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ABSTRACT The Haloarcula species H. marismortui and H. hispanica were found to
grow on p-ribose, b-xylose, and L-arabinose. Here, we report the discovery of a novel promis-
cuous oxidative pathway of pentose degradation based on genome analysis, identification
and characterization of enzymes, transcriptional analysis, and growth experiments with
knockout mutants. Together, the data indicate that in Haloarcula spp., p-ribose, b-xylose, and
L-arabinose were degraded to a-ketoglutarate involving the following enzymes: (i) a promis-
cuous pentose dehydrogenase that catalyzed the oxidation of p-ribose, b-xylose, and L-arabi-
nose; (i) a promiscuous pentonolactonase that was involved in the hydrolysis of ribonolac-
tone, xylonolactone, and arabinolactone; (i) a highly specific dehydratase, ribonate
dehydratase, which catalyzed the dehydration of ribonate, and a second enzyme, a promis-
cuous xylonate/gluconate dehydratase, which was involved in the conversion of xylonate,
arabinonate, and gluconate. Phylogenetic analysis indicated that the highly specific ribonate
dehydratase constitutes a novel sugar acid dehydratase family within the enolase superfam-
ily; and (iv) finally, 2-keto-3-deoxypentanonate dehydratase and a-ketoglutarate semialde-
hyde dehydrogenase catalyzed the conversion of 2-keto-3-deoxypentanonate to «-
ketoglutarate via a-ketoglutarate semialdehyde. We conclude that the expanded substrate
specificities of the pentose dehydrogenase and pentonolactonase toward p-ribose and ribo-
nolactone, respectively, and the presence of a highly specific ribonate dehydratase are pre-
requisites of the oxidative degradation of p-ribose in Haloarcula spp. This is the first charac-
terization of an oxidative degradation pathway of p-ribose to a-ketoglutarate in archaea.

IMPORTANCE The utilization and degradation of p-ribose in archaea, the third do-
main of life, have not been analyzed so far. We show that Haloarcula species utilize
p-ribose, which is degraded to a-ketoglutarate via a novel oxidative pathway. Evi-
dence is presented that the oxidative degradation of p-ribose involves novel promis-
cuous enzymes, pentose dehydrogenase and pentonolactonase, and a novel sugar
acid dehydratase highly specific for ribonate. This is the first report of an oxidative
degradation pathway of p-ribose in archaea, which differs from the canonical non-
oxidative pathway of p-ribose degradation reported for most bacteria. The data con-
tribute to our understanding of the unusual sugar degradation pathways and en-
zymes in archaea.

KEYWORDS Haloarcula marismortui, p-ribose, p-xylose, L-arabinose, archaea,
oxidative pentose degradation, ribonate dehydratase, UlaG protein family

he pentoses p-ribose, b-xylose, L-arabinose are abundant sugars in nature. p-Ribose

is part of ribonucleotides and various cofactors, and p-xylose and L-arabinose are
major components of hemicellulose plant material. The degradation pathways of these
pentoses are well studied in bacteria. Typically, o-ribose is degraded to the pentose
phosphate cycle intermediate xylulose-5-phosphate by bp-ribokinase, b-ribose-5-
phosphate isomerase, and ribulose-5-phosphate epimerase; this pathway is well char-
acterized, e.g., for Escherichia coli (1, 2). Also, p-xylose and L-arabinose are degraded to
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FIG 1 Proposed pathway of b-xylose and L-arabinose degradation in Haloferax volcanii. .-KDA, L-2-keto-
3-deoxyarabinonate; a-KGSA, a-ketoglutarate semialdehyde; p-KDX, p-2-keto-3-deoxyxylonate; XDH,
p-xylose dehydrogenase; L-AraDH, L-arabinose dehydrogenase; XAD, xylonate dehydratase; KDXD, KDX
dehydratase; a-KGSADH, a-KGSA dehydrogenase.

xylulose-5-phosphate in most bacteria involving different isomerases, epimerases, and
kinases (3). In a few bacteria, e.g., Azospirillum brasilense, Caulobacter crescentus, and
Pseudomonas species, pentoses are metabolized via an alternative oxidative pathway to
a-ketoglutarate (4-7).

In the domain of archaea, pentose degradation was first studied in the haloarchaeon
Haloarcula marismortui growing on p-xylose. In this archaeon, enzymes of the classical
degradation pathway of most bacteria are absent; instead, it was shown that the initial step
of b-xylose degradation involves an inducible xylose dehydrogenase, suggesting an oxida-
tive degradation pathway similar to the pentose degradation route in a few bacteria (8).
Subsequently, the complete oxidative pathway of pentose degradation has been described
in detail in Haloferax volcanii and in Sulfolobus species. In Sulfolobus solfataricus and
Sulfolobus acidocaldarius, the pentoses p-arabinose, p-xylose, and L-arabinose are oxida-
tively degraded to a-ketoglutarate and/or L-malate (9-11). In H. volcanii, p-xylose and
L-arabinose are oxidatively degraded to a-ketoglutarate (Fig. 1). Accordingly, the initial
oxidation reactions of the pentoses are catalyzed by two distinct dehydrogenases (12, 13),
generating the corresponding pentonolactones that are hydrolyzed by a lactonase (14).
Further degradation of both xylonate and arabinonate proceeds via xylonate dehydratase,
2-keto-3-deoxyxylonate dehydratase, and a-ketoglutarate semialdehyde dehydrogenase
generating a-ketoglutarate (12, 13). The genes encoding the enzymes of this pathway form
a cluster and are transcriptionally activated by XacR, an IcIR protein family-like transcrip-
tional regulator of bacteria (15).

So far, the degradation of p-ribose has not been reported in the domain of archaea.
Here, we show that in contrast to H. volcanii, the Haloarcula species H. marismortui and
H. hispanica grew efficiently on p-ribose in addition to p-xylose and L-arabinose. We
report a detailed analysis of the degradation of p-ribose, p-xylose, and L-arabinose in
Haloarcula species indicating the operation of an oxidative degradation pathway.
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FIG 2 Growth of H. marismortui on p-ribose. Cells were grown at 37°C on 25 mM p-ribose in the presence

of 0.25% yeast extract and 0.5% Casamino Acids (circles), and the consumption of p-ribose (triangles) was
monitored over time. Growth without the addition of p-ribose is indicated by squares.

RESULTS AND DISCUSSION

The degradation of the pentoses p-xylose and L-arabinose in haloarchaea has been de-
scribed in detail only for Haloferax volcanii. These pentoses were oxidized to a-ketoglutarate
involving two dehydrogenases, a lactonase, and two dehydratases (12-14). p-Ribose as the
substrate was not utilized by H. volcanii (13). Here, we report that H. marismortui utilizes p-ribose
in addition to p-xylose and L-arabinose as the substrates. It is shown that these pentoses were
degraded to a-ketoglutarate via a novel pathway involving promiscuous pentose dehydroge-
nase and pentonolactonase and a novel type of sugar acid dehydratase specific for ribonate.

Haloarcula species grow on p-ribose, L-arabinose, and p-xylose. H. marismortui
was grown on medium containing 25 mM b-ribose, b-xylose, or L-arabinose up to optical
densities at 600 nm of about 4.0; during growth on p-ribose, the substrate was almost
completely consumed (Fig. 2; see also Fig. S2 in the supplemental material). Without added
sugars, cells grew on complex constituents up to an optical density of 2.5. Haloarcula
hispanica DF60 also grew on a medium containing p-ribose or p-xylose but in contrast to
H. marismortui did not show significant growth on L-arabinose (Fig. S3).

Haloarcula species contain a pentose dehydrogenase promiscuous for p-ribose,
p-xylose, and L-arabinose. Cell extracts of H. marismortui grown on p-ribose, b-xylose,
or L-arabinose contained dehydrogenase activities for p-ribose (224 mU/mg), p-xylose
(161 mU/mg), and L-arabinose (200 mU/mg), respectively. The activity levels were 2- to
9-fold higher than those of glucose-grown cells indicating the induction of dehydro-
genase activities by the three pentoses. In a previous study, p-xylose dehydrogenase
activity from H. marismortui was purified, and the encoding gene was identified as
rrAC3034 (8). To find out whether separate enzymes or a promiscuous enzyme
catalyze the dehydrogenase reactions of p-ribose and of L-arabinose, we purified the
activities and identified the encoding genes.

p-Ribose dehydrogenase was purified 260-fold to a specific activity of 62 U/mg (Fig.
S4). Based on the N-terminal amino acid sequence determined from the subunit of
enzyme, MNVDALTGGFDRRDWQE, the encoding gene was identified in the genome of
H. marismortui as rrnAC3034. This gene is identical to the gene encoding p-xylose
dehydrogenase characterized previously (8) and thus codes for a promiscuous enzyme.

L-Arabinose dehydrogenase activity was purified starting with hydrophobic interac-
tion chromatography as the first step, yielding two distinct activity peaks. Each of them was
further purified, yielding a 37-kDa protein and a 52-kDa protein on SDS-PAGE, and by
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TABLE 1 Kinetic parameters of recombinant pentose dehydrogenase from Haloarcula
marismortui

Substance Vmax (U/mg) Keae (s77) K,, (mM) Keat/K, (571 MT)
D-Xylose 83.37 * 8.46 2.50 X 102 = 253 232 = 0.26 10.77 X 10%
D-Ribose 116.95 = 2.66 3.51 X 102 = 8.0 3.89 = 0.22 9.01 X 10

L-Arabinose 114.25 = 21.62 3.42 X 102 £ 64.8 63.93 = 18.78 0.5 X 10%

matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF
MS) analysis, rrnAC0771 and rrnAC3034, respectively, were identified as the encoding
genes. Both genes were overexpressed in H. volcanii H1209. The recombinant protein
encoded by rrnAC3034 showed a high level of L-arabinose dehydrogenase activity, at
114 U/mg. These data indicate that rrnAC3034 encodes a promiscuous dehydrogenase for
the three pentoses p-xylose, p-ribose, and L-arabinose. The catalytic efficiencies with
p-ribose and p-xylose were almost identical, whereas the efficiency with L-arabinose was
20-fold lower due to a significant higher K, value for L-arabinose (Table 1). In contrast, the
recombinant protein encoded by rmAC0771, annotated as putative 3-hydroxybutyryl
coenzyme A (3-hydroxybutyryl-CoA) dehydrogenase, showed low specific activity with
L-arabinose (<0.1 U/mg at 20 mM L-arabinose), suggesting a minor role in the oxidation of
L-arabinose in H. marismortui; the physiological role of this enzyme remains to be demon-
strated.

Transcriptional analysis of rrnAC3034 was performed by Northern blotting with RNA
from H. marismortui cells grown on b-xylose, p-ribose, or L-arabinose compared to
glucose. A specific transcript signal at 1,200 nucleotides could be detected only in
pentose-grown cells but not in glucose-grown cells (Fig. 3A). The pentose-specific
signal matches the length of rrnAC3034 (1,083 nucleotides). The data indicate that
rrnAC3034 was induced transcriptionally by the three pentoses.

