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Thiaminase I (EC 2.5.1.2) catalyzes the replacement of
the thiazole moiety of thiamin with a wide variety of
nucleophiles. Here we report the sequencing of a thiam-
inase I clone from Bacillus thiaminolyticus, the overex-
pression of the cloned gene in Escherichia coli, and the
purification and characterization of the enzyme. Re-
combinant thiaminase I functions as a monomer with a
K,, for thiamin of 3.7 = 0.6 um and a k_,, of 34 s~
Electrospray ionization Fourier-transform mass spec-
trometry identified a single sequencing error and dem-
onstrated heterogeneity, finding molecular weights of
42,127, 42,198, and 42,255 due to added Ala and Gly-Ala at
the amino terminus. Similar analysis of the 4-amino-2-
methyl-6-chloropyrimidine (8) inactivated enzyme indi-
cated that the active site nucleophile involved in catal-
ysis of the substitution reaction is located between Pro™®
and Thr'7’. Subsequent cysteine-specific labeling and
site-directed mutagenesis identified Cys!!® as the active
site nucleophile.

During the course of studies to determine the thiamin (1)
content of various foods in Japan during World War II, it was
observed that some foods contained a thiamin-degrading enzy-
matic activity. This activity is fairly widespread and has been
detected in several bacteria, marine organisms, and plants
(Fujita, 1954, 1972; Murata, 1982). Animals and humans who
ingest food containing thiaminase may develop symptoms of
thiamin deficiency (Hayashi, 1957; Duffy et al., 1981; Earl et
al., 1994; Evans, 1975). Two thiamin-degrading enzymes have
been isolated. Thiaminase I (EC 2.5.1.2) catalyzes the replace-
ment of the thiazole moiety of thiamin with a wide range of
nucleophiles; thiaminase II is specific for the use of water as
the nucleophile (Reaction 1).

Thiaminase I is the better characterized system (Abe et al.,
1987; Lienhard, 1970; Pearson and Lipman, 1988). It is an
extracellular, 42-kDa enzyme which has been purified from
Bacillus thiaminolyticus (Douthit and Airth, 1966), and its
gene has also been cloned (Abe et al., 1987). Thiaminase I has
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been reported to have a wide tolerance to the nature of the
nucleophile (Lienhard, 1970).

A reliable source of large quantities of this enzyme was
essential for a comprehensive series of mechanistic studies.
Towards this end, we have sequenced the thiaminase I gene
from B. thiaminolyticus and overexpressed it in Escherichia
coli. This paper describes the sequencing and overexpression
strategy, as well as the purification, characterization, and iden-
tification of the active site nucleophile for the recombinant
enzyme.

EXPERIMENTAL PROCEDURES

General Methods—Ampicillin (Amp), isopropyl-1-thio-B,pD-galactopy-
ranoside, Sigma Dalton VII SDS low molecular weight standards, and
Cibacron Blue dye affinity resin were obtained from Sigma. Thiamin
hydrochloride, aniline, and veratrylamine were obtained from Aldrich
Chemical Co. 2-Nitro-5-thiosulfobenzoate (NTSB)! was a gift from H.
Scheraga (Thannhauser et al. 1984). The Wizard™ PCR purification
kit, and the Wizard™ MiniPrep kit were obtained from Promega.
Restriction enzymes and T4 DNA ligase were from New England Bio-
labs. Protein concentrations were determined with the PIERCE™ Coo-
massie Plus Protein Assay Reