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Bacterial strains and culture conditions. Thermoacidophiles able to utilize L-arabinose as their
sole carbon source were isolated from volcanic hot springs at Tankuban Prahu in Indonesia. The
bacteria were grown on a slightly modified DSMZ 402 medium containing 3 g of L-arabinose (as
the sole carbon source), 1 g yeast extract, 0.2 g (NH4),SOs4, 3 g KH,PO4, 0.5 g MgSO4-7H,0,
0.25 g CaCl,-2H,0, 0.1% (v/v) trace element solution (0.1 g ZnSO4-7H,0, 0.03 g MnCl,-4H,0,
0.3 g H;3;BO;, 0.2 g CoCl,:6H,0, 0.01 g CuCl'2H,O, 0.02 g NiCl,'6H,O, 0.03 g
Na,MoO4-2H,0/liter) per liter at pH 2 and 65°C. The isolate TP-7, which showed the highest L-
arabinose isomerase (Al) activity, was identified as a species of the genus Alicyclobacillus, based

on 16S rRNA gene sequence analysis (The GenBank accession number, JX218020).

Cloning, sequencing, and expression of the araAd gene from Alicyclobacillus sp. TP-7. An
internal sequence of the ara4 gene encoding Al was obtained from Alicyclobacillus sp. TP-7 by
PCR using the genomic DNA of isolate TP-7 as a template with the degenerate primers DaraAF
and DaraAR, as described previously (6). The resulting amplified 770 bp internal gene was
sequenced and the full length ara4 gene was obtained by inverse PCR using the sequence based
primers IASAI-F (5’-CGCGTCCTGAAGGTGCTCGCCGAGGGC-3’) and IASAI-R (5’-
CAAAAGCGGCTTTCGCAGCGCCAACAG-3’). Genomic DNA (100 ng) was digested with
Hind 111 for 2 h at 37°C and heated at 80°C for 20 min. The 2—4 kb DNA fragments were purified
using a QIAEX II Gel Extraction Kit (Qiagen), diluted to 3 ng of DNA per ul (50 pl), and
circularized with 2 U T4 DNA ligase (Promega) per pl in ligase buffer containing 1 mM ATP for
16 h at 16°C. The components and conditions for inverse PCR were described previously (6).
Inverse PCR products were purified, cloned into a pGEM-T Easy vector (Promega), and

sequenced. A final PCR amplicon containing the entire ara4 coding sequence was prepared using
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the forward/reverse primer pair ASAI-F (5’-CATATGAAGATGCCGGCTTATGAATTC-3’, the
Nde 1 site is underlined) and ASAI-R (5’-AAGCTTTCAGCGGCCGTACACCGCCTCGTT-3,
the Hind 111 site is underlined). PCR was performed in 1x PCR buffer (50 pl) containing 2 mM
MgCl,, 20 ng DNA, 10 pmol primers, 200 uM dNTP mix, and 2.5 U Ex-tag DNA polymerase
(Takara). After a 4 min initial denaturation at 94°C, each DNA was amplified by 30 cycles
consisting of a 30 sec denaturation at 94°C, a 30 sec annealing at 60°C, and a 1 min extension at
72°C, followed by a final extension step of 5 min at 72 °C. The PCR product was cloned into the
pGEM-T easy vector and transformed into E. coli DH5a competent cells. Transformants were
selected on Luria-Bertani (LB, Difco)-ampicillin (100 pg/ml) plates containing 0.01% X-Gal.
Plasmid DNA was isolated from clones with inserts and digested with Nde 1 and Hind 111. The
digested DNA was purified and ligated into the pET-22b(+) vector to yield pET-ASAI, and the
products were transformed into E. coli BL21 (DE3) competent cells. The pET-AAAI vector
harboring the arad gene of A. acidocaldarius was prepared as described previously (6). For the
expression of the wild-type (ASAI and AAAI) and mutant enzymes (hybrids), transformed E.
coli BL21(DE3) cells were grown at 37°C in 1 liter of LB medium containing 100 pg ampicillin
per ml, induced at the mid-exponential phase (Agpp = 0.5~0.6) with 1 mM isopropyl-p-D-
thiogalactopyranoside (IPTG), grown for an additional 4 h at 37°C, and harvested by

centrifugation (10,000 x g, 20 min, 4°C).