The gene rrnAC3034 in H. marismortui is part of a gene cluster that includes genes
encoding putative lactonase (rrnAC3033), dehydratase (rrnAC3032), and a-ketoglutarate
semialdehyde dehydrogenase (rrnAC3036). A homologous gene cluster was also identified
in Haloarcula hispanica (Fig. 3B). Since a genetic system is established to generate gene
deletion mutants for H. hispanica strain DF60 (16), we used this strain to prove the
functional involvement of putative enzymes of pentose degradation in Haloarcula species.
A deletion mutant of HAH_0291 encoding pentose dehydrogenase was generated, and
growth was analyzed on p-xylose, p-ribose, and glucose. The mutant did not grow on
p-ribose (Fig. 4), whereas growth on glucose was not affected (not shown). This indicates a
functional involvement of the dehydrogenase in p-ribose degradation. Unexpectedly, the
AHAH_0291 mutant grew on p-xylose as shown for the wild type; this might be explained
by the presence of other dehydrogenases that replace the p-xylose dehydrogenase activity
in the mutant. In accordance, p-xylose dehydrogenase activity of about 0.066 U/mg was
detected in cell extracts of the AHAH_0291 mutant.

Together, the data indicate that the pentose dehydrogenase from both Haloarcula
species is promiscuous for the utilization of the three pentoses p-xylose, p-ribose, and
L-arabinose. In contrast, H. volcanii contains two distinct dehydrogenases for the oxidation
of b-xylose and L-arabinose, both of which do not utilize b-ribose (12, 13). The promiscuous
pentose dehydrogenase from H. marismortui and specific b-xylose dehydrogenase from H.
volcanii are both members of the GFO/IDH/MocA family (Pfam02894), in which the dehy-
drogenase of Haloarcula species evolved a novel substrate specificity toward p-ribose and
L-arabinose.

Haloarcula species contain a pentonolactonase promiscuous for ribonolactone,
xylonolactone, and arabinolactone. Adjacent to each of the pentose dehydrogenase
genes (Fig. 3B) is a putative lactonase encoded by rrnAC3033 in H. marismortui and
HAH_0290 in H. hispanica. To analyze the catalytic properties of the lactonase, we ex-
pressed HAH_0290 in H. volcanii H1209, followed by purification and characterization. The
recombinant lactonase had a molecular weight of 105 kDa and was composed of subunits
with a calculated molecular mass of 32.4 kDa, indicating a homotrimeric structure of the
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transcription. (A) Northern blotting of target genes from H. marismortui was performed with RNA from cells grown on

glucose (G), p-xylose (X), p-ribose (R), and L-arabinose (A) using probes against genes of the cluster. 165 rRNA served as a
loading control. (B) Genes involved in pentose degradation encode putative xylonate/gluconate dehydratase (96%), 2-keto-
3-deoxypentanonate dehydratase (KDPD; 94%), ribonate dehydratase (91%), pentonolactonase (99%), pentose dehydrogenase
(91%), a-ketoglutarate semialdehyde dehydrogenase (87%), and the putative transcriptional regulator of the pentose degra-
dation pathway (96%). Sequence identities of homologous enzymes are given in parentheses. The bar indicates a length of

1,000 bp.

enzyme (Fig. S5A). The enzyme catalyzed the hydrolysis of p-xylono-y-lactone with high
catalytic efficiency (Table 2). With p-ribono-y-lactone (Fig. S5B) and L-arabino-y-lactone, the
enzyme showed 54- and 1.9-fold lower catalytic efficiencies. The enzyme hydrolyzed
t-rhamnono-1,4-lactone with low activity (20 U/mg); p-galactono-vy-lactone, p-glucono-1,5-
v-lactone, and p-mannono-1,4-y-lactone were not used as substrates. The lactonase activity
was dependent on divalent cations being stimulated by Mn2*, with a K, value of
0.049 mM; Mn2* could be replaced by Co?* (41%, at 1 mM) rather than by Mg2™, Cu?+,
Ca2*, Zn2*, or Ni2™. The data indicate that HAH_0290 encodes a metal-dependent lacto-
nase that is specific for pentonolactones.

The involvement of pentonolactonase in the degradation of the three pentoses was
analyzed by Northern blotting with RNA from H. marismortui grown on p-xylose,
p-ribose, L-arabinose, and glucose. Using a probe against rrnAC3033 of H. marismortui,
a specific transcriptional signal of 1,100 nucleotides was detectable in cells grown on
p-xylose, p-ribose, and L-arabinose that matches well to the gene length of 861
nucleotides; no transcript could be detected in glucose-grown cells (Fig. 3A). The data
indicate a specific function of the pentonolactonase in the degradation of the three
pentoses.

The pentonolactonase from Haloarcula species differs from the recently character-
ized pentonolactonase from H. volcanii in various aspects. (i) In contrast to Haloarcula,
the Haloferax enzyme did not utilize ribonolactone and showed a broad specificity
toward hexonolactones (14). (i) The Haloferax lactonase belongs to the senescence
marker protein (SMP)-30/gluconolactonase/luciferin-regenerating enzyme-like (SGL)
protein family (PF08450) (17), whereas the Haloarcula enzyme is a member of the
metallo-B-lactamase (MBL) superfamily. This superfamily also comprises the lactonase
UlaG of E. coli (18) that catalyzes the hydrolysis of L-ascorbate 6-phosphate to 3-keto-
L-gulonate 6-phosphate as part of the ascorbate degradation pathway. Figure 5 shows
a sequence alignment of the pentonolactonase of Haloarcula hispanica, the L-ascorbate
6-phosphate lactonase (UlaG) from E. coli, and selected homologous sequences from
bacteria. The predicted secondary structure of pentonolactonase from H. hispanica
matches well to the secondary structure elements concluded from the crystal structure
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FIG 4 Analysis of a deletion mutant of pentose dehydrogenase from Haloarcula hispanica. Shown is the
growth of the AHAH_0291 mutant of H. hispanica DF60 on p-ribose (filled circles) compared to the wild

type (filled squares) and the consumption of p-ribose of the AHAH_0291 mutant (open circles) and of the
wild type (open squares).

of UlaG from E. coli. In addition, the residues involved in the binding of a divalent cation
are conserved in the haloarchaeal enzyme (18, 19) (Fig. 5).

