, leading to the encounter of enzyme
and substrate, limits the rate of catlysis |6]. Recent
studics from the laboratories of Raushel and Holden
show that an enzyme from soil bacteria plasmids shares
two features with TIM: the o/B barrel structural motif
and diffusion-limited enzymatic catalysis. Amazingly, this
enzyme appears to have evolved this impressive catalvtic
etficiency in ~40 years,

Phosphotriesterase chemistry and mechanism

Phosphotriesterase (PTE) is an enzyme from the soil bac-
terium Psendomonas diminuta that catalyzes the hvdrolysis
ot a number of synthetic phosphotriester compounds
used as insecticides and chemical warfare agents (Fig. 2).
The gene encoding PTE resides on a4 plasmid in
P diminuta [7]. A gene of identical sequence has been
found on a different plasmid in the soil microorganism
Flavobacteriunt sp |8]. The PTE gene encodes a mature
336-residuc protein of molecular mass 39 kDa. So far, no
natural biochemical substrate for PTE has been identified,

and hydrolysis of the synthetic organophosphates and
phosphonates is the only known activity for the enzyme.

In 1989, Raushel and coworkers [9] reported the purifi-
cation of PTE and embarked on a series of detailed
studies to assess the kinetic properties and elucidate the
catalytic mechanism of the enzyme. They found thar the
wsolated enzvine contains two  divalent zinc ions per
monomer and that both zinc ions are required for tull
catalytic activity [10]. The PTE apoenzyme can also be
reconstituted with two equivalents of other divalent metal
jons, such as Co™*, Ni?t, Cd*™ and Mn2, giving full
enzymatic activity [10]. Results from 'Cd NMR [11]
and Mn?! electron paramagnetic resonance spectroscopy
[12] indicate that the two metal jons are bridged by a
conuon ligand and that most of the other ligands to the
binuclear metal cluster are imidazole side chains of [is
residues in the protein. Stereochemical experiments with
crantomerically pure organophosphate substrates show
that the hydrolvsis reaction occurs with inversion of con-
figuration at phosphorus by direct attack of an activated
water molecule [13]. The pH-rate protile for PTE
hydrolysis indicates that deprotonation of a functional
group with an apparent pK_ of 6.1 is required for full

Fig. 1. Schematic structure of triose phosphate isomerasc (TIM).
The eight B strands which form the [ barrel are shown in red, and
the connecting w-helices are shown in green.
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Table 1. Examples of /ff barrel enzymes.

Enzyme Cofactor(s)
Triose phosphate isomerase none
Tryptophan synthase {o-subunit) none
Pyruvate kinase Mg? -, K*
o-Amylase Ca+~
Mandelate racemase Mg
Glycolate oxidase FMN

Substrate

dihydroxyacetone phosphate
indole-3-glycerol phosphate
ATP + pyruvate

amylose

(5)-mandelate

glvcolate + O,

Product

u-glyceraldehyde 3-phosphate
indole + 3-phosphoglyceraldehyde
ADP + phosphoenolpyruvate
glucose + amylose

{R)-mandelate

glyoxylate + H,0,

FMN, flavin mononucleotide.

L

activity, and chemical modification experiments provide
evidence that a His residue functions at the active site as a
general base [14]. Together these data support a catalytic
mechanism for PTE that involves zinc-assisted polariza-
tion of the substrate P-O bond with His-promoted
nucleophilic attack of water (Fig. 3).

PTE is remarkably efficient in hydrolyzing the insecticide
paraoxon. The k. and k /Ky, values for the PTE-
catalyzed hydrolysis of paraoxon are 10% s and 4 x 107
M5! respectively, and the rate enhancement brought
about by the enzyme approaches 1012 [9, 10]. The high
k /K, value for PTE-catalyzed paraoxon hydrolysis is
near the bimolecular rate constant for diffusion-con-
trolled encounter of the enzyme and substrate (108107
MY [15]. Moreover, Bronsted correlations and experi-
ments showing rate dependence on solvent viscosity
support the conclusion that the physical process of diffu-
sion rather than the chemical process of bond cleavage is
rate-limiting in PTE-catalyzed paraoxon hydrelysis {16].

