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Abstract Thermoplasma acidophilum utilizes L-rhamnose
as a sole carbon source. To determine the metabolic pathway
of L-rhamnose in Archaea, we identified and characterized L-
rhamnose dehydrogenase (RhaD) in 7. acidophilum.
Ta0747P gene, which encodes the putative T. acidophilum
RhaD (Ta_RhaD) enzyme belonging to the short-chain
dehydrogenase/reductase family, was expressed in E. coli as
an active enzyme catalyzing the oxidation of L-rhamnose to
L-thamnono-1,4-lactone. Analysis of catalytic properties
revealed that Ta_RhaD oxidized L-rhamnose, L-lyxose, and
L-mannose using only NADP™ as a cofactor, which is dif-
ferent from NAD'/NADP™-specific bacterial RhaDs and
NAD™-specific eukaryal RhaDs. Ta_RhaD showed the
highest activity toward L-rhamnose at 60 °C and pH 7. The
K, and k., values were 0.46 mM, 1,341.3 min~! for -
rhamnose and 0.1 mM, 1,027.2 min~! for NADP™, respec-
tively. Phylogenetic analysis indicated that branched lin-
eages of archaeal RhaD are quite distinct from those of
Bacteria and Eukarya. This is the first report on the identi-
fication and characterization of NADP*-specific RhaD.
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Introduction

Thermoacidophilic Archaea, such as Thermoplasma aci-
dophilum and Sulfolobus solfataricus, are thought to
metabolize glucose via the branched Entner—Doudoroff
(ED) pathway, an ED-like pathway in which hexose
intermediates are not phosphorylated or semi-phosphory-
lated (Ahmed et al. 2004, 2005; Buchanan et al. 1999;
Lamble et al. 2003, 2005; Reher et al. 2010; Sato and
Atomi 2011). Previously, we identified and characterized
several archaeal ED (aED) pathway enzymes, including
gluconate dehydratase (Kim and Lee 2005; Lamble et al.
2004), KDG kinase (Kim and Lee 2006a; Potter et al.
2008), glycerate kinase (Noh et al. 2006), and glyceralde-
hyde dehydrogenase (Jung and Lee 2006). Although the
details of the aED pathway of glucose are known and most
enzymes in the aED pathway have been identified and
characterized, relatively little is known about the metabo-
lism of sugars other than glucose in thermoacidophilic
Archaea.

L-Rhamnose is a deoxy sugar that comprises a portion of
glycosides in bacteria and plants. In bacteria, L-thamnose is
found in cell surface polysaccharides and in plants
L-thamnose is present as a component of rhamnogalactu-
ronans, which are major pectic polysaccharides of the
primary cell walls (de Leder Kremer and Gallo-Rodriguez
2004). L-Rhamnose is also a component of ulvans, the
major cell-wall matrix polysaccharides of green seaweeds
(Lahaye and Robic 2007). Catabolism of L-rhamnose can
be divided into two pathways: phosphorylated and non-
phosphorylated metabolic pathways. The phosphorylated
pathway for rL-rhamnose degradation is found in many
bacteria, including E. coli (Power 1967; Wilson and Ajl
1955). In the phosphorylated r-rhamnose pathway in
E. coli, L-thamnose is first isomerized to L-rhamnulose by
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L-thamnose isomerase (Takagi and Sawada 1964a; Wilson
and Ajl 1957a) and phosphorylated by L-rhamnulose kinase
to yield L-rhamnulose 1-phosphate (Takagi and Sawada
1964b; Wilson and Ajl 1957b), which is then converted
into L-lactaldehyde and dihydroxyacetone-phosphate by L-
rhamnulose 1-phosphate aldolase (Sawada and Takagi
1964). L-Lactaldehyde can be reduced to 1,2-propanediol
or oxidized to lactic acid depending on the redox
conditions.