Further, UlaG from E. coli forms a hexameric structure that is unique within the MBL
superfamily (18). This oligomeric structure is particularly stabilized by the UlaG-specific
N-terminal motif of 35 to 40 amino acid residues (18). As shown in Fig. 5, this extreme
N-terminal stretch is absent in the pentonolactonase sequence of H. hispanica and in
other haloarchaeal homologs. It has been speculated that the lack of this N-terminal
stretch in haloarchaeal UlaG homologs might prevent assembly of the protein as a
hexamer (19); in accordance, we characterized the pentonolactonase of H. hispanica as
a homotrimeric enzyme.

The pentonolactonase of H. hispanica represents the first characterized UlaG ho-
molog in the archaeal domain. The finding that UlaG homologs are only present in
haloarchaea rather than in any other archaeal species suggests that haloarchaea
acquired the pentonolactonase from halophilic bacteria via lateral gene transfer events
likely occurring in halophilic environments (19).

Haloarcula species contain a specific p-ribonate dehydratase and a promiscu-
ous xylonate/gluconate dehydratase. Downstream of rrnAC3033, which encodes pen-
tonolactonase, rrnAC3032 is annotated as a gene encoding a putative sugar acid dehydra-
tase of the enolase superfamily. We identified the catalytic function of the recombinant
protein following the expression of rrAC3032 in H. volcanii H1209 and subsequent
purification.

The enzyme had a molecular mass of 320 = 30 kDa; the calculated molecular mass
of the subunit is 44.2 kDa, indicating a homo-octameric structure. The enzyme cata-
lyzed the dehydration of ribonate at a rate of 0.25 U/mg, with a K, value of 1.64 mM.
Activity was dependent on Mg2*, showing a K, value of 0.33 mM. The enzyme was
highly specific for ribonate; other sugar acids, arabinonate, xylonate, gluconate, and
galactonate (<1%), were not utilized.

Since ribonate dehydratase is highly specific for ribonate not utilizing xylonate, we
identified the encoding gene of xylonate dehydratase following purification of xylonate
dehydratase activity from H. marismortui cells grown on p-xylose. Xylonate dehydratase
activity was purified 250-fold up to a specific activity of 0.060 U/mg (Fig. S6). By
MALDI-TOF MS analysis, rrnAC0575 was identified as the encoding gene. rrnAC0575
was expressed in H. volcanii H1209, and the recombinant enzyme was purified as a
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TABLE 2 Kinetic parameters of recombinant pentonolactonase from Haloarcula hispanica

Substance Vimax (U/mg) Keae (577) K., (mM) Keat/Kry (571 M—T)
D-Xylono-y-lactone 211.6 = 13.06 370.3 £ 22.86 3.54 £ 044 1.046 X 10°
p-Ribono-y-lactone 934 = 7.12 163.5 = 12.46 848 = 0.38 0.193 X 10°

L-Arabino-y-lactone 139.6 = 7.48 2443 * 13.09 449 *+ 047 0.544 X 10°

328-kDa protein showing a specific activity of 0.028 U/mg with xylonate (at 10 mM).
With gluconate as the substrate, a significantly higher activity, 6.6 U/mg, was obtained;
the K, value of gluconate was 7.85 mM. No activity could be detected with ribonate,
arabinonate, and galactonate. The high activity with gluconate suggests that the
enzyme has also a function as gluconate dehydratase in the glucose catabolism of H.
marismortui. To test this hypothesis, we purified gluconate dehydratase activity from
glucose-grown H. marismortui cells. By MALDI-TOF MS analysis of the subunit,
rrAC0575 was identified as the encoding gene. Thus, rrnAC0575 encodes a bifunc-
tional dehydratase, catalyzing both the C-5 sugar acid xylonate and the C-6 sugar acid
gluconate, and it is thus functionally involved in both pentose and hexose catabolism
of H. marismortui.

Transcriptional analysis of xylonate/gluconate dehydratase and of ribonate
dehydratase. The transcription of rrnAC0575, encoding xylonate/gluconate dehydra-
tase, was followed by Northern blot analysis using RNA from cells grown on p-xylose,
glucose, p-ribose, and L-arabinose. As indicated in Fig. 3A, a strong transcriptional signal
at 1,300 nucleotides was detected in cells grown on the three pentoses as well as on
glucose; the length matches well to the length of 1,251 nucleotides of rrnAC0575.

The upregulation of rrnAC0575 in glucose- and pentose-grown cells indicates that
the encoded dehydratase is promiscuous and is involved in both glucose and pentose
catabolism.

Northern blotting using a probe against rrnAC3032 (gene length, 1,176 nucleotides),
encoding ribonate dehydratase, revealed a transcriptional signal at 1,200 nucleotides in
cells grown on the three pentoses rather than on glucose (Fig. 3A). Specific upregula-
tion by pentoses was also observed (see above) for rrnAC3034, encoding the pentose
dehydrogenase, and for rrnAC3033, encoding the pentonolactonase, indicating that
these three genes are activated by a common transcriptional regulator.

Deletion mutant analysis of sugar acid dehydratases. The functional involve-
ment of ribonate dehydratase in p-ribose degradation in Haloarcula species was tested
with a H. hispanica HAH_0289 deletion mutant. Growth of this mutant on p-ribose was
impaired compared to the wild type, whereas growth on p-xylose and glucose was not
affected (Fig. 6A), indicating the essential function of ribonate dehydratase in p-ribose
degradation.

To analyze the function of xylonate/gluconate dehydratase in pentose and glucose
catabolism, we deleted HAH_1276 of H. hispanica and performed growth experiments
on glucose, p-xylose, and b-ribose (Fig. 6B). As expected, the AHAH_1276 mutant
showed impaired growth on both p-xylose and glucose, whereas growth on p-ribose
was not affected, supporting the role of the dehydratase in both p-xylose and glucose
degradation.

