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Abstract

Glycolate oxidase (GOX) is a crucial enzyme of plant photorespiration. The encoding gene is thought to have originated

from endosymbiotic gene transfer between the eukaryotic host and the cyanobacterial endosymbiont at the base of

plantae. However, animals also possess GOX activities. Plant and animal GOX belong to the gene family of (L)-2-

hydroxyacid-oxidases ((L)-2-HAOX). We find that all (L)-2-HAOX proteins in animals and archaeplastida go back to

one ancestral eukaryotic sequence; the sole exceptions are green algae of the chlorophyta lineage. Chlorophyta replaced

the ancestral eukaryotic (L)-2-HAOX with a bacterial ortholog, a lactate oxidase that may have been obtained through

the primary endosymbiosis at the base of plantae; independent losses of this gene may explain its absence in other algal

lineages (glaucophyta, rhodophyta, and charophyta). We also show that in addition to GOX, plants possess (L)-2-HAOX
proteins with different specificities for medium- and long-chain hydroxyacids (lHAOX), likely involved in fatty acid and

protein catabolism. Vertebrates possess lHAOX proteins acting on similar substrates as plant lHAOX; however, the

existence of GOX and lHAOX subfamilies in both plants and animals is not due to shared ancestry but is the result of

convergent evolution in the two most complex eukaryotic lineages. On the basis of targeting sequences and predicted

substrate specificities, we conclude that the biological role of plantae (L)-2-HAOX in photorespiration evolved by co-

opting an existing peroxisomal protein.
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Introduction

All photosynthetic organisms fix carbon from CO2 through a
reaction catalyzed by ribulose-1,5-bisphosphate-carboxylase/
oxygenase (RuBisCO). RuBisCO also has a biologically relevant
affinity to O2, leading to the production of 2-phosphoglyco-
late (2PG) (Ogren 2003). 2PG is recycled through the photo-
respiratory cycle, an indispensable metabolic process for all
organisms performing oxygenic photosynthesis (Zelitch et al.
2009; Maurino and Peterhansel 2010). In a first step, 2PG is
converted to glycolate, a toxic 2-hydroxy acid. Enzymatic re-
moval of glycolate is an essential part of photorespiration and
is catalyzed by two phylogenetically unrelated enzymes. In
cyanobacteria and chlorophyta, glycolate oxidation is cata-
lyzed by glycolate dehydrogenase (GlcDH) (Nelson and
Tolbert 1970; Beezley et al. 1976; Nakamura et al. 2005;
Stabenau and Winkler 2005; Eisenhut et al. 2008). In contrast,
charophyceae—which share a common ancestor with land
plants to the exclusion of other algal lineages (Karol et al.
2001; Timme et al. 2012)—do not possess GlcDH activity;
similar to land plants, charophyceae (e.g., Mougeotia scalaris,
Spirogira sp., and Chara sp.) have glycolate oxidase (GOX)
activity, which produces H2O2 in leaf-type peroxisomes

(peroxisomes in photosynthetically active cells that catalyze

essential reactions of photorespiration) (Stabenau 1976;

Stabenau and Winkler 2005).

Cyanobacteria conferred parts of their photosynthetic

machinery to a eukaryote ancestral to plantae sensu lato

(archaeplastida, comprising glaucophytes, red and green

algae, and plants) via endosymbiosis (Bauwe et al. 2012).

Cyanobacteria encode not only GlcDH but also a homolog

of plant GOX. This has led to the hypothesis that plant

photorespiratory GOX was derived from a cyanobacterial

gene together with other genes involved in photosynthesis

(Eisenhut et al. 2008; Hackenberg et al. 2011; Kern et al. 2013).
However, plantae are not the only eukaryotes that possess

members of the gene family (L)-2-hydroxyacid-oxidases

((L)-2-HAOXs), to which GOX and its cyanobacterial homo-

log belong. Mammals (human, mouse, and rat) possess two

genes encoding (L)-2-HAOXs, also located to peroxisomes.

Human short-chain (L)-2-HAOX (HAOX1 or GOX) is highly

expressed in liver, kidney, and pancreas (Jones et al. 2000).

Similar to plant GOX, human GOX shows the highest activity

for the oxidation of glycolate to glyoxylate, which is then used

for peroxisomal synthesis of glycine (Williams et al. 2000).
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Human GOX can also use glyoxylate, 2-hydroxyoctanoate,
and 2-hydroxydodecanoate as substrates, albeit with much
lower catalytic efficiency (Jones et al. 2000; Williams et al.
2000; Vignaud et al. 2007). The oxidation of glyoxylate to
oxalate by GOX likely contributes to the physiopathology of
hyperoxaluria type I and to the formation of gall and kidney
calcium oxalate stones (Danpure and Purdue 1995; Murray
et al. 2008). Mouse GOX exhibits similar enzymatic properties
(Kohler et al. 1999).

The second human (L)-2-HAOX protein, HAOX2 or
lHAOX, uses long-chain 2-hydroxy acids as substrates; it is
also highly expressed in liver and kidney (Jones et al. 2000).
Enzymatic activity has been shown only with the 2-hydroxy
fatty acids 2-hydroxyoctanoate and 2-hydroxydodecanoate
(Jones et al. 2000). Rat lHAOX shows activity with L-mande-
late and other nonphysiological long-chain 2-hydroxy acids
(Belmouden and Lederer 1996). In humans, lHAOX was sug-
gested to be involved in the general pathway of fatty acid
alpha-oxidation (e.g., alpha-oxidation of phytanic acid
[Verhoeven et al. 1997, 1998]). In rat, lHAOX may play a
role in the degradation of xenobiotics (Belmouden and
Lederer 1996). Similarly, the model plant Arabidopsis thaliana
encodes not only three paralogous GOX proteins but also
two putative lHAOX proteins of uncharacterized function
(Reumann et al. 2004).

Bacterial (L)-2-HAOX proteins exhibit L-lactate oxidase
(LOX) activity (Duncan et al. 1989; Dong et al. 1993; Gibello
et al. 1999; Umena et al. 2006; Gao et al. 2012). LOX is involved
in the usage of L-lactate as an energy source, and it may also
remove excess L-lactate to reduce toxic or inhibitory effects.
The (L)-2-HAOX enzymes of the cyanobacterium Nostoc sp.
and the chlorophyte Chlamydomonas reinhartii also show
high LOX activity (Hackenberg et al. 2011), although these
enzymes can also use glyoxylate, glycerate, and glycolate as
substrates with low catalytic rates. In N2 fixing cyanobacteria,
LOX may serve as an O2-scavenging enzyme to protect nitro-
genase (Hackenberg et al. 2011).