The non-phosphorylated pathway for L-rhamnose was
identified in the fungus Aureobasidium pullulans (Rigo
et al. 1976) and the yeasts Pichia stipitis and Debary-
omyces polymorphus (Koivistoinen et al. 2008). This
pathway resembles the aED pathway for glucose (Watan-
abe et al. 2008). L-Rhamnose dehydrogenase (RhaD) oxi-
dizes L-rhamnose into L-rhamno-1,4-lactone in the first
step. L-Rhamno-1,4-lactone is subsequently hydrolyzed to
L-rhamnonate by L-rhamno-1,4-lactonase. L-Rhamnonate is
then converted into L-lactaldehyde and pyruvate via 2-keto-
3-deoxy-L-thamnonate (L-KDR) by L-rhamnonate dehy-
dratase and L-KDR aldolase. Recently, it has been reported
that there is another modified non-phosphorylated L-
rhamnose pathway in Sphingomonas species (Watanabe
and Makino 2009). In the alternative pathway, the L-KDR
intermediate is converted to L-lactate and pyruvate via 2,4-
diketo-3-deoxy-L-thamnonate  (L.-DKDR) by L-KDR
4-dehydrogenase and L-DKDR hydrolase.

We have found that T. acidophilum utilizes L-rhamnose
as a sole carbon source. However, the L-rhamnose meta-
bolic pathway has not been reported in any species of the
archaeal domain. In the present study, we identified and
characterized T. acidophilum L-rhamnose dehydrogenase
(Ta_RhaD), catalyzing the oxidation of L-rhamnose to L-
rhamnono-1,4-lactone in the non-phosphorylated L-rham-
nose pathway. The identification and characterization of L-
rhamnose dehydrogenase will contribute to the elucidation
and understanding of L-rhamnose catabolism in T.
acidophilum.

Materials and methods
Strains and culture conditions

T. acidophilum (JCM9062) was obtained from the Japan
Collection of Microorganisms. The composition of the
growth medium used was (per L) yeast extract 0.5 g,
(NH4),S04 1.3 g, KH,PO, 0.3 g, MgS0O47H,O 0.5 g,
CaCl,-2H,0 0.25 g, and carbon source 2.0 g (initial pH
2.0). Cultures were aerobically grown in a 500 mL screw-
capped flask at 60 °C and 250 rpm. Escherichia coli
TOP10 (Invitrogen) was used to construct recombinant
plasmid, and E. coli BL21 CodonPlus (DE3)-RIL
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(Invitrogen) was selected as expression strain. E. coli BL21
CodonPlus (DE3)-RIL has tRNAs coding argU (AGA,
AGQG), ileY (AUA), and leuW (CUA).

Construction of recombinant plasmid

The RhaD gene was cloned by PCR using T. acidophilum
genomic DNA as a template. The primers were designed:
sense direction, 5'-cgggatcce ATGCTCGACTTCAAAG-3';
antisense direction, 5'-ggggtaccTTATTGAAGATTTA-
TAAGC-3'. This primer contained restriction sites
(underlined) for BamHI and Kpnl upstream and down-
stream, respectively, from the initiation site. PCR was
carried out using a PCR Thermal Cycler (Takara, Japan)
and Maxime™ PCR premix, (Intron, USA) including Tag
polymerase and dNTPs. The PCR fragments were cloned
into the corresponding site of the pRSET B vector and then
transformed into E. coli TOP10 and BL21 CodonPlus
(DE3)-RIL strain.

Expression of recombinant protein

The recombinant protein was expressed in E. coli strain
BL21 CodonPlus (DE3)-RIL, which is similarly to our
previous studies (Kim and Lee 2006b). Seed culture was
carried out in 10 mL of Luria—Bertani medium supple-
mented with appropriate antibiotics in 50 mL conical tubes
at 37 °C and 250 rpm [E. coli BL21-Codon-Plus (DE3)-
RIL: 34 pg/mL of chloramphenicol and 100 pg/mL of
ampicillin]. Main culture was performed in 1 L of LB
medium in 2-L flasks at 37 °C. For induction of recombi-
nant protein, 1 mM (as final concentration) isopropyl-1-
thio--p-galactopyranoside (IPTG) was added to the cul-
ture media when the recombinant cells reached an optical
density of 0.4-0.6 at ODgog. The recombinant cells were
harvested at an optical density of 1.8-2.0 at ODgo.