The function of the mutants in L-arabinose degradation could not be tested since
the H. hispanica wild type did not show significant growth on this pentose (Fig. S3).
Therefore, we used a different approach to find out whether the xylonate/gluconate
dehydratase also functions as arabinonate dehydratase. We performed growth exper-
iments with a HVO_B0038A deletion mutant of H. volcanii that, in contrast to the wild
type, is not able to grow on L-arabinose and p-xylose (12, 13). HYO_B0038A encodes a
dehydratase that is promiscuous for xylonate and arabinonate, and thus, the
AHVO_BO0038A mutant can be used to identify the catalytic function of xylonate/
gluconate dehydratase of H. marismortui as arabinonate dehydratase by complemen-
tation. As shown in Fig. S7, complementation of the AHVO_B0038A mutant with
rrnAC0575 from H. marismortui effectively restored growth on both L-arabinose and
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FIG 5 Multiple-sequence alignment (calculated with ClustalX [28]) of pentonolactonase from Haloarcula hispanica, L-ascorbate 6-phosphate lactonase (UlaG)
from E. coli, and UlaG homologs from other bacteria. Structure-based secondary structure elements of UlaG from E. coli and the predicted secondary structure
(29) of pentonolactonase from H. hispanica are displayed using ESPript 3.0 (30). Conserved amino acid residues are indicated in red. Residues that contribute
to the Mn2* binding site of UlaG from E. coli are indicated by asterisks. Eco_2WYM (PDB identifier 2WYM), E. coli L-ascorbate 6-phosphate lactonase; CLL_A3267,
Clostridium botulinum B strain Eklund 17B (NCBI accession no. YP_001887453); SpyM3_0142, Streptococcus pyogenes MGAS315 (NCBI accession no. NP_663946);
Acear_0951, Acetohalobium arabaticum DSM 5501 (NCBI accession no. YP_003827546.1); HAH_0290, H. hispanica, pentonolactonase; and HAH_1228, H.

hispanica, a paralog of pentonolactonase.

p-xylose. This indicates that the xylonate/gluconate dehydratase from H. marismortui
functions as arabinonate dehydratase as well as xylonate dehydratase. The latter result
is in accordance with the impaired growth of the AHAH_1276 mutant on p-xylose (Fig.
6B). Complementation with rrnAC3032 encoding ribonate dehydratase did not restore
growth of the AHVO_B0038A mutant on L-arabinose and p-xylose, which is in accor-
dance with the high specificity of ribonate dehydratase for ribonate (Fig. S7).

Together, the data indicate that Haloarcula species contain two distinct sugar acid
dehydratases, a ribonate dehydratase that is highly specific for ribonate and a xylonate/
gluconate dehydratase that is promiscuous for the C-5 sugar acids xylonate and
arabinonate and the C-6 sugar acid gluconate.

Phylogenetic analysis of sugar acid dehydratases. The xylonate/gluconate de-
hydratase and ribonate dehydratase of Haloarcula species are members of the enolase-
like superfamily. Xylonate/gluconate dehydratase shows a high degree of identity to
xylonate dehydratase (XAD) (87%) from H. volcanii, involved in p-xylose/L-arabinose
catabolism, and to gluconate dehydratase (GAD) (96%), involved in glucose catabolism
(12, 13, 20). These dehydratases and putative homologs from other haloarchaea
constitute a distinct family within the enolase superfamily. In contrast, gluconate
dehydratases from the thermophilic archaea Thermoproteus tenax (21), Sulfolobus sol-
fataricus (22), and Picrophilus torridus (23), which are part of modified Entner-Doudoroff
(ED) pathways of glucose degradation, form a cluster distinct from the haloarchaeal
XAD/GAD cluster (Fig. 7).

Ribonate dehydratase of Haloarcula spp. showed high sequence identity (70% to
80%) to homologs found in only a few other haloarchaea, e.g., Salinigranum rubrum,
Haloterrigena turkmenica, Halopiger xanaduensis, and Haloferax denitrificans. Putative
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FIG 6 Growth of the AHAH_0289 (A) and AHAH_1276 (B) mutants of H. hispanica on p-ribose, p-xylose,
and glucose. Growth of the mutants (squares) compared to the wild type (circles) was analyzed on 20 mM

each p-ribose (blue), p-xylose (red), and glucose (green). All experiments were performed with 0.25 g per
liter yeast extract. Without added sugar, cells grew up to an optical density of about 0.3.

ribonate dehydratase homologs with lower sequence identity (45% to 58%) were also
found in a few bacteria, e.g., Advenella mimigardefordensis, Superficieibacter electus,
Caballeronia hypogeia, and Paraburkholderia fungorum. Together, the ribonate dehy-
dratase of Haloarcula spp. and homologous sequences constitute a novel family within
the enolase superfamily (Fig. 7). This superfamily also includes rhamnonate dehydra-
tases, fuconate dehydratases, and enolases, which all form distinct clusters in accor-
dance with their specific catalytic function.

It should be noted that homologous sequences of ribonate dehydratase, pentose
dehydrogenase, and pentonolactonase are not present in Haloferax volcanii, which
might explain the inability of this organism to grow on p-ribose.

Identification of 2-keto-3-deoxypentanonate dehydratase and of a-ketoglutarate
semialdehyde dehydrogenase in Haloarcula species. In H. marismortui and H. his-
panica, genes (rrnAC1339 and HAH_1926) have been identified that are homologous to
2-keto-3-deoxyxylonate dehydratase (KDXD), the second dehydratase involved in the
oxidative pentose degradation pathway of H. volcanii (12).