Thus, although all characterized bacterial and some chlor-
ophyte (L)-2-HAOX proteins display LOX activity, their ho-
mologs in land plants and mammals are specialized for either
GOX or lHAOX activity. Because of the endosymbiotic origin
of eukaryotes, it is likely that LOX activity represents the an-
cestral state of (L)-2-HAOX proteins. The presence of proteins
encoding putative GOX and lHAOX activities in both plants
and animals thus indicates a possible duplication and neo-
functionalization of a LOX protein into GOX and lHAOX
proteins in a common eukaryotic ancestor of animals and
plants. However, this hypothesis does not easily account for
the presence of LOX activity in some green algae, which
prompted previous speculation of an endosymbiotic origin
of plant GOX from the primary cyanobacterial endosymbiont
at the base of plantae (Eisenhut et al. 2008; Hackenberg et al.
2011; Bauwe et al. 2012; Kern et al. 2013).

Here, we examine the evolution of the (L)-2-HAOX gene
family central to plant photorespiration. We first show that
both A. thaliana lHAOX indeed have substrate specificities
comparable to those found in mammalian homologs.
Contrary to the parsimonious assumption of a duplication

and diversification of an ancestral (L)-2-HAOX in a common

ancestor of plants and animals, phylogenetic analysis shows
that duplication and diversification occurred independently

at the base of deuterostomia and at the base of vascular
plants. Although our data clearly indicates that plants did
not acquire the ancestor of photorespiratory GOX from

cyanobacteria via endosymbiosis, the homologous LOX in
chlorophyta is indeed likely a remnant from the cyanobacter-

ial endosymbiont that replaced the ancestral eukaryotic
(L)-2-HAOX in this lineage.

Results and Discussion

Similar Substrate Specificities of Plant and
Mammalian lHAOX

To analyze whether the predicted plant lHAOXdisplay similar
properties as their mammalian counterparts, lHAOX1 and

lHAOX2 of the model plant A. thaliana (At3g14130 and
At3g14150, respectively) were heterologously expressed in
Escherichia coli and purified to homogeneity (fig. 1). The iso-

lated recombinant proteins have expected molecular masses
of approximately 43 kDa (lHAOX1: 39.9 kDa; lHAOX2:

40.1 kDa; plus an ~3 kDa fragment encoded by the expression
vector; fig. 1A).

A substrate screening indicated that both recombinant
proteins have broad substrate specificities (fig. 1B). lHAOX1
displays the highest activity with the long-chain fatty acid
2-hydroxydodecanoic acid (2-hydroxypalmitic acid;
0.27mmolmin�1mg�1) and has intermediate activity with

2-hydroxyhexanoic acid (2-hydroxycaproic acid), 2-hydro-
xyoctanoic acid (2-hydroxycaprylic acid), and the short-chain

hydroxyacid L-lactate (fig. 1B). With much lower activity, it
can also use glycolate, leucic acid, valic acid, and isoleucic acid
as substrates. The second lHAOX protein of A. thaliana,
lHAOX2, exhibits the highest activity with leucic acid
(0.51mmolmin�1mg�1); it shows intermediate activity with

2-hydroxyhexanoic acid and 2-hydroxyoctanoic acid. lHAOX2
displays lower activity with 2-hydroxydodecanoic acid, valic
acid, and isoleucic acid and extremely low activity with gly-

colate and L-lactate. Neither lHAOX1 nor lHAOX2 use
2-hydroxyhexadecanoic acid or D-lactate as substrates

(fig. 1B).
Similar to A. thaliana lHAOX1, mammalian lHAOX were

previously shown to mainly use the long-chain 2-hydroxy
fatty acids 2-hydroxyoctanoate and 2-hydroxydodecanoate

(Jones et al. 2000). As already suggested for human lHAOX,
plant lHAOX1 may be involved in a general medium- and
long-chain fatty acid catabolic pathway such as alpha-oxida-

tion (Hutton and Stumpf 1971; Verhoeven et al. 1997, 1998).
The presence of a second lHAOX with different substrate

specificity in some plants indicates additional gene duplica-
tions and neofunctionalizations, with lHAOX2 possibly
assuming new metabolic roles.

GOX and lHAOX in Plants and Animals Arose from
an Ancestral Eukaryotic (L)-2-HAOX Gene

Based on the analysis of some algal, plant, and bacterial
sequences, it was previously suggested that plant
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(L)-2-HAOX genes are derived by endosymbiotic gene trans-

fer from the genome of the cyanobacterial endosymbiont

that gave rise to photosynthetic eukaryotes (Eisenhut et al.

2008; Hackenberg et al. 2011). Given that (L)-2-HAOX pro-

teins with GOX and lHAOX activity are found in both plants

and animals, it appearsmoreparsimonious topostulate an an-

cestral ortholog in the common ancestor of these eukaryotic

lineages. To test this hypothesis, we built a comprehensive

data set of (L)-2-HAOX sequences, using 12 experimentally

confirmed (L)-2-HAOX to construct a hidden Markov

model (HMM, see Materials and Methods) (Eddy 2011),

and then selecting matching sequences (at most one per

species) from RefSeq (Pruitt et al. 2012) as well as a plant-

specific database (Proost et al. 2009) (Materials and

Methods, supplementary table S1, Supplementary Material

online). On the basis of the HMM profile, we aligned

the protein sequences (supplementary fig. S1A,

Supplementary Material online) and reconstructed a gene

tree using Bayesian and maximum-likelihood (ML) methods

(supplementary fig. S2, Supplementary Material online). To

reduce the risk of long branch attraction artifacts, we re-

peated our analysis after excluding sequences that failed

Tajima’s relative rate test (Tajima 1993) (fig. 2; alignment

in supplementary fig. S1B, Supplementary Material online).