Albery and Knowles [17-19] have proposcd, from analy-
sis of TIM, that an enzyme which performs catalysis at
the limit of diffusion control has reached its endpoint in
cvolutionary — optimization  because mutation and
selection can no longer be used to increase the rate of
catalysis. Fersht [20] has suggested that both a maximized
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k., /Ky and a K, greater than the physiological sub-
strate concentration should be used as criteria to judge
whether an enzyme has evolved to a maximized rate of
catalysis. On this basis, Fersht concludes that both TIM
and catbonic anhydrase are perfectly evolved for the
maximization of rate, It is believed that catalytically ideal
enzymes like TIM and carbonic anhydrase achieved this
status by operating on a single defined substrate molecule
over millions of years of mutation and selection [18]. The
PTE enzyme from soil bacteria thus challenges our
assumptions about the tempo of molecular evolution.
The synthesis of phosphotriester insecticides (including
paraoxon) was first reported m 1950 [21] and the gene
encoding PTE was first identificd in 1989 {7,8). This
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Fig. 2. Substrates for phosphotriesterase. Paraoxon and
parathion are used as insecticides, and soman and sarin are
chemical warfare agents. These compounds are all extremely
toxic to higher organisms, acting primarily through inactivation
of acetylcholinesterase.

Fig. 3. Proposed catalytic mechanism of phosphotriesterase. The
P-0 bond of the substrate (shown here as paraoxon, see Fig. 1) is
polarized by one of the zinc atoms in the aclive sile of the
cnzyme, allowing nucleophilic attack by a water molecule,
assisted by the proximity of a His residue.
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Fig. 4. Structure of phosphotriesterase.
(a) Ribbon diagram of the overall struc-
ture of the apoenzyme with B-strands
colored red and the connecting a-helices
in green. The white circle shows the
region of the protein in which the active
site is thought to reside. (b} Details of the
presumptive active site [23].
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places a limit of ~40 years on the time required for P'I'E
to evolve to recognize paraoxon as a substrate and to
develop an essentially perfect catalytic mechanism for its
hydrolysis. It is conceivable that a form of PTE, perform-
ing some other function in soil bacteria, happened to
have some level of hydrolytic activity in the initial
encounter with paraoxon. [t is unlikely, however, that this
activity was  coincidentally at the diffusion  limit.
Although a few examples of rapid evolution of enzy-
matic  function have been noted [22], to our
knowledge PTE is the only case where diftusion-limited
activity has been reached in such a remarkably short
period of mutation and selection.

Phosphotriesterase is an o/ barrel enzyme

A recent report [23] on the crystal structure of PTE
shows that this enzyme shares a second feature with TIM
in that 1t belongs to the /B barrel structural family. The
2.1 A resolution structure is of the apoenzyme form of
PTE, which does not contain the binuclear metal co-
factor. The PTE structure is a distorted /3 barrel with
cight parailel B-strands connected by nine o-helices (Fig.
4). In addition, there are two strands of andparallel
PB-sheet at the amino-terminus of the enzyme. The struc-
ture also reveals extensive hydrophobic and electrostatic
interactions between surface loops of neighboring mole-
cules in the erystalline lattice, suggesting that the enzyme
functions in solution as a dimer. Subsequent ultracen-
trifugation studies have demonstrated that this is the case.

Although this PTE structure is for the apoenzyme, func-
tional studies and structural correlations to other o/p
harrel enzymes can be used to define the probable loca-
tion of the PTE active site. Site-directed mutagenesis has
shown that of the seven His residues in PTE, six are
either directly involved in the catalytic mechanism or
used to ligate the zinc ions [24]. These six His residucs
(His35, 57, 201, 230, 254, and 257) reside in a cluster at
the carboxy-terminal portion of the B-barrel where the

active sites of all the structurally-characterized o/f3
enzymes are located (Fig. 4). These arguments strongly
suggest that the cluster of six Iis residues marks the
location of the enzyme active site and the binding
site for the two zinc ions. One of the six histidines
presumably functions as the general base in the PTE
catalytic mechanism. The three-dimensional structure of
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Fig. 5. Alignment of the phosphotriesterase homology prolein
(PHP) with PTE. Residues that form B-strands in PTE are high-
lighted in red, and those that form a-helices in PTE are shown in
green. Conserved presumptive active site residues are boxed.
Non-conserved active site residues are marked with arrows.
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Fig. 6. The region of the E. coli genome in which the php open reading frame is found. The php ORF is the fifth in a series of eight newly-
identified ORFs downstream of trpS$, facing seven other new ORFs downstream of cysG. Preliminary homology analysis suggests that
the php gene may reside in a group of genes involved in organophosphate metabolism.