Transcriptional analysis was performed using a probe against rrnAC1339 and RNA
from H. marismortui cells grown on pentoses and glucose. A specific transcript signal at
1,100 nucleotides was observed in cells grown on p-ribose-, b-xylose-, and L-arabinose
rather than in glucose-grown cells (Fig. 3A). The upregulation of the KDXD homolog by
the three pentoses indicates that the encoded protein is involved in the oxidative
degradation of pentoses in H. marismortui. Downstream of rrnAC1339, a putative
transcriptional regulator, rrnAC1338, is located that belongs to the IcIR family (Fig. 3B).
This IcIR-like regulator shows high sequence identity (51%) to XacR of H. volcanii, which
has been characterized as a transcriptional activator of xac genes involved in b-xylose
and L-arabinose degradation (15). We propose that rrnAC1338 of H. marismortui and the
homolog HAH_1925 of H. hispanica function as transcriptional regulators of pentose
degradation in Haloarcula species.

The final step in oxidative degradation of pentoses in H. volcanii is catalyzed by
a-ketoglutarate semialdehyde dehydrogenase (KGSADH) (Fig. 1). In cell extracts of H.
marismortui grown on b-xylose, p-ribose, and L-arabinose, a-ketoglutarate semialde-
hyde dehydrogenase activities of 101 mU/mg, 93 mU/mg, and 39 mU/mg, respectively,
could be detected. The activities were 2- to 6-fold higher than those of cell extract of
glucose-grown cells (18 mU/mg), indicating induction by the three pentoses. Since
several homologs of KGSADH from H. volcanii were identified in the genome of H.
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ClustalX (28). Numbers at the nodes are bootstrapping

values according to neighbor joining (NJ) (generated by using the NJ options of ClustalX). UniProt accession numbers are as follows: for ribonate D, Advenella
mimigardefordensis, WOP9I6; Superficieibacter electus, AOA2P5GKV8; Caballeronia hypogeia, AOA157ZKC6; Paraburkholderia fungorum, AOA420FUX3; Salinigranum
rubrum 1, AOA2I8VEK2; Salinigranum rubrum 2, AOA2I8VH23; Haloferax denitrificans, MOJBW3; Haloarcula marismortui, Q5UY97; Haloarcula hispanica, GOHRT2;

Halopiger xanaduensis (H. xana.), FBDD77; Haloterrigena turkmenica, D2RXH3; for GAD/XAD, subcluster A,

gluconate dehydratase of Haloferax volcanii, DAGYD4;

xylonate/gluconate dehydratases of Haloarcula marismortui and Haloarcula hispanica, Q5V4G3 and GOHPX2, respectively; Halopiger xanaduensis 1 (H. xana 1),

F8D4X4; Halopiger xanaduensis 2 (H. xana. 2), F8D4H7; Halorubrum lacusprofundi (H. lacus.), BOLNF4;

subcluster B, XAD from Haloferax volcanii, D4GP40;

Halorubrum lacusprofundi (H. lacus.), BOLRUS; Halopiger xanaduensis (H. xana.), FBDCB2. Accession numbers of enolases, rhamnonate dehydratases, fuconate

dehydratases, and gluconate dehydratases can be found in references 20 and 25.

marismortui, we purified the enzyme from b-xylose-grown cells and identified the
encoding gene. The enzyme was 40-fold enriched as a 209-kDa protein showing a
specific activity of 2.2U/mg (Fig. S8). By MALDI-TOF MS analysis of the subunit,
rrAC3036 was identified as the gene encoding a-ketoglutarate semialdehyde dehy-
drogenase with a subunit size of 50 kDa. This gene is located adjacent to genes coding
for pentose dehydrogenase, pentonolactonase, and ribonate dehydratase (Fig. 3B).
The gene rrnAC3036 was cloned and expressed in H. volcanii H1209, and the
recombinant enzyme was purified and characterized. The homotetrameric (203 kDa)
a-ketoglutarate semialdehyde dehydrogenase showed a specific activity of 11 U/mg,
with apparent K, values for glutardialdehyde and NADP* of 0.15mM and 0.02 mM,
respectively. With NAD™, V,,.., and K, values of 58.7U/mg and 0.8 mM, respectively,

max
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FIG 8 Oxidative degradation pathways for p-ribose, b-xylose, and L-arabinose to the citric acid cycle intermediate a-ketoglutarate in haloarchaea. The oxidative
degradation of p-ribose is restricted to Haloarcula species involving promiscuous pentose dehydrogenase and pentonolactonase and the innovation of a
specific ribonate dehydratase. Enzymes that belong to the same protein family are indicated by the same color, as follows: Gfo/ldh/MocA oxidoreductase family,
red; short-chain dehydrogenase/reductase family, purple; metallo-B-lactamase superfamily, orange; senescence marker protein (SMP)-30/gluconolactonase/
luciferin-regenerating enzyme-like (SGL) protein family, brown; enolase superfamily, light green and green; fumarylacetoacetate hydrolase superfamily, yellow;
and aldehyde dehydrogenase family, blue. Specific ribonate dehydratase (green) and promiscuous xylonate/gluconate dehydratase (light green) of Haloarcula
species together with xylonate/arabinonate dehydratase (light green) of Haloferax volcanii are members of the enolase superfamily. KDR/X, 2-keto-4(S),5-
dihydroxy pentanoic acid; KDA, 2-keto-(R),5-dihydroxy pentanoic acid; a-KGSA, a-ketoglutarate semialdehyde.

were measured, indicating a 7.5-fold higher catalytic efficiency of the enzyme for
NADP™. The specific activity with succinate semialdehyde (K, 0.46 mM) was 0.139 U/
mg, and that with a-ketoglutarate semialdehyde was 0.1 U/mg.