This removed all fungal sequences from our data set, indi-

cating accelerated evolution of (L)-2-HAOX proteins in

fungi. Accelerated evolution in fungi is consistent with pre-

vious work, which showed that the only functionally char-

acterized fungal gene homologous to (L)-2-HAOX encodes a
mitochondrial protein that differs substantially in molecular

function from the (L)-2-HAOX proteins analyzed in this

study (Guiard 1985).
Following terminology for unrooted trees suggested by

Wilkinson et al. (2007), we use “clan” to refer to a group of

l l

l

l

1 2 3 1 2 3

43 kDa

A

B

43 kDa

FIG. 1. Isolation and substrate screening of recombinant Arabidopsis thaliana lHAOX1 and lHAOX2. (A) Coomassie-stained sodium dodecyl sulfate

(SDS)-polyacrylamide gel electrophoresis of lHAOX1 und lHAOX2. Lane 1, 20mg of Escherichia coli crude extract expressing lHAOX1 or lHAOX2 after

IPTG induction; lane 2, wash of the Ni-NTA column; lanes 3, 3mg of purified recombinant lHAOX1 or lHAOX2. (B) Substrate specificity of lHAOX1 und

lHAOX2. lHAOX1 exhibits the highest activity with 2-hydroxydodecanoic acid (2-hydroxypalmitic acid; 0.27mmolmin�1mg�1) and has intermediate

activity with 2-hydroxyhexanoic acid (2-hydroxycaproic acid), 2-hydroxyoctanoic acid (2-hydroxycaprylic acid), and the short-chain hydroxy acid

L-lactate. lHAOX2 has the highest activity with leucic acid (0.51mmolmin�1mg�1) and has intermediate activity with 2-hydroxyhexanoic acid and

2-hydroxyoctanoic acid. Shown are mean values± SEM of the activities relative to the best substrate of at least two independent experiments.
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sequences that form a connected subtree after removal of

one branch (i.e., a clan is one side of a split and is a mono-

phyletic group in some rootings of the tree). Although we

cannot specify the exact position of the root, we assume that

a clan of bacteria (or at least one bacterium) forms an out-

group to the other sequences. We only use the term

“monophyletic group” for a clan if the correspond-

ing group of sequences is monophyletic across all such

rootings.
As expected from the broad phylogenetic distribution

of (L)-2-HAOX across eukaryotic kingdoms, we found

that eukaryotic sequences—except chlorophyta—form a
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FIG. 2. (L)-2-HAOX protein family tree based on Bayesian phylogenetic inference, including the best matching sequence from each species. Eukaryotic

(L)-2-HAOX are monophyletic with the exception of chlorophyta, which cluster with cyanobacteria and other bacterial sequences. Numbers above

branches show posterior probabilities; numbers below branches report bootstrap support from an ML analysis of the same alignment. Species names

and gene identifiers are listed in supplementary table S1, Supplementary Material online. Branches with posterior probabilities< 0.8 were deemed

unreliable and were collapsed (see supplementary fig. S3, Supplementary Material online, for the uncollapsed tree). The tree shown was calculated

excluding fast-evolving proteins; see supplementary table S1, Supplementary Material online, for the results of the relative rate tests, and supplementary

figure S2, Supplementary Material online, for the tree including all sequences. Species names and gene identifiers are listed in supplementary table S1,

Supplementary Material online.
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monophyletic group (Bayesian posterior probability PP= 1.0,

ML bootstrap support BS= 82% after exclusion of fast-

evolving sequences, fig. 2; PPall=0.99 including all sequences,

supplementary fig. S2, Supplementary Material online). In

agreement with established phylogenetic relationships, this

eukaryotic clade is further split into animals and fungi

(forming the clade of opisthokonts) and plantae sensu lato
(supplementary fig. S2, Supplementary Material online).

Known substrate specificities of (L)-2-HAOXproteins are con-

sistent with the phylogenetic grouping of chlorophyta with

cyanobacteria and other bacteria (LOX activity) and of ani-

mals with plants (GOX/lHAOX activities). We conclude that

plant, animal, and fungal (L)-2-HAOX proteins are derived

from an (L)-2-HAOX encoding gene in a common eukaryotic

ancestor.
This ancestral (L)-2-HAOX was most likely already located

to peroxisomes, as we find peroxisomal targeting signal

type 1 (PTS1) motifs (Reumann et al. 2004) in almost all

plant, animal, and fungi (L)-2-HAOX (supplementary fig. S4,

Supplementary Material online).

Convergent Evolution in Vascular Plants and
Deuterostomia

Does the diversification into GOX and lHAOX functions in

plants and animals go back to a gene duplication in a

common ancestor of these kingdoms? To examine this ques-

tion, we assembled an extended data set of genes encoding

(L)-2-HAOX proteins from eukaryotes, cyanobacteria, and

other bacteria (Materials and Methods, supplementary

table S1 and fig. S4, Supplementary Material online).

Figure 3 shows the phylogenetic tree built from the resulting

protein sequence alignment after the removal of fast-evolving

proteins (Tajima 1993), whereas supplementary figure S5,

Supplementary Material online, displays the tree including

all sequences.
We find monophyly of animal GOX and lHAOX (PP= 1.0,

BS= 89%, fig. 3; PPall=0.76 for the monophyly of animal

(L)-2-HAOX, and PPall=1.0 for the monophyly of opistho-

konts (animal + fungi) (L)-2-HAOX, supplementary fig. S5,

Supplementary Material online). We also find monophyly

of streptophyta GOX and lHAOX (PP= 1.0, BS= 99%, fig. 3;

PPall=1.0, supplementary fig. S5, Supplementary Material

online). This separation of plant and animal (L)-2-HAOX pro-

teins clearly contradicts the hypothesis of an early duplication

and diversification in the common ancestor of plants and

animals. Instead, figure 3 indicates a striking case of conver-

gent evolution, with independent duplications and conver-

gent diversifications of (L)-2-HAOX in both eukaryotic

kingdoms.
The duplication leading to animal GOX and lHAOX

occurred before the common ancestor of all vertebrates

represented in figure 3 (for the two groups of sequences

that cluster with human GOX and lHAOX, respectively:

PP= 1.0, BS= 100%, and PPall=1.0). The two basal deuteros-

tomia included in our study (Branchiostoma floridae and

Saccoglossus kowalevskii) each also contain more than one

(L)-2-HAOX sequence, forming two clusters, one of which is

monophyletic with the group containing vertebrate lHAOX

(PP= 0.97, BS= 64%, PPall=0.99). In contrast, all more basal

animals (Srivastava et al. 2010) in figure 3 possess only one

(L)-2-HAOX gene (the sponge Amphimedon queenslandica,

the cnidarian Hydra magnipapillata, and the fly Drosophila

melanogaster). Furthermore, all fungal species in supplemen-

tary figure S5, Supplementary material online, encode only

one (L)-2-HAOX protein. This indicates that the gene dupli-

cation leading to the subfamilies containing human GOX and

lHAOX, respectively, occurred early in the history of deuter-

ostomia. That the duplication occurred after the divergence

of deuterostomia from the common ancestor with D. mela-

nogaster is supported by the observation that all arthropod

species in RefSeq contain at most one (L)-2-HAOX protein

that matches our selection criteria (data not shown).
The corresponding gene duplication in plants occurred

before the diversification of higher plants (spermatophyta),

indicated by two monophyletic groups of spermatophyta

containing A. thalianaGOX and lHAOX proteins, respectively

(A. thaliana GOX clade: PP= 1.0, BS= 78%, PPall=1.0; A. thali-

ana lHAOX clade: PP= 1.0, BS= 100%, PPall=1.0; fig. 3

and supplementary fig. S5, Supplementary Material online).

The spikemoss Selaginella moellendorffii encodes three

(L)-2-HAOX proteins, two of which cluster basal to the

group containing A. thaliana lHAOX (PP= 1.0, BS= 93%,

PPall=1.0). In contrast, all more basal plantae in figure 3 pos-

sess only one (L)-2-HAOX gene or paralogous gene cluster (the

glaucophyte Cyanophora paradoxa, the rhodophyta Galdieria

sulphuraria and Cyanidioschyzon merolae, the charophyte

Nitella hyaline, and the moss Physcomitrella patens). This in-

dicates that the gene duplication leading to the two subfa-

milies containing A. thalianaGOX and lHAOX likely occurred

early in the history of tracheophyta.

Chlorophyta Replaced Eukaryotic GOX/lHAOX with
Cyanobacterial LOX

The relative position of (L)-2-HAOXs in plantae is largely

consistent with the accepted phylogeny (Martin et al.

1998), with glaucophyta and rhodophyta (red algae) basal

to charophyta, mosses, and vascular plants (figs. 2 and 3).

Surprisingly, the chlorophyta (L)-2-HAOX are not a sister

group to charophyta sequences; instead, they form a well-

supported clan together with bacterial sequences to the

exclusion of all other plantae (fig. 2: PP= 1.0, BS= 82%,

PPall=0.99; fig. 3: PP= 1.0, BS= 73%, PPall=1.0).
The grouping of (L)-2-HAOX sequences from chlorophyta

and bacteria is consistent with the shared LOX activity of

these evolutionarily distant clades (Hackenberg et al. 2011).

This pattern is unlikely to be an artifact of convergent evolu-

tion (or shared conservation) of the substrate specificity, as

chlorophyta and cyanobacteria form a clan also in a tree

based on an alignment that excludes regions involved

in the substrate specificity (i.e., the 11 alignment positions

identified as directly involved in substrate binding, plus all

positions within 6 Å in the protein structure; supplementary

table S2, Supplementary Material online).
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FIG. 3. Extended (L)-2-HAOX protein family tree based on Bayesian phylogenetic inference, together with measured and predicted substrate specifi-

cities. Diversification into GOX and lHAOX subfamilies occurred prior to the divergence of deuterostomia and independently prior to the divergence of

vascular plants. Chlorophyta form a clan together with cyanobacterial and other bacterial LOX, to the exclusion of all other eukaryotic sequences.

Numbers above branches show posterior probabilities; numbers below branches report bootstrap support from an ML analysis of the same alignment.
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Instead, differential gene loss in the chlorophyta versus the

glaucophyta, rhodophyta, and charophyta lineages appears to

be the most parsimonious explanation for this grouping

(fig. 4). The origin of algae and plants can be traced back to

the endosymbiosis of a cyanobacterium in a eukaryotic host,

with the cyanobacterium later evolving into plastids

(Dagan et al. 2013). It is thus noteworthy that the trees in

figures 2 and 3 indicate cyanobacteria as the bacterial clade

that forms the closest clan with chlorophyta. We thus hy-

pothesize that the LOX in chlorophyta was originally encoded

on the endosymbiotic plastid genome and was later trans-

ferred to the host genome, a process termed endosymbiotic

gene transfer (Martin et al. 1998). According to our differential

gene loss hypothesis, this LOX was retained in the chloro-

phyta, whereas it was lost independently in glaucophyta, rho-

dophyta, and charophyta (fig. 4). Conversely, chlorophyta lost

the ancestral eukaryotic (L)-2-HAOX gene (fig. 4). Such differ-

ential gene loss is frequently found among genes “duplicated”

through endosymbiosis (Martin et al. 1998). However, hori-

zontal gene transfer between free-living bacteria and algae has

been observed (Schönknecht et al. 2013), and we thus cannot

rule out a bacterial origin of LOX in chlorophyta independent

from the acquisition of plastids.
The activity of a GOX protein is essential for photorespi-

ration in all algal and plant lineages except chlorophyta,

which, as cyanobacteria, use GlcDH for this biological function

(Nelson and Tolbert 1970; Beezley et al. 1976; Nakamura et al.

2005; Stabenau and Winkler 2005; Eisenhut et al. 2008). The

mitochondrial glycolate pathway (using GlcDH) is energeti-

cally favorable, as it produces ATP, but it also has a low

capacity and thus glycolate is excreted under conditions

that favor high rates of glycolate synthesis (Stabenau and

Winkler 2005). Because of the presence of a carbon concen-

trating mechanism, cyanobacteria and chlorophyta have

lower rates of photorespiratory glycolate synthesis

(Giordano et al. 2005; Stabenau and Winkler 2005; Huege

et al. 2011). Plants, as well as algae other than chlorophyta,

cope with large rates of glycolate synthesis by the use of GOX,

as this enzyme has a higher catalytic activity than GlcDH

(Stabenau and Säftel 1982; Macheroux et al. 1992); the high

turnover rate of GOXmay have been crucial for the evolution

of land plants, as these had to grow in the presence of sub-

stantial atmospheric oxygen concentrations.
Chlorophycean LOX has similar kinetic properties as

cyanobacterial LOX (Hackenberg et al. 2011). In cyanobac-

teria, LOX may serve as an O2-scavenging enzyme, protecting

nitrogenase (Hackenberg et al. 2011). In chlorophyta, LOX is

likely located to peroxisomes, as the proteins possess PTS1

motifs (Reumann et al. 2004). The cellular function of the

chlorophycean LOX is not known; however, the presence

of this enzymatic activity indicates L-lactate metabolism in
chlorophycean peroxisomes.