Purification of recombinant dehydrogenase

Harvested cells were concentrated 10-fold by resuspending
the cell pellet in 100 mM sodium phosphate, 300 mM
NaCl, and 10 mM imidazole (pH 7). Cell lysis was
achieved by sonication at 25 % amplification for 1 h on ice
with an Ultrasonic Disintegrator, after which the cell debris
was removed by centrifugation at 13,000 rpm for 1 h at
4 °C. The cell lysate was subjected to Ni-NTA agarose
(QIAGEN) column chromatography to purify His-tagged
proteins. The proteins were eluted stepwise by increasing
the imidazole concentration (0-250 mM). The Ni-NTA
purification fractions containing enzyme activity were then
pooled, desalted through a HiPrep 26/10 desalting column,
and the purified enzymes were concentrated using a Vi-
vaspinTM concentrator (Vivascience, Lincoln, UK). The
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enzymes were then loaded into a vial and centrifuged
(13,000 rpm x 30 min) to a sufficient concentration. Pro-
tein concentration was measured by Bradford assay
(Bradford 1976). Standard curve was drawn using bovine
serum albumin (BSA) as standard sample, and protein
concentration was measured in triplicate.

RhaD assay

RhaD activity was determined spectrophotometrically at
Aj340- Reaction mixtures (total volume of 1 mL) containing
10 mM L-rhamnose, 1 mM NADP" as coenzyme, and
appropriate amounts of enzyme in 100 mM sodium phos-
phate (pH 7) were incubated at 60 °C for 4 min. Any
increase in absorption at A4, due to reduction of NADP™
was monitored in a spectrophotometer (Valero and Garcia-
Carmona 1996). Enzyme activity was calculated using the
molar absorption coefficient of NADPH at Azy
(e = 5,841 M~! x cm_l). One unit of RhaD activity was
defined as the amount of enzyme required to reduce 1 pmol
NADP™ per min at 60 °C and pH 7.

Substrate specificity and kinetic parameters

The substrate specificity of RhaD for sugar groups was
determined using NAD" or NADP" as a cofactor. The
kinetic parameters for RhaD were continuously determined
by measuring its enzyme activity at various concentrations
of L-rhamnose, L-lyxose, L-mannose, and NADP". The
initial reaction rates were obtained by a linear regression of
time-course data. Apparent V.« and K, values were cal-
culated by fitting initial rate data to the Lineweaver—Burk
plot.

Optimum temperature and optimum pH

The effects of temperature and pH on the enzymatic
activity of RhaD were determined using the assay method
described above. Temperature profiles were determined
between 20 and 90 °C by incubating the purified enzyme at
3 pg/mL in 100 mM sodium phosphate (pH 7). The effect
of pH on RhaD activity was determined at 60 °C in
100 mM citrate-NaOH buffer (pH 3-6), 100 mM sodium
phosphate (pH 6-9), and 100 mM glycine/NaOH buffer
(pH 9-11). All pH values were measured at 60 °C.

Bioinformatic tools

Amino acid sequence homologies and alignment were
analyzed using PSI-BLAST database and ClustalX. The
phylogenetic trees were built using the neighbor-joining
method and the maximum likelihood in MEGA 5.0 soft-
ware (Tamura et al. 2007).

Results and discussion
Identification of the Ta_RhaD

To examine the existence of metabolic pathways of deoxy-
pentoses in T. acidophilum, cells were cultivated in a
medium containing L-rhamnose, p-fucose, or L-fucose as a
limiting carbon source. For comparison purposes, cells
were also cultivated in a medium containing hexoses.
Experimental data (Supplementary Fig. S1) showed that all
sugars tested could be utilized by T. acidophilum. After
48 h of cultivation, cell densities of T. acidophilum were in
the order of p-glucose > p-galactose > L-rhamnose > D-
fucose > L-fucose. These results indicate that 7. acido-
philum was able to utilize deoxy-pentoses. However, no
enzymes related to deoxy-pentose metabolism are known
in T. acidophilum. In the present study, we identified and
characterized T. acidophilum L-rhamnose dehydrogenase
(Ta_RhaD), the first enzyme of the non-phosphorylated L-
rhamnose pathway.