Northern blot analysis was performed with RNA from bp-ribose-, p-xylose-, and
L-arabinose-grown cells in comparison to glucose-grown cells. Using a probe against
rrAC3036, a strong transcriptional signal at 1,500 nucleotides was observed on the
three pentoses, whereas on glucose, the signal had a significantly weaker intensity (Fig.
3A). These data correspond with activity measurements in cell extracts grown on the
respective sugars (see above) and indicate that a-ketoglutarate semialdehyde dehy-
drogenase represents the final enzyme in the degradation of p-ribose, p-xylose, and
L-arabinose to a-ketoglutarate.

Together, the data indicate that the KDXD homolog, the a-ketoglutarate semialde-
hyde dehydrogenase, and the putative IcIR-like transcriptional regulator have the same
function in oxidative pentose degradation in Haloarcula spp. as that reported for H.
volcanii.

Conclusion. We here report a novel oxidative pathway of pentose degradation to
a-ketoglutarate in Haloarcula species that allows the utilization of p-ribose in addition
to p-xylose and L-arabinose (Fig. 8). Evidence is presented that the oxidative degrada-
tion of p-ribose is due to an expanded substrate promiscuity of the pentose dehydro-
genase and pentonolactonase and to an innovation of a novel enzyme, ribonate
dehydratase, which is highly specific for ribonate. These enzymes are not present in
Haloferax volcanii, which might explain the inability of this haloarchaeon to utilize
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p-ribose (Fig. 8). This is the first report of an oxidative degradation pathway of p-ribose
to a-ketoglutarate in archaea.

MATERIALS AND METHODS

Strains, media, and growth conditions. Haloarcula marismortui (DSM 3752) was grown aerobically
at 37°C on a medium containing 25 mM p-ribose, b-xylose, L-arabinose, or b-glucose, 0.25% yeast extract,
and 0.5% Casamino Acids; during growth, samples were taken to analyze the consumption of the
pentoses over time using the orcinol assay (8). Haloarcula hispanica DF60 and the AHAH_0289,
AHAH_0291, and AHAH_1276 knockout mutants were grown aerobically at 37°C on medium containing
25mM bp-ribose, D-xylose, L-arabinose, or D-glucose and yeast extract (0.1% or 0.025%) (16). The
AHVO_B0038A mutant of Haloferax volcanii and cells that were transformed with the plasmid pTA963-
rrnACO0575 or pTA963-rrnAC3032 were grown aerobically at 42°C in synthetic medium containing 25 mM
p-xylose or L-arabinose (20). Growth was followed by measuring the optical density at 600 nm, and cell
extracts were prepared from late-log-phase-grown cells by sonication and subsequent centrifugation.

Purification of enzymes from H. marismortui. (i) Purification of p-ribose dehydrogenase activ-
ity. Cell extracts were prepared from p-ribose-grown cells in buffer A (100 mM Tris-HCI [pH 8.8]
containing 2 M ammonium sulfate and 20 mM MgCl,) using a French press, followed by centrifugation.
The supernatant was applied on a Sepharose CL4B column (GE Healthcare, Germany) that was equili-
brated in buffer A; elution of protein was performed with a decreasing gradient of ammonium sulfate.
Fractions containing p-ribose dehydrogenase activity were applied on a phenyl-Sepharose column (GE
Healthcare) in buffer A, and protein was eluted by decreasing the concentration of ammonium sulfate.
Further purification was performed on a Superdex 200 HiLoad 16/60 gel filtration column (GE Healthcare)
in 50 mM Tris-HCI (pH 8.5) containing 150 mM NacCl, 20 mM MgCl,, and 10% glycerol.

(ii) Purification of L-arabinose dehydrogenase activity. Cell extracts were prepared from
L-arabinose-grown cells in 100 mM Tris-HCl (pH 8.0) containing 2 M ammonium sulfate (buffer B). After
application on a phenyl-Sepharose column, protein was eluted by decreasing the concentration of
ammonium sulfate. Fractions containing L-arabinose dehydrogenase activity were pooled and purified by
size exclusion chromatography using a Superdex 200 column and 50 mM Tris-HCI (pH 7.5) containing 2 M
KCI. Further purification was performed using a butyl-Sepharose HP column (GE Healthcare) in buffer B;
protein was eluted by decreasing the concentration of ammonium sulfate, and the buffer was exchanged
using 50 mM Tris-HCl (pH 8.8) containing 150 mM NaCl and 50 mM MgCl,. This protein solution was
applied onto a Q-Sepharose column (Bio-Rad, Germany), and elution of protein was performed by
increasing the concentration of NaCl. By this procedure, two different enzymes with L-arabinose
dehydrogenase activity were obtained.

(iii) Purification of ribonate dehydratase and xylonate/gluconate dehydratase. Cell extracts
were prepared from Dp-xylose-grown cells in buffer B containing 50 mM MgCl, and were applied on a
phenyl-Sepharose column; protein was eluted by decreasing the concentration of ammonium sulfate.
Fractions containing both xylonate and ribonate dehydratase activity were then applied on a Superdex
200 column, and protein was eluted in 50 mM Tris-HCl (pH 7.5) containing 1.5 M KCI (buffer C). This
procedure resulted in a separation of partially purified ribonate and xylonate/gluconate dehydratase.
Gluconate dehydratase was purified from glucose-grown cells by the same procedure.

(iv) Purification of KGSADH. Cell extracts were prepared from p-xylose-grown cells in 100 mM
Tris-HCI (pH 8.0) containing 2 M ammonium sulfate and 50 mM MgCl, and were applied on a phenyl-
Sepharose column; protein was eluted by decreasing the concentration of ammonium sulfate. Further
purification of the enzyme was performed on a Superdex 200 column in buffer C.

In all cases, protein purity was assessed by SDS-PAGE, and protein concentration was determined
using the Bradford method. The encoding genes of the purified enzymes were identified by either
N-terminal amino acid sequencing or by MALDI-TOF MS analysis.