Substrate Specificity of Plant and Animal GOX Is
Mediated by Similar Amino Acids

Given that animal and plant (L)-2-HAOX gene families

independently diversified into GOX and lHAOX subfamilies,
it is interesting to examine whether similar substrate specifi-

cities were achieved through the same amino acid replace-

ments. To identify residues crucial for substrate binding,
homology models were generated using the crystal structure

of spinach GOX1 as a template, superimposed on the struc-

ture of human GOX1 complexed with glyoxylate (pdb-code

2RDU). We identified 11 amino acids directly involved in
substrate binding: Y24, W108, Y129, R164, F172, L199, A203,

A204, K230, R254, and R257 (fig. 5; residue numbers corre-

spond to theA. thalianaGOX1 sequence).We used a support

vector machine (SVM) to predict substrate specificities of all
(L)-2-HAOX sequences in figure 3, assuming that amino acids

within a radius of 6 Å around the 11 identified positions are

likely to contribute to substrate interactions (Röttig et al.

2010). As a training set for the SVM active site classification,
we used 14 sequences with experimentally determined sub-

strate specificities (fig. 3; for details, see Materials and

Methods).
The resulting predictions are shown in figure 3. LOX

activity is predicted in all cyanobacteria and chlorophyta

except Micromonas. If the tree is rooted at a bacterial clan

(or single bacterial sequence), then the predicted lHAOX
activities in deuterostomia and vascular plants correspond

to monophyletic groups. (L)-2-HAOX proteins in glauco-

phyta, rhodophyta, charophyta, and moss are predicted to

exhibit GOX activity, consistent with the involvement of GOX
in photorespiration. (L)-2-HAOX proteins of the most basal

animals (Amphimedon and Hydra) are also predicted to have
GOX activities (fig. 3). Thus, all analyzed (L)-2-HAOX proteins

found in animal outgroups of deuterostomia (except
Drosophila) and plantae outgroups of vascular plants are pre-
dicted to exhibit GOX activity. If we assume that all substrate

changes were equally likely, then this distribution of predicted

activities suggests that the ancestral eukaryotic (L)-2-HAOX
already used glycolate as its main substrate (fig. 4). This sce-

nario requires at least four changes in substrate specificity in

the evolution of the (L)-2-HAOX gene family: in the ancestral

FIG. 3. Continued

The tree was estimated excluding fast-evolving sequences (see supplementary table S1, Supplementary Material online), among them human lHAOX

together with close mammalian homologs and A. thaliana lHAOX2. Gray branches indicate the position of these lHAOX proteins according to the full

analysis (supplementary fig. S5, Supplementary Material online). The two columns to the right of sequence names show the amino acids in the

alignment position corresponding to A. thaliana GOX1 residues V108 and W203. The colors in the bar to the right indicate predicted main activity of

the (L)-2-HAOX proteins (LOX, GOX, and lHAOX); symbols to the right of the colored bar indicate the sequences used for building the HMM model

(black + red dots) and for training the SVM (black dots). Branches with posterior probabilities <80% were deemed unreliable and were collapsed

(see supplementary fig. S6, Supplementary Material online, for the uncollapsed tree). Species names and gene identifiers are listed in supplementary

table S1, Supplementary Material online.
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eukaryote to GOX (as it is likely that the bacterial ancestor of

eukaryotes encoded a LOX), later to lHAOX in both ancestral

deuterostomia and vascular plants, plus a reversion to LOX in

an ancestor of Drosophila. If we postulated a function other

than GOX activity in the ancestral eukaryote, additional sub-

strate specificity changes would be required to explain the

distribution of activities in figure 3, making alternative

scenarios less parsimonious.
Analysis of the alignment positions across all proteins of

our extended data set indicates only four amino acid posi-

tions that allow a limited discrimination of (L)-2-HAOX with

different predicted substrate specificities (fig. 5 and supple-

mentary fig. S4, Supplementary Material online). Amino acid

position 27 (numbered according to the A. thaliana GOX1

sequence) is generally glycine or alanine in lHAOX sequences,

whereas the GOX sequences contain mostly serine, and LOX

sequences contain serine, threonine, or glycine at this posi-

tion. In most cases, amino acid position 78 is methionine in

LOX sequences, whereas lHAOX sequences contain threo-

nine, and GOX sequences contain threonine or serine.

Amino acid position 83 is methionine in GOX sequences,

whereas LOX sequences contain leucine, and lHAOX se-

quences contain leucine or isoleucine. Finally, amino acid po-

sition 203 shows a near-perfect correlation with predicted

substrate specificities, with the exception of animal lHAOX

sequences. All LOX sequences except Micromonas contain

phenylalanine at this position. Almost all GOX proteins con-

tain valine; it is interesting to note that exceptions occur only

in cases where the same species also encodes another pre-

dicted GOX that contains the consensus valine at this posi-

tion (Amphimedon, Galdieria, and Zea). Plant lHAOX

sequences present alanine in all eudicots and serine in all

monocots. In contrast, animal lHAOX sequences do not pre-

sent a specific amino acid at this position (fig. 3).
Amino acid positions 108 and 203 were previously

identified as important for substrate preference based on

site-directed mutagenesis (Stenberg et al. 1995; Hackenberg

et al. 2011). Figure 3 lists the amino acid at the corresponding

alignment position for all proteins in our data set. However,

amino acid position 108 (fig. 3), as well as all other amino acid

positions identified by the SVM (supplementary fig. S7,

Supplementary Material online), shows less clear patterns

than position 203 when examined in the extended data set.