To determine the genes involved in L-rhamnose utili-
zation, we conducted a proteomic study on cells grown in
medium containing L-rhamnose. From the proteomic pro-
files of T. acidophilum grown, we found that Ta0747 gene
product was induced by the presence of L-rhamnose. On the
other hand, Ta0747 protein was not detected in the pres-
ence of D-glucose. This indicated that the Ta0747 protein is
an inducible enzyme responsible for the utilization of L-
rhamnose (details will be described elsewhere). In addition,
Ta0746, which is located in front of Ta0747, was found to
be homologous with the transporter (Ip_3596) associated
with the L-rhamnose utilization in Lactobacillus plantarum
(Beekwilder et al. 2009). The phylogenetic analysis of
Ta0746 and other sugar transporter in the major facilitator
superfamily (MFS) (Pao et al. 1998) revealed that Ta0746
belongs to a novel family of L-rhamnose transporter in the
MES (Supplementary Fig. S2). This suggested that Ta0746
and Ta0747 are part of a gene cluster associated with the L-
rhamnose utilization in 7. acidophilum.

Ta0747 gene (NCBI accession number NP_394211),
annotated as glucose dehydrogenase homolog, is composed
of 245 amino acids with a GTG start codon. However, it
has been reported that the Ta0747 gene product is not
expressed in E. coli (Nishiya et al. 2004). From the
sequence alignment of Ta0747 homologs, we found that
the size of the Ta0747 gene is shorter than its homologs,
and an ATG start codon exists in front of Ta0747 in the T.
acidophilum genome. To distinguish the new extended
ORF from the original Ta0747 gene, we named it as
Ta0747P (P = POSTECH, JN375693). As shown in
Fig. 1a, Ta0747P consists of 254 amino acids. The size of
Ta0747P is similar to that of other short-chain dehydro-
genase/reductase (SDR) family proteins (Fig. 2). As
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Fig. 1 a Start codon of Ta0747 A

and Ta0747P. b SDS-PAGE of
recombinant Ta_RhaD.

¢ Western blot of purified
Ta_RhaD. M marker; / crude
enzyme; 2 heat-treated enzyme;
3 Ni-column purified enzyme;
P Ni-purified enzyme
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described below, Ta0747P gene encoded a completely
active form of 7. acidophilum RhaD.

PSI-BLAST searches showed that the amino acid
sequence of Ta_RhaD (Ta0747P) is homologous with
many bacterial SDRs. Calculated sequence identities were
84 % for the dehydrogenase of Thermoplasma volcanium
(NP_110967), 62 % for SDR of Ferroplasma acidarmanus
(Fa_RhaD, ZP_05570274), 51 % for RhaD of Sphingo-
monas sp. (Sp_RhaD, EAT_09360), and 46 % for RhaD of
Azotobacter vinelandii (Av_RhaD, EAM_07804). While
two highly homologous Ta0747P proteins exist in Eur-
yarchaeota (7. volcanium and F. acidarmanus), relatively
few homologs could be found in Crenarchaeota such as
Sulfolobus species (sequence identity <30 %).

Sequence alignments of archaeal RhaDs with previously
reported bacterial and eukaryal RhaDs (Watanabe et al.
2008; Watanabe and Makino 2009) are shown in Fig. 2.
Ta_RhaD, similar to bacterial and eukaryal RhaDs,
includes the catalytic triad (Ser'**-Tyr'>’-Lys'®") and the
cofactor-binding motif (Gly'*-X-X-X-Gly'’-1le'®-Gly'®)
(Fujimoto et al. 2001; Kallberg et al. 2002; Oppermann
et al. 2003). This suggests that the fundamental catalytic
mechanism and cofactor recognition of archaeal RhaD are
similar to those of known SDR enzymes. It was reported
that most structure-determined SDR enzymes with NADP™
specificity have Arg or Lys in Rossmann fold and that the
enhanced population of positively charged Arg or Lys
favors the binding of NADP™ because of its negatively
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charged phosphate (Pletnev et al. 2004; Tanaka et al. 1996;
Wermuth and Sciotti 2001). NADP+-speciﬁc Ta_RhaD
contains a conserved Arg'®. Therefore, we assumed that
Arg'® residue is important for NADP cofactor specificity.
This was also reflected by the phylogenetic relationship of
these enzymes, each forming distinct clusters in RhaD
subfamilies. From the phylogenetic distribution of RhaD
families, we detected three discrete families of known and
putative RhaDs in sequenced genomes. As shown in Fig. 3,
RhaD subfamilies were separated from other members of
the SDR superfamily and branched lineages of archaeal
RhaD, which include Ta_RhaD protein, are quite distinct
from branches of bacterial RhaDs and eukaryal RhaDs. It is
known that Av_RhaD and Sp_RhaD from Bacteria display
NAD'/NADP" dual cofactor specificities and that
Dh_RhaD and Ps_RhaD from Eukarya exhibit NAD™
specificities. To our knowledge, this is the first study on the
identification and characterization of an NADP*-specific
RhaD.