Determination of native molecular masses of enzymes. Size exclusion chromatography was
carried out with a flow rate of 1 ml per min on a Superdex 200 HiLoad column (1.6 by 60 cm). Calibration
of the column was performed with HMW and LMW kits (GE Healthcare), as specified by the manufacturer.

Cloning and expression of target genes in Haloferax volcanii H1209. Target genes were amplified
from genomic DNA of H. hispanica or H. marismortui. DNA fragments were each ligated into the plasmid
pTA963, and H. volcanii H1209 (24) was transformed with the respective plasmids. The expression of
target genes in H. volcanii H1209 was induced by the addition of 2 mM L-tryptophan, followed by further
growth for 16 h at 42°C (25).

Purification of recombinant enzymes. (i) Pentose dehydrogenase (rrnAC3034), pentonolactonase
(HAH_0290), and KGSADH (rrnAC3036). H. volcanii H1209 cell pellets (see above) were suspended in 50 mM
Tris-HCl (pH 8.2), containing 1.5M KCl, 50mM MgCl,, and 5mM imidazole, and disruption of cells was
performed by passing through a French press cell, followed by a centrifugation step. The supernatants were
applied on a nickel-nitrilotriacetic acid (Ni-NTA) column (GE Healthcare), and elution of recombinant proteins
was performed with 100 mM imidazole. Recombinant proteins were further purified with a Superdex 200
column in 50 mM Tris-HCl (pH 7.5) containing 2 M KCI.

Recombinant rrnAC0771 protein was purified by affinity chromatography using a Ni-NTA column and
50 mM Tris-HCI (pH 8.2) containing 1.5 M KCI. Elution of protein was performed with 200 mM imidazole.

(i) Xylonate/gluconate dehydratase (rrnAC0575) and ribonate dehydratase (rrnAC3032). Cell
extracts were prepared in 50 mM Tris-HCI (pH 8.0) containing 5 mM imidazole and 2 M KCl and were
applied on a Ni-NTA column. Elution of recombinant proteins was performed with 100 mM imidazole.
Recombinant proteins were further purified using a Superdex 200 column and 100 mM Tris-HCI (pH 8.0)
containing 2 M KCI.
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Enzyme assays. All dehydrogenases were measured by following the reduction of NADP+ at 340 nm.
Enzymes from H. marismortui were measured at 37°C, and the pentonolactonase from H. hispanica was
measured at 42°C. Sugar acid dehydratases were measured in a discontinuous thiobarbituric acid (TBA)
assay (20). Protein concentrations were determined using the Bradford method.

Pentose dehydrogenase (rrnAC3034) from H. marismortui was measured in 20 mM Tris-HCl (pH 8.3)
containing 1.5 M KCl, 1 mM NADP*, and 10 mM p-ribose, b-xylose, or L-arabinose. The enzyme encoded
by rrnAC0771 of H. marismortui was measured in 50 mM HEPES-KOH (pH 8.0) containing 2 M KCl, 20 mM
L-arabinose, and 1T mM NADP*.

Pentonolactonase (HAH_0290) from H. hispanica was measured by monitoring the pH change caused
by acid formation from lactones using the pH indicator p-nitrophenol (14). The assays were performed
in 10 mM Bis-Tris (pH 7.5) containing 1.5 M KCI, T mM MnCl,, and 10 mM lactone. The K, value of MnCl,
was measured in the presence of 15 mM xylonolactone.

Xylonate/gluconate dehydratase (rrnAC0575) from H. marismortui was measured in 10 mM xylonate,
25mM MgCl,, and 1M KCl in 0.1 M Tris-HCl (pH 8.5). Substrate specificity was tested by replacing
xylonate with gluconate, arabinonate, ribonate, and galactonate (10 mM each).

Ribonate dehydratase (rrnAC3032) from H. marismortui was measured in 0.1 M Tris-HCl (pH 8.0)
containing 25 mM MgCl, and 5 mM ribonate. Arabinonate, xylonate, gluconate, and galactonate were
tested as alternative substrates.

KGSADH (rrnAC3036) from H. marismortui was measured in an assay mixture containing 1 mM
NADP*, 10 mM glutardialdehyde, and 1 M KCl in 0.1 M HEPES-KOH (pH 8.5). KGSADH was also measured
with a-ketoglutarate semialdehyde (11) and succinate semialdehyde.

Transcriptional analysis. RNA from exponentially grown cells of H. marismortui (optical density at
600 nm of about 3.0) was isolated as described previously (13). Northern blot analysis was performed
with 8 and 15 ug RNA (26). Probes were generated by PCR using the PCR digoxigenin (DIG) probe
synthesis kit (Roche Diagnostics, Mannheim, Germany); the primers used are summarized in Table S1. The
sizes of the transcripts were calculated using the RiboRuler high-range RNA ladder (Thermo Fisher
Scientific, Schwerte, Germany).

Generation of knockout mutants of H. hispanica DF60. Deletion mutants were constructed using
the pop-in/pop-out strategy (16, 27). The upstream and downstream regions of each target gene were
amplified and fused by PCR (see Table S1 in the supplemental material). The fused PCR products were
cloned into the suicide vector pHAR (16). For deletion of HAH_1276, the suicide vector pTA131 (27) was
used in which the pyrE2 gene (plus promoter) of Haloferax volcanii was replaced by the pyrF gene of H.
hispanica as a selection marker. H. hispanica DF60, the pyrF deletion strain, was transformed with the
plasmids, and pop-in cells were cultivated in uracil-free medium with 1% Casamino Acids. Pop-out clones
were selected by plating cells on medium containing uracil (50 ug/ml) and 5-fluoroorotic acid (150 ng/
ml), followed by passaging the pop-out cells in liquid medium (16). Deletion of the target genes was
identified by PCR, followed by DNA sequencing or Southern blot analysis (Fig. S1).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.
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