Thus, although the identity of a few amino acids is routinely

used to predict the substrate specificities of (L)-2-HAOX

sequences (Reumann et al. 2004; Hackenberg et al. 2011),

our analysis clearly indicates that this method is not generally

reliable. Moreover, although the amino acid at position 203

contains enough information to predict most substrate spe-

cificities of evolved (L)-2-HAOX sequences, a single amino

acid changemay not be sufficient to confer different substrate

specificities. The SVM identified 56 amino acid positions that

could distinguish between at least two of the three substrates

with an accuracy of more than 80% and 20 positions reaching

an accuracy of more than 90%. It is thus likely that substrate

specificity is conferred by the interaction of tens of amino

acids distributed along the sequence of this gene family.

Conclusions

Chlorophyta are the only sequenced species of plantae that

appear to have inherited an (L)-2-HAOX (LOX) enzyme from

cyanobacteria. All other eukaryotic (L)-2-HAOX sequences

FIG. 4. Hypothesis for the evolution of the (L)-2-HAOX gene family. The common eukaryotic ancestor may have already possessed GOX activity. An

additional LOX sequence was acquired by the common ancestor of plants and algae from the cyanobacterial endosymbiont. Although most algal

lineages (glaucophyta, rhodophyta, and charophyta) independently lost the cyanobacterial LOX, chlorophyta replaced eukaryotic GOX with cyano-

bacterial LOX. Duplication and diversification of an ancestral GOX occurred independently in ancestral deuterostomia and vascular plants (tracheo-

phyta), giving rise to two lHAOX subfamilies.
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can be traced back to a single enzyme present in the last

common eukaryotic ancestor. What substrate specificity did

this ancestral enzyme have? Given that all (L)-HAOX from
animalia and streptophyta in our data set except Drosophila
have either predicted GOX or lHAOX activity and that the

(L)-2-HAOX proteins from species basal to deuterostomia

and insects (sponge, Hydra) and basal to tracheophyta

(glaucophyta, rhodophyta, charophyta) have predicted

GOX activities, it is most parsimonious to hypothesize that
the common eukaryotic ancestor already used glycolate as its

main substrate (figs. 3 and 4). We thus conclude that eukary-

otic (L)-2-HAOXs—with the exception of chlorophycean

LOX—are likely derived from an ancestral GOX.
It is noteworthy that the duplication of GOX and neofunc-

tionalization into the lHAOX subfamily occurred indepen-

dently in the two eukaryotic clades that contain the
morphologically and physiologically most complex species:

deuterostomia and tracheophyta (higher plants). We have

shown that A. thaliana lHAOX1—similar to animal

lHAOX—preferentially oxidizes long-chain 2-HA, although

A. thaliana lHAOX2 preferentially oxidizes medium-chain

2-HA. It is thus likely that lHAOX in both plant and animal
lineages is involved in the conversion or degradation of

2-hydroxy acids produced during the metabolism of fatty

acids or amino acids.
Although plants synthesize the corresponding substrates

themselves, it is conceivable that animals use lHAOX to de-
grade long- andmedium-chain 2-hydroxy acids ingested from

plants or from intermediate members of the food chain

(Verhoeven et al. 1998). Involvement of animal lHAOX in

the degradation of food components or xenobiotic com-

pounds would also be consistent with the localization of

lHAOX in liver and kidney (Belmouden and Lederer 1996;

Jones et al. 2000). Alternatively, the independent evolution

of lHAOX activity in the peroxisomes of plants and animals

may indicate a requirement for additional metabolic path-
ways in complex multicellular organisms, for example, the

oxidative degradation of medium- and long-chain fatty

acids and amino acids.
Previous speculations suggested that plants convert

photorespiratory glycolate with the aid of a GOX derived

from a cyanobacterial LOX, acquired through the primary

endosymbiosis at the origin of plantae (Hackenberg et al.

2011; Kern et al. 2013). Moreover, it was suggested that
plant GOX with its high reactivity toward glycolate evolved

only when land plants appeared (Bauwe et al. 2012). However,

FIG. 5. Homologymodel of Arabidopsis thalianaGOX1 based on the crystal structure of spinach GOX (PDB code 1GOX). Themodel is shown in surface

representation facing the active site with bound glyoxylate and the FMN cofactor. Conformations and arrangement of substrates at the active sites were

derived from superposition with human GOX (PDB code 2RDU). Residues in close proximity of active site that are potentially involved in substrate

binding are shown in yellow. Amino acids highlighted in red discriminate (L)-2-HAOX with different predicted substrate specificities; the corresponding

amino acids are listed in the associated table. (A) Surface representation showing solvent-accessible residues involved in substrate binding (yellow) and

substrate specificity (red). (B) Transparent surface representation showing side chain orientation and residue number of the amino acids that are

potentially involved in substrate binding (yellow) and in substrate specificity (red). (C) Table showing the amino acids that allow a limited discrimination

of (L)-2-HAOX with different predicted substrate specificities.
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the ancestral eukaryotic (L)-2-HAOX was most likely a GOX,

that is, already had a high specificity for glycolate.
Furthermore, it was most likely already located to peroxi-

somes; indeed, GOX activity is expected to coincide with
peroxisomal localization, as GOX produces H2O2, which is

detoxified in this organelle. Recruitment of the ancestral eu-
karyotic GOX by the ancestors of archaeplastida would have

been evolutionarily much faster than the change of both

substrate specificity and localization required for the recruit-
ment of the cyanobacterial LOX. This is indeed what we find:

the GOX of plantae is an ancient peroxisomal eukaryotic
enzyme recruited into photorespiration.

Materials and Methods

Generation of Vectors for the Heterologous
Expression of A. thaliana lHAOX1 and lHAOX2

To obtain lHAOX1 and lHAOX2 full-length coding sequences,
total RNA was isolated from 100mg siliques and leaf,
respectively, and converted into first strand cDNA using

Pfu-Polymerase (Thermo Scientific, Fermentas). Because
lHAOX1 and lHAOX2 are highly homologous, two polymer-

ase chain reaction (PCR) steps were conducted. The first PCR
was performed using 50-UTR-primers in combination with

the 30-cloning primers, followed by a second PCR specific
for the coding sequences. The primers used were as follows:

1) lHAOX1, H1-50-UTR-fw (50-TCTCCGACAGGACCGACTCT
GTT-30) and H1-rv (50-GGATCCTCAGAGCATAGATTTAATT

C-30) for the first PCR, and H1-fw (50-GGATCCGGATCAAATC
GTTAACGTGG-30) and H1-rv for the second PCR; 2) lHAOX2,
H2-50-UTR-fw (50-GCCTGACATTCTTGGTTCTGCTTCTGG-
30) and H2-rv (50-GGATCCTCAGAGCATAGAGTGAAGTC-

30) for the first PCR, and H2-fw (50-GGATCCGGATCAAATC
GTTAATGTGG-30) and H2-rv for the second PCR. The final

PCR products were cloned into pCR-Blunt II-TOPO (Invi-
trogen, Carlsbad, CA). The inserts were cut out with BamHI

and ligated into a BamHI linearized pET-16 b vector
(Novagen, Merck KGaA, Darmstadt), which yielded fusion

proteins with an N-terminal His-tag.