Characterization of recombinant Ta_RhaD

To produce the Ta0747P gene product as an active protein,
it was heterologously expressed in E. coli and purified to
homogeneity by heat treatment at 55 °C, followed by Ni—
NTA affinity chromatography. The purified Ta0747P pro-
tein showed a single band in 12 % SDS-PAGE, with a
molecular mass of approximately 34 kDa (Fig. 1b). The
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Ta_RhaD -MLDFK 86
Fa_RhaD  --MDERN 85
Av_RhaD 88
Sp_RhaD 86
Ps_RhaD 90
Dh_RhaD 8¢
Ta_RhaD 17¢
Fa_RhaD 175
Av_RhaD 178
Sp_RhaD 176
Ps_RhaD 180
Dh_RhaD 178
Ta_RhaD 254
Fa_RhaD 253
Av_RhaD 256
Sp_RhaD 254
Ps_RhaD 258
Dh_RhaD 254

Fig. 2 Amino acid alignment of RhaDs from Bacteria, Eukarya, and
Archaea. Cofactor-binding motif (*, GXXXGIG) and catalytic triad
(#, S-Y-K) are shown. The arrow (]) indicates Arg residue at position
16 that is only present on sequences of RhaDs with NADP™
preference. In the alignment, the conserved amino acid residues are
displayed by black shading with white letters (identity of 100 %),
dark-gray shading with white letters (>80 %), and gray shading with

molecular mass of the single band closely corresponded to
the sum of the calculated values of 31,237 Da for Ta0747P
and 4,060 Da for Hisg-tag. To confirm the purified
Ta0747P protein, Western blot analysis with anti-His-tag
antibody was additionally performed (Fig. 1c).

Twenty-six sugars were tested as possible substrates
for Ta_RhaD (Table 1). The highest activity was observed
with L-thamnose. Enzyme activity was assayed routinely
in the direction of substrate oxidation by measuring the
reduction of NADP™" at A34. Among the substrates tested,
Ta_RhaD was active toward L-rhamnose (100 %), L-lyx-
ose (97 %), and L-mannose (44 %) when NADP' was
used as a cofactor (Table 1). As shown in Table 1, L-
rhamnose, L-lyxose, and L-mannose have the same con-
figuration at C;, C,, C3, and C,4. Less than 1 % activity
was observed for p-mannose, myo-inositol, p-glyceralde-
hyde, and b-talose. On the other hand, no catalytic
activity was detected for the following substrates: p-glu-
cose, D-galactose, L-galactose, D-arabinose, L-arabinose, D-
xylose, L-xylose, p-fucose, L-fucose, p-fructose, b-manni-
tol, p-xylitol, p-sorbitol, p-ribose, p-deoxyribose, D-glu-
cosamine, N-acetyl-pD-glucosamine, and p-altrose. When
NAD™ was used as a cofactor, Ta_RhaD displayed no
activity at all.

Kinetic parameters of Ta_RhaD are summarized in
Table 1. The effect of substrate concentration on the

black letters (>60 %). The RhaDs are as follows: Ta_RhaD,
Thermoplasma acidophilum (JN375693); Fa_RhaD, Ferroplasma
acidarmanus (ZP05570274); Av_RhaD, Azotobacter vinelandii
(EAMO07804); Sp_RhaD, Sphingomonas sp. SKA58 (EAT09360);
Ps_RhaD, Pichia stipitis (ABN68405); Dh_RhaD, Debaryomyces
hansenii (CAG87576)