the holoenzyme will provide a clearer understanding of
the PTE active site structure and catalytic mechanism.

The genetic origins of phosphotriesterase

Because PTE is a member of the o/p barrel family, and
because of PTE's apparently rapid evolution to near
catalytic perfection, it would be interesting to identity
the subfamily of bacterial /B barrel enzymes from
which PTE originated. At the time that che crystal
structure of PTE was published, no proteins with similar
sequences had been 1dentified from homology searches
of the sequence data base [23|. In December 1994,
however, the sequence of the E. coli chromosomal
region from 67.4 to 76.0 minutes was entered in the
data base [ECOUW67, G. Plunkett, Genbank] as part of
the E. coli Genome Project (directed by F Blattner). We
have found that the translated sequence of an apen
reading frame (ORF) in this genomic segment is signifi-
cantly homologous to the amino acid sequence of PTE,
with 28 % identity and 66 % similarity over virtually the
entire sequence of the L. coli ORE Structurally-charac-
terized 0/P enzymes with this level of sequence identity
have been shown to possess highly similar three-dimen-
sional structures [1,2,25]. It therefore seems plausible
that this protein, which we call phosphotriesterase
homology protein (PHP) 1s part of the family from
which PTE must have evalved.

An alignment of the deduced amino acid sequence of E.
coli PHP with the PTE amino acid scquence 1s shown m
Fig. 5. Inspection of the alignment reveals that all of the
eight P-strands of PTE and the connecting o-helices
that make up the 0/ barrel core structurc are contained
within the large region of homology. Analysis of the
residues that lie near the putative active site of PTE
shows that four of the six potential zinc-ligating his-
tidines, His35, His37, His201, and His230 (PTE num-
bering), are conserved between the two sequences; the
other conserved active site residucs are Glu56, GIn212,
Asp232, and Asp253.

Based on the homology of the sequence alignment in
Fig. 5, the following conclusions and predictions can be
made: 1) PHP has an o/P barrel structure; 2) PHP is an
enzyme; 3) PHP is a metalloenzyme, probably containing
an active site binuclear metal center; and 4) PHP 15 a
member of the subfamily of o/ff barrel enzymes from
which PTE diverged.

Our proposed relation between PHP and PTE raises
intriguing questions for future investigation into the
natural function of PHP in bacteria. The gene encoding
PTE tound in P diminuta is plasmid-borne, whereas the
gene encoding PHP in E. coli is chromosomal and pre-
sumably has some function in jts life cycle. The php ORF
is located at about 74 minutes on the E. coli chromosome
[26], in a group of 15 of the newly identified ORF's
residing between cpsG and #pS (Fig. 6). 1t 1s the fifth of a
series of eight ORTs downstream of tpS, all of which
would be transeribed in the same direction as #p$ itself.
Sequence analysis suggests strong similarity between a
cluster of ORFs in this region and organophosphate
metabolizing operons ([1g. 6). The amino acid sequence
deduced from ORF 298 is homologous to a family of
proteins that includes ribokinases [27]. The protein
encoded by ORF 304 has homology to phosphopento-
mutase, while that encoded by ORF 299 is homologous
to transcriptional regulators and is thus a candidate regu-
lator of some putative operon involving geues i this
cluster. Mutational and transcriptional analysis to define
the operons of this chromosomal region would be one
step toward understanding the physiological relevance of
PHP. In addition, biochemical studies aimed at under-
standing the structure and function of PHP are likely to
provide additional insight into PTE rapid journey to
evolutionary perfection.
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