Expression and Purification of Recombinant Proteins

The expression vectors, pET-16b-lHAOX1 and pET-16b-

lHAOX2, were transformed into E. coli BLR DE3 pLysS strain
(Novagen). The transformed cells were grown overnight in LB

medium at 37 �C and agitation at 220 rpm in the presence
of 50mg/ml carbenicillin, 75mg/ml chloramphenicol, and

5mg/ml tetracycline. Expression cultures were inoculated
with the overnight grown cultures in a 1:50 relationship

and grown at 37 �C until the culture reached an absorbance
at 600 nm of 0.6. Protein expression was induced by the ad-

dition of 0.1mM isopropyl b-D-thiogalactopyranoside. In the
case of lHAOX1, the culture was transferred to room temper-

ature and grown for 20 h before harvesting. In the case of
lHAOX2, the culture was grown at 37 �C for 2–3 h before

harvesting. Cells were harvested by centrifugation at
4,000 rpm for 15min at 4 �C. Cells were resuspended in

20mM Tris-HCl (pH 8.0) containing 0.5mg/ml phenyl-
methylsulfonyl fluoride, sonicated, and centrifuged at

10,000 rpm for 15min at 4 �C to remove debris. The proteins

were further purified from the supernatant, using immobi-
lized metal ion chromatography on Ni2+ -nitrilotriacetic acid-
agarose (Ni2+ -NTA, Qiagen). The Ni2+ -NTA column was
equilibrated and washed with buffer A (consisting of

20mM Tris-HCl (pH 8.0), 500mM NaCl, and 1mM DTT)
containing 40mM imidazole. After two further washing
steps with buffer A containing 80 and 100mM imidazole,
respectively, the proteins were eluted using buffer A contain-
ing 300mM imidazole. The eluted proteins were desalted

using a NAP5 Sephadex G-25 DNA Grade column
(Amersham Pharmacia Biotech AB, Uppsala, Sweden)
eluted with 20mM Tris-HCl pH 8.0 and 1mM DTT.

Polyacrylamide Gel Electrophoresis and Protein
Determination

Protein concentration was determined according to the
method of Bradford (Bradford 1976), using bovine serum

albumin as standard. Denaturing sodium dodecyl sulfate-
polyacrylamide gel electrophoresis was performed using
12.5% (w/v) polyacrylamide gels according to Laemmli
(Laemmli 1970). Proteins were visualized with Coomassie

Blue.

Enzymatic Activities and Substrate Screening

Enzymatic activities of A. thaliana IHAOX1 and IHAOX2 were
assayed spectrophotometrically using 100mM Tris-HCl
(pH 7.5) and 50mM K2HPO4 (pH 6.5), respectively. The re-
action mixtures also contained 0.5mM ethylenediaminetet-
raacetic acid, 0.05mM flavin mononucleotide (FMN), 5mM
MgCl2, 4mM phenylhydrazine, and 2.5–5.2mg HAOX1 or

3.5–3.6mg HAOX2 in a final volume of 0.2ml. The substrates
tested were glycolate, D- and L-lactate, leucic acid, valic acid,
and isoleucic acid (dissolved in water) at a concentration of
5mM, and 2-hydroxyhexanoic acid, 2-hydroxyoctanoic acid,

2-hydroxydodecanoic acid, and 2-hydroxyhexadecanoic acid
(dissolved in ethanol) at a concentration of 0.5mM. The ac-
tivities were determined at 25 �C bymonitoring the change in
absorption at 324 nm due to the production of a phenylhy-
drazone. The extinction coefficient of glyoxylate-phenylhy-

drazone ("=17 cm�1mM�1) was used for all tested
substrates. A baseline was determined by monitoring the ab-
sorption of the reaction mix for 3.5 min before adding the
substrate. Activities were determined with at least two differ-

ent enzyme batches, each containing at least triplicate deter-
minations. The highest activity of each enzyme was set at
100%, and the other activities were calculated relative to
this value.

Collection of (L)-2-HAOX Sequences

To assemble a representative data set of (L)-2-HAOX se-
quences, we first obtained the sequences of 12 (L)-2-HAOX
proteins with experimentally verified substrate specificities

(marked by asterisks in fig. 3): Nostoc sp. (Hackenberg et al.
2011) and C. reinhartii (Hackenberg et al. 2011) LOX; human
GOX and lHAOX (Jones et al. 2000); mouse GOX (Kohler et al.
1999); rat lHAOX (Belmouden and Lederer 1996); A. thaliana

1098

Esser et al. . doi:10.1093/molbev/msu041 MBE
D

o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
b
e
/a

rtic
le

/3
1
/5

/1
0
8
9
/9

9
3
2
5
0
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2

i.e
.
s
'
'
(i
'
(i
i
'
, USA
,
-
 (SDS)
PAGE
EDTA
-
-
=
-
-
utes
dataset
hlamydomonas


GOX2 (Hackenberg et al. 2011); A. thaliana lHAOX1 and

lHAOX2 (this work); Oryza sativa GOX (GLO1 and GLO3)

(Zhang et al. 2012); and Zea mays GOX (Zelitch et al. 2009).