activity of purified Ta_RhaD was examined in the range
0-20 mM for sugar substrates and 0-0.5 mM for NADP™
(data are shown in Supplementary Fig. S3). Ta_RhaD
enzyme showed highest affinity toward L-rhamnose, with a
K., value of 0.46 mM. Turnover number (k.,) was calcu-
lated to be 1,341.3 min~! for L-thamnose, which yielded a
kea/Kin value of 29469 mM™' x min~'. The keu/Km
value with L-thamnose was 2.8-fold and 22.2-fold higher
than those with L-lyxose and L-mannose, respectively.
Figure 4 shows the effects of temperature and pH on
Ta_RhaD activity. Purified enzyme displayed optimal
activity between 55 and 60 °C, which is similar to the
optimal temperature for 7. acidophilum growth (Darland
et al. 1970). The Ta_RhaD enzyme showed optimal
activity at pH 7, which is close to the intracellular pH
6.4-6.9 of T. acidophilum (Hsung and Haug 1975; Searcy
1976).

Catalytic features of RhaD enzymes

Comparison of certain catalytic properties of RhaDs is
summarized in Table 2. All RhaD enzymes were active at
pH 7-9 in slightly alkaline conditions. Most RhaDs were
mesophilic, except that T. acidophilum RhaD displayed its
highest activity at 60 °C, favorable temperature for cell
growth. It was reported that thermophilic proteins tend to
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Fig. 3 The phylogenetic relationships between RhaDs from Bacteria,
Eukarya, and Archaea. Characterized enzymes are marked by closed
triangles and by a closed circle for Ta0747P enzyme. The number on
each branch indicates the bootstrap value. The RhaDs (GenBank™
accession numbers) are as follows: Ps_RhaD, Pichia stipitis RhaD
(ABN68405); CI_SDR, Clavispora lusitaniae SDR (XP002617482);
Dh_RhaD, Debaryomyces hansenii RhaD (CAG87576); Pp_SDR,
Pichia pastoris SDR (XP002493760); Mg_SDR, Meyerozyma guil-
liermondii SDR (XP001484210); Ag_SDR, Arthroderma gypseum
SDR (XP003172237); Pc_SDR, Penicillium chrysogenum SDR
(XP002567487);  Av_RhaD,  Azotobacter  vinelandii  RhaD
(EAMO07804); He_SDR, Halomonas elongata SDR (YP003899282);
Bs_SDR, Brevundimonas subvibrioides SDR (YP003819797);
Cs_SDR, Caulobacter segnis SDR (YP003593807); Sp_RhaD,
Sphingomonas sp. RhaD (EAT09360); Ae_SDR, Asticcacaulis

W7 A Ps_RhaD  Pichia stipitis
82 CIL_SDR
90 A Dh RhaD  Debaryomyces hansenii
Pp_SDR

Eukaryal RhaD subfamily (NAD)

Bacterial RhaD subfamily (NAD/NADP)

Archaeal RhaD subfamily (NADP)

excentricus SDR (YP004087943); Fa_SDR, putative Ferroplasma
acidarmanus SDR (ZP05570274); Tv_SDR, Thermoplasma volcani-
um SDR (NP110967); Ta_RhaD, Thermoplasma acidophilum RhaD
‘Ta0747P° (JN375693). Other SDR members are as follows (Gen-
Bank™ accession numbers or PDB codes): Ta_GluD, p-glucose
dehydrogenase from 7. acidophilum (NP393669); Bm_GluD, p-
glucose dehydrogenase from Bacillus megaterium (1GCO);
Ta_ManD, p-mannose dehydrogenase from T. acidophilum
(NP394218); Tt_ManD, p-mannose dehydrogenase from Thermus
thermophilus (YP143635); Gf_SorR, L-sorbose reductase from Gluco-
nobacter frateurii (3All); Cc_XyID, p-xylose dehydrogenase from
Caulobacter crescentus (AAK22854); Ec_Kdg5D, 2-keto-3-deoxy-p-
gluconate 5-dehydrogenase from Erwinia chrysanthemi (CAA43989);
Go_Gla5D, p-gluconate 5-dehydrogenase from Gluconobacter oxy-
dans (CAA56322)

Table 1 Catalytic properties of 7. acidophilum L-thamnose dehydrogenase

Sugar Structure Specific activity K, (mM) ke (min~Y) kea Kin (min~! x mM™h)
OH o_oH (units/mg)
R
NADP™ NAD"  Sugar substrate NADP™  Sugar substrate® NADP'™™  Sugar substrate® NADP'

OH OH
L-thamnose R=CH; 36.2 0 0.46° 0.10° 1,341.3¢ 1,027.2°  2,946.9° 10,651.6°
L-lyxose R=H 35.1 0 1.37° 0.10° 1,426.3¢ 990.7°  1,038.8° 9,858.1°
L-mannose  R=CH,OH 16.2 0 6.74¢ 0.13° 892.9¢ 1,084.5° 132.5¢ 8,342.0°

No enzyme activity was observed for the following substrates: p-glucose, p-galactose, L-galactose, p-arabinose, L-arabinose, D-xylose, L-xylose,
p-fucose, L-fucose, p-fructose, p-mannose, D-talose, D-altrose, D-mannitol, D-xylitol, p-sorbitol, p-sorbose, 2-deoxy-ribose, myo-inositol, p-

glucosamine, N-acetyl-p-glucosamine, and b,L-glyceraldehyde

* Enzyme activity was measured at 60 °C with 100 mM sodium phosphate buffer (pH 7) containing 1 mM NADP*

® Enzyme activity was measured at 60 °C with 100 mM sodium phosphate buffer (pH 7) containing 100 mM sugar substrate

¢ Five different concentrations of sugar between 0.3 and 2 mM were used

9 Five different concentrations of sugar between 1 and 20 mM were used

¢ Six different concentrations of NADP™ between 0.05 and 0.5 mM were used
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Fig. 4 Effects of temperature and pH on activity of Ta_RhaD.
Enzyme activities were assayed at various temperatures (closed
symbol) from 20 to 90 °C with intervals of 10 °C. Each temperature
point is shown as a closed square shape. Assays were performed as
described in the “Materials and methods” section. The enzyme
activities at various pHs (open symbol) were assayed. For the pH test,

100 T

80 1

40+

Relative activity (%)

201

12

100 mM citrate-NaOH buffer (pH 3-6; open circles), 100 mM
sodium phosphate buffer (pH 6-9; open squares), and 100 mM
glycine/NaOH buffer (pH 9-11; open triangles) were used. The
dashed line represents L-rhamnose activity while the dotted line
indicates L-lyxose activity

Table 2 Kinetic parameters of L-rhamnose dehydrogenases from Archaea, Bacteria, and Eukarya

Microorganism Domain Assay Cofactor Specific activity K, (mM)  kcq min™Y  kea/Kum Ref.
condition (units/mg) (min’1 X mM’l)
°C pH
Thermoplasma Archaesa 60 7 NADP* 36.2 0.46 1,341 2,947 This study
acidophilum
Azotobacter Bacteria 30 9 NADP'T  163.0 2.34 4,490 2,140 Watanabe et al. (2008)
vinelandii NAD* 7211 2.61 2,230 856
Sphingomonas sp. Bacteria 25 8 NADP* 39.8 - - - Watanabe and
SKAS8 NAD* 317 _ _ _ Makino (2009)
Pichia stipitis Eukarya 30 9 NAD™ 50.4 1.71 1,510 885 Watanabe et al. (2008)
Debaryomyces Eukarya 30 9 NAD* 533 9.35 2,860 307 Watanabe et al. (2008)
hansenii

contain the higher composition of charged residues (Lys,
Arg, Glu, Asp) than mesophilic proteins with the difference
of approximately 3 % on the composition of charged res-
idues (Szilagyi and Zavodszky 2000). When the average
composition of charged residues in RhaD was analyzed,
RhaDs of Archaea, Bacteria, and Eukarya in Fig. 3 were
found to be composed of 22.5, 18.0, and 19.3 % charged
residues, respectively.

Interestingly, Ta_RhaD had excellent affinity for r-
rhamnose, as shown in Table 2. The K,,, value of Ta_RhaD
was 0.46 mM, which is 3.7-fold that of P. stipitis RhaD,
reported as the RhaD with the lowest K, value among
Bacteria and Eukarya. Likely, the affinities of T. acido-
philum RhaD for L-lyxose and L-mannose were three to six
times higher than those of other RhaDs. Therefore, it can
be concluded that the NADP"-specific RhaD from hyper-
thermophilic Archaea is an attractive catalyst in

bioprocessing and biotechnology due to its thermophilicity
and strong affinity for L-rhamnose.
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