Construction of chimeric Als.
To construct chimeric Als, the expression vectors pET-AAAI and pET-ASAI (6) containing
A. acidocaldarius and Alicyclobacillus sp. TP-7 araA genes, respectively, were used as templates

for PCR. For convenience, the Nde I sequence in the internal ara4 gene encoding AAAI (6) was
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modified by site-directed mutagenesis using the forward/reverse primers 5’-
CTTGGCGCCCACATGCTCGAAGTATGCC-3’ and 5’-
GGCATACTTCGAGCATGTGGGCGCCAAG-3’ (silent point mutations are underlined). For
construction of hybrids I and II, the N-terminal 818 bp fragment of ASAI was amplified by PCR
using the primers 5’-CATATGAAGATGCCGGCTTATGAATTC-3> (the Nde 1 site is
underlined) and 5’-CGTGAAGGCCTCGAAGCC-3’ (the Stu I site is underlined). In parallel, an
824 bp fragment from the N-terminal region of AAAI was amplified by PCR using the
forward/reverse primer pair 5’- CATATGATGCTGTCATTACGTCCTTATGAA-3’ (the Nde 1
site is underlined) and 5’-CGTGAAGGCCTCAAA-3’ (the Stu I site is underlined). The
amplified DNA fragments were ligated into a pGEM-T easy vector and used to transform E. coli
DHS5a competent cells. Transformants were selected on X-Gal LB plates, and plasmid DNA was
isolated and digested with Nde I and Stu 1. As described above, the C-terminal 670 bp and 667 bp
fragments from AAAI and ASAI respectively, were also amplified by PCR using the primers 5°-
TTTGAGGCCTTCACG-3’ with an introduced Stu I site (underlined) and AAAI-R (6), and 5°-
TTCGAGGCCTTCACG-3’ with an introduced Stu I site (underlined) and ASAI-R, respectively.
Subsequently, the amplified N- and C-terminal fragments of ASAI were ligated with the C- and
N-terminal fragments of AAAI at the Stu I site and digested with Nde I and Hind I11. Those DNA
fragments were then ligated into a pET-22b(+) vector digested with Nde 1 and Hind 111 to yield
pPET-hybrids 1 (1485 bp) and 2 (1491 bp) (Fig. 3). In turn, the hybrids I-E267K and II-K269E
were created by site-directed mutagenesis using pET-hybrids I and II as the DNA templates,
respectively. The forward/reverse primer pairs (5’-TTCCTTAAGGAAGGCGGC-3’ and 5°-
GCCGCCTTCCTTAAGGAA-3’ for [-E267K, and 5’-TTCCTGGAGGACGGGAAT-3’ and 5°-

ATTCCCGTCCTCCAGGAA-3’ for 1I-K269E) were designed to introduce the corresponding
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mutations into the hybrids I and II. Clones were sequenced to verify the presence of the mutation.
Upon hybridization and confirmation of a single coding region mutation, the hybridized and
mutated plasmids were reintroduced into E. coli BL21(DE3) cells and expressed as described

above.

Purification of Als

All purification steps were carried out using the ACTA purifier system (Pharmacia) at 4°C. To
purify the recombinant wild-type Als and their hybrids, cell pellets were resuspended in 50 ml of
20 mM Tris-HCI buffer (pH 8.0), disrupted by sonication, heated at 65°C for 15 min, and
centrifuged at 20,000 x g for 30 min to remove cell debris and E. coli proteins. The supernatants
of ASAI, AAALI, and their hybrids were filtered through a 0.2 um filter and loaded onto Hiprep
16/10 Q-XL columns (20 ml) equilibrated with 20 mM Tris-HCI buffer (pH 8.0). The columns
were washed with 20x volume of the same buffer, and a gradient of NaCl (from 0 to 500 mM)
was applied at 3 ml/min. Active fractions of Als were pooled and concentrated in 20 mM Tris-
HCI buffer (pH 7.9) using a Centriprep filter (Millipore) with a 10 kDa cutoff, and the
concentrates were further purified on a HiLoad 16/60 Superdex 200 gel-filtration column
equilibrated with 20 mM Tris-HCI (pH 7.5) and stored at 4°C. Protein concentrations were
determined by the bicinchoninic acid method (9), with bovine serum albumin as the standard.
Enzyme fractions were analyzed by sodium dodecyl sulfate (SDS)-12% polyacrylamide gel
electrophoresis (PAGE) and visualized with Coomassie Brilliant blue R250 (Sigma). The relative

molecular masses of the purified enzymes were determined by SDS-PAGE (3).
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Enzyme activity assay and kinetics. For initial screening of thermoacidophiles producing Al,
cell pellets (Agoo= 1) were resuspended to a final concentration of 1% toluene in 50 mM sodium
acetate buffer (pH 5.5) and then vortexed vigorously for 2 min (6). The cell lysates were added
to the reaction mixture containing 0.1 M L-arabinose, | mM MnCl,, and 50 mM sodium acetate
buffer (pH 5.5) to a final volume of 125 pl. The reaction mixtures were incubated at 70°C for 20
min. Activity assays were performed in buffers appropriate for AAAI and ASAI at 65 and 70°C,
respectively, as described previously (6). The amount of L-ribulose formed was quantified by the
cysteine-sulfuric acid-carbazole method with measurement at Asqy (2). One unit of Al activity
was defined as the amount of enzyme necessary to produce 1 umol of product per min under
these conditions. The kinetic parameters of Als were determined in the same reaction mixtures as
described above, except that Al was assayed over a 2 min incubation to obtain the initial reaction
rate. The concentration of L-arabinose ranged from 5 to 300 mM. Kinetic data were analyzed

using Lineweaver-Burk plots to determine Vi, and K.

Biochemical characterization of Al. To determine the optimum pH, Al activity was measured
with L-arabinose as a substrate as described above, except that the reaction buffer was replaced
by 50 mM sodium acetate buffer (pH 4.5 to 6.0), 50 mM potassium phosphate buffer (pH 6.0 to
8.0), 50 mM Tris-HCI buffer (pH 7.0 to 9.0), and 50 mM Glycine-NaOH bufter (pH 9.0 to 10.5).
All pH values were adjusted at room temperature, and the ApK,/AT for each buffer were taken
into account in analyzing the results. In case of reaction temperature, Al activity was assayed at
various temperature ranges (45 to 85°C) at each optimum pH. For pH stability studies, the
enzyme was incubated at various pH values for different periods of time and residual Al activity

was measured at 65°C under the assay conditions described above.
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To investigate the effects of various metal ions on enzyme activity, metal ions were removed
from the purified Al by treatment with 10 mM EDTA at 40°C for 1 h, followed by overnight
dialysis against 50 mM Tris-HCI buffer (pH 8.5) at 4°C with several changes of buffer. The
dialyzed enzyme was preincubated at room temperature for 15 min in the presence of 1 mM
CoCl,-6H,0, MnCl,-4H,0, MgCl,-6H,0, CaCl,:2H,0, ZnCl,-6H,0, CuCl,-2H,0, FeCl,-6H,0,

or NiCl,-6H,0, and Al activity was assayed under standard conditions.

Circular dichroism. Circular dichroism (CD) measurements were carried out using a Jasco J-
810 spectropolarimeter with a Peltier temperature-controlled cuvette holder. Wild-type and
hybrid Als (0.3 mg/ml) were preincubated at 25°C in 10 mM sodium acetate buffer (pH 5), 10
mM potassium phosphate buffer (pH 6 to 7), and 10 mM Tris-HCI buffer (pH 8 to 9). The CD
spectra of enzyme samples in cuvettes with a 0.1 cm path length were recorded in the far-UV
region (190 to 240 nm). Scans were collected five times at 0.05 nm intervals with a 1 nm
bandwidth. Each spectrum was corrected by subtracting the spectrum of the solution containing
the used buffer. The high a-helical content of Als dominates the spectrum of the native protein,
with a characteristic negative value of ellipticity at 222 nm, which disappears upon unfolding.
Following complete denaturation in 6 M GdnHCI, a large decrease in CD intensity was observed,
indicating the loss of secondary structure. Guanidine hydrochloride (GdnHCI)-induced
unfolding of Al was performed isothermally in the presence of 10 mM of each buffer at pH
values ranging from 5 to 9 and 20°C. Changes in ellipticity at 222 nm were monitored by CD
spectropolarimetry. The data were fitted by nonlinear least-squares analysis using a linear
extrapolation model. To determine the stability curve, free energies of unfolding (AGy) were

calculated from the GAnHCI denaturation of Als at several pH values, assuming a two-state



model and a linear relationship between AGy and [GdnHCI] (1, 5, 8). The ratio of denatured and
total protein in the transition range, f3, was evaluated from the signal ¢ relative to the signals of
the native and unfolded baselines, according to the following equation: fq = (ex — €)/(enx — ),
where ey and ey represent the CD signal of the fully folded and unfolded forms of the protein,

respectively, in the transition region.



TABLE S1. Comparison of the biochemical properties of thermoalkalophilic ASATI and

homologous thermophilic Als

Property AAAI GSAI ASAI
Tempgp (°C) 65 70 70
pHopt 6-6.5 7-1.5 8.5
apparent M, (10°)
Oligomeric structure ad o4 o4
Subunit 57 (56.04)* 57 (56.09) 56 (54.87)
pl 5.0 5.6 5.63°
Metal ion requirement Mn*", Co™", Mg®®  Mn*", Co™", Mg*" Mn*", Mg
for Al activity
Kinetic parameters
Vomax (umol/mg-min) 35.5 36.5+0.8° 49.7+3.2
K, (mM) 48 63+3 524452
keat /K,y (MM min™) 41.5 32.5 520+1.4
Reference (6) 4) This study

*Calculated molecular weights of the deduced amino acid sequences.

°Calculated isoelectric point (pI) of the deduced amino acid sequence.

“Data are the means + SDs.

4The keat 1s the number of substrate molecules reacted per active site per min.



TABLE S2. Comparison of the deduced amino acid sequences of the wild-type and hybrid Als.

Enzyme pHopt No. of basic No. of acidic Basic (K, R)/
source amino acids (K, R) amino acids (D, E)  Acidic (D, E) ratio
ASAI 8.5 53 (15, 38) 68 (28, 40) 0.779
AAAI 6.0-6.5 52 (20, 32) 69 (25, 44) 0.754
Hybrid I 7.5-8.0 54 (18, 36) 69 (28, 41) 0.783
Hybrid II 6.5-7.0 51(17, 34) 68 (25, 43) 0.750
Hybrid I-E267K  7.0-7.5 55(19, 36) 68 (29, 39) 0.809
Hybrid II-K269E  7.0-7.5 50 (16, 34) 69 (24, 45) 0.725
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Alicyclobacillus pohliae

Kyrpidia tusciae DSM 2912

990 A kakegawensis 5-A83)
1000 EA. shizuokensis 4-A336
750 A. herbarius CP-1
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990 A pomorum 3A
A. contaminans 3-A191
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830, A fastidiosus S-TAB
540 EA‘ acidoterrestris ATCC 49025
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760 A. sendaiensis NTAP-1
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1000 Planifilum fulgidum
1000 4]000,—[P1'aniﬁfum yunnanense
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580 Bacillus funiculus
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750 Anoxybacillus rupiensis
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330 G. thermodenitrificans

orG. vulcani

880
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740]

730

G. thermocatenulatus
G. stearothermophilus

FIGURE S1. Phylogenetic analysis of isolate TP-7 based on its 16S rRNA gene sequence. The

16S rRNA gene (1489 bp) of isolate TP-7 was amplified by PCR. The amplified PCR products

were sequenced and analyzed by using Clustal X ver. 1.81 (10). A phylogenetic tree was

constructed using available 16S rRNA gene sequences of members of the Alicyclobacillus/

Geobacillus subphylum of thermophilic bacteria by the neighbor-joining method and p-distance

methods (7). The phylogenetic position of isolate TP-7 was within the radiation of the genus

Alicyclobacillus. The numbers indicate the bootstrap scores of 1000 trials. The bar equals 1 base

substitution per 100 nt positions.
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AAAT MMLSLRPYEFWEVTGSQHLYGEEALKQVEEHSMMIVNELNQDSVFPFPLVFKSVVTTPEEIRRVCLEANA 70

GSAI MMLSLRPYEFWFVTGSQHLYGEEALKQVEEHSMMIVNELNQDSVFPFPLVEFKSVVTTPEEIRRVCLEANA 70

ASAI —--MKMPAYEFWEFVVGSQHLYGDEALAQVEAHAREMVPALQAAVGNAHVLRWKGVLKDADEIRRLCLEASA 68
LKA KKK kkkkkkk s kkk kkX K. I LKk ek ke akkkk s kkkk K

AAAI SEQCAGVITWMHTFSPAKMWIGGLLELRKPLLHLHTQFNRDIPWDSIDMDFMNLNQSAHGDREYGFIGAR 140

GSAI SEQCAGVITWMHTFSPAKMWIGGLLELRKPLLHLHTQFNRDIPWDSIDMDFMNLNQSAHGDREYGFIGAR 140

ASAT DDVCAGVIAWMHTFSPAKMWIRGLLALRKPLLHLHTQFNRDIPWDTIDMDFMNLNQSAHGDREFGFMVTR 138
B R P R B R R P PR

AAAT MGVARKVVVGHWEDPSVRERLAKWMRTAVAFAESRHLKVARFGDNMREVAVTEGDKVGAQIQFGWSVNGY 210

GSAI MGVARKVVVGHWEDPEVRERLAKWMRTAVAFAESRNLKVARFGDNMREVAVTEGDKVGAQIQFGWSVNGY 210

ASAI LGMPRKVIVGHWQDAEVARRVRGWAMTAVAAAVSRGLKVARFGDNMRQVAVTEGDKVEAEARFGWSVNGY 208
ske  kkkakkkk e ek ke ok kkkk | Ak KAKKKAKKAARK s AKRKKARKKA Ko kAR KKAKK

AAAT GVGDLVQYIRDVSEQKINELLEEYAELYDIVPAGRQDGPVRESIREQARIELGLKAFLKDGNFAAFTTTE 280

GSAI GIGDLVQYIRDVSEQKVNELLDEYEELYDIVPAGRQEGPVRESIREQARIELGLKAFLQDGNFTAFTTTE 280

ASAT GVGDLAERVRAVSEAEIDRLIDEYQSLYEFAPGCEKGGPLHDGVREQARIELGLRSFLEEGGFEAFTTTE 278
Koekkk o ek KAk sss Keakk Kk ee ks kksoaa sokkAkkkkAkkksokks ok Kk AAkKKAKX

AAAT EDLHGMKQLPGLAVQRLMAEGYGFGGEGDWKTAALVRLMKVMADGKGTSFMEDYTYHFEPGNEMILGAHM 350

GSAI EDLHGMKQLPGLAVQRLMAEGYGFGGEGDWKTAALVRLMKVMADGKGTSFMEDYTYHLEPGNEMILGAHM 350

ASAI EDLHGLRQLPGLAVQRLMADGYGFGGEGDWKTAVFVRVLKVLAEGEGTSFMEDYTYHFEPGNEMVLGAHM 348
KKKk K o kAR KA KK AR Kk s Ak kAR KA KK A AK | sk ke s kk ek ok s Ak kAR Kk ARk ks kk ok hok s Kk k kK

AAAT LEVCPTIAATRPRIEVHPLSIGGKEDPARLVEFDGGEGAAVNASLIDLGHRFRLIVNEVDAVKPEHDMPKL 420

GSAI LEVCPTIAATRPRIEVHPLSIGGKEDPARLVEFDGGEGAAVNASLIDLGHRFRLIVNEVDAVKPEHDMPKL 420

ASAT LEVCPTIAATRPRVEVHPLSIGGKEDPARLVEFDGAGGPAVQATIVDLGHRFRMVVNKVEAIQPDRPMPKL 418
KAKKKK KKKk ok h ks AAKK KKK KA AKX RAK KKK KK | Kk Ak eke s s kXXX RAK s skk ek sk e sk s hkk%

AAAT PVARILWKPRPSLRDSAEAWILAGGAHHTCFSFAVTTEQLODFAEMAGIECVVINEHTSVSSFKNELRWN 490

GSAI PVARILWKPRPSLRDSAEAWILAGGAHHTCFSFAVTTEQLODFAEMAGIECVVINEHTSVSSFKNELKWN 490

ASAI PVARVLWKPLPSLASAAESWILAGGAHHTVEFSYRVTVEELQDLADMMGMECVVIDEHSTPRRIANELRWN 488

kkkkoekkhkkhk Kkkhkk cehkKkekk kA hkhAkAkAAkkx Kkeoe *k Kekkhkkhkekek Keoekkhkhhkhkekhkoo e kkk e kK

FIGURE S2. Alignment of the amino acid sequences of ASAI and its homologous Als
generated using CLUSTAL X (10). Non-conserved R residues are indicated in boldface blue
type, and K268 of AAAI as the A residue in red font. ASAIL A. acidocaldarius TP7 Al
(GenBank database accession no. JQ945232); GSAIL, Geobacillus stearothermophilus Al

(AADA45718); AAAL, A. acidocaldarius A1 (AAY 68209).
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FIGURE S3. Equilibrium unfolding transitions of the wild-type Als and their chimeras induced

by GdnHCI at 25°C monitored by CD ellipticity at 222 nm.
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