To expand the bacterial training set, we additionally included

two sequences from the Nostoc–Anabaena clade closely re-

lated to Nostoc sp. From these 14 (L)-2-HAOX protein se-

quences, we constructed an HMM) using the program

HMMbuild from the HMMER3 package (Eddy 2011).
We restricted a database of 18 plants (PLAZA 2.5) (Proost

et al. 2009) to those sequences with at least 45% amino acid

identity to A. thalianaGOX1 in a Needleman–Wunsch global

alignment and with a length that deviated less than 20% from

A. thaliana GOX1. We then used the HMM model in con-

junction with the program HMMsearch from the HMMER3

package to select sequences from this data set that matched

the model with e value< 10�130, retaining the best matching

sequence from each species. Because not all sequences known

from the literature were found in this database, we replaced

sequences for some species by homologs from other data-

bases. Additionally, we searched for the best homologous

sequences in selected completely sequenced algae, animals,

fungi, cyanobacteria, and other bacteria obtained from RefSeq

(Pruitt et al. 2012) (supplementary table S1, Supplementary

Material online). For the charophyte N. hyaline, we identified
the best matching homologous sequence in the National

Center for Biotechnology Information (NCBI) expressed se-

quence tag (EST) Database using TBlastN (Altschul et al.

1997). We only retained sequences that showed a Blast

query coverage more than 70% of the alignment. From this

data set, we again selected those sequences that matched the

HMMprofile with an e value< 10�130, retaining only the best

matching sequence from each species. Previous work de-

scribed three human (L)-2-HAOX sequences (Jones et al.

2000). However, the gene designated HAOX3 in Jones et al.

(2000) is 96% identical to mouse lHAOX2 (Refseq ID

NP_062418.3) and has been marked as a potential contami-

nation in the NCBI EST database; we thus excluded this se-

quence from further analysis. No sequences from archaea or

fungi matched the HMM profile below our cutoff. To still

include fungi in our analyses, we additionally selected the

five best-scoring fungal sequences above the cutoff. The re-

sulting data set consisted of 65 sequences from different bac-

terial and eukaryotic species (supplementary table S1,

Supplementary Material online).
We created a second, expanded data set using the same

pipeline as described earlier but now including all sequences

from each species that passed our filters. If two identical

amino acid sequences were found in the same species, one

of them was disregarded. This resulted in a second data set of

137 (L)-2-HAOX sequences.

Phylogenetic Analyses

For the two sets of 65 and 137 (L)-2-HAOXprotein sequences,

we constructed multiple sequence alignments using the

above HMM profile with HMMalign from the HMMER3

package (Eddy 2011) (supplementary figs. S1 and S3,

Supplementary Material online).

According to the Akaike information criterion in Prottest3

(Darriba et al. 2011), for both data sets, the most appropriate

evolutionary model implemented in MrBayes (Ronquist and

Huelsenbeck 2003) is WAG+ I+G (i.e., the substitution

matrix from Whelan and Goldman [2001], a proportion of

invariant sites, and a gammamodel of rate heterogeneity); the

most appropriate model implemented in RAxML (Stamatakis

2006) is LG+ I+G (i.e., the substitution matrix from [Le and

Gascuel 2008], a proportion of invariant sites, and a gamma

model of rate heterogeneity).
We reconstructed trees using the Bayesian approach

implemented in MrBayes (Ronquist and Huelsenbeck 2003),

running 1,000,000 generations for each data set, and disre-

garding the first 25% of samples as burn-in (figs. 2 and 3, and

supplementary figs. S2, S3, S5, and S6, SupplementaryMaterial

online). Convergence was assessed by inspection of the like-

lihoods and by comparison of likelihoods and tree topologies

between independent runs. Additionally, we reconstructed

ML trees with 1,000 bootstrap replicates using RAxML

(Stamatakis 2006) and added bootstrap support values to

the trees shown in figures 2 and 3.
Supplementary figures S2 and S5, Supplementary Material

online, include all 65 and 137 sequences, respectively. To

reduce the risk of long branch attraction artifacts, figures 2

and 3 of the main text exclude sequences with significantly

accelerated evolution (P< 0.05) according to Tajima’s relative

rate test (Tajima 1993), using a bacterial sequence

(Pedosphaera parvula) as the outgroup and contrasting sub-

stitutions with A. thaliana GOX1 (supplementary table S1,

Supplementary Material online). In total, six sequences were

excluded from figure 2, and 16 sequences were excluded from

figure 3 based on this criterion (supplementary table S1,

Supplementary Material online). In particular, all fungal se-

quences are fast evolving and are thus included only in sup-

plementary figures S2 and S5, Supplementary Material online.

Mammalian lHAOX sequences, as well asA. thaliana lHAOX2,
also failed the relative rate test; their position according to the

full analysis (supplementary figure S5, Supplementary

Material online) is indicated in figure 3.

Prediction of Substrate Specificities

Homology models of all A. thaliana (L)-2-HAOX proteins

were generated by comparative modeling using MODELLER

software version 9v9 (Sali et al. 1995) with default parameters.

Based on sequence similarity and structural considerations,

the crystal structure of spinach GOX (pdb-code 1GOX) was

used as a template. Constructed models were ranked on the

basis of an internal scoring function, and those with the least

internal scores were superimposed in PyMOL (DeLano 2002)

on the structure of human GOX1 complexed with glyoxylate

(pdb-code 2RDU) to identify residues potentially involved in

substrate binding.
We used the active site classification server (Röttig et al.

2010) to predict the most probable substrates of the proteins

in our data set. We trained the SVM at the webserver

using the 12 sequences employed for building the HMM pro-

file for which substrate specificities had been determined
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experimentally (fig. 3), plus two additional bacterial proteins

from Pseudomonas stutzeri (Gao et al. 2012) and E. coli (Dong
et al. 1993), which were tested experimentally but did not

pass our stringent filters for the inclusion in the phylogenetic

analyses.
We further provided the SVM with the 3D structure of

human GOX1 (pdb-code 2RDU), as well as the 11 amino acid

positions potentially involved in substrate binding that we

identified above. The SVM algorithm then examined all

amino acids at positions within a radius of 6 Å around each

of these residues. The predictions using theMuscle alignment

option of the active site classification server are shown in

figure 3. Precision and recall are 0.80 and 1.00 for HAOX;

1.00 and 0.25 for LOX; and 0.75 and 1.00 for GOX. Details

of the predictions are listed in supplementary figure S7 and

table S2, Supplementary Material online.

Supplementary Material

Supplementary tables S1, S2, and figures S1–S7 are available at

Molecular Biology and Evolution online (http://www.mbe.

oxfordjournals.org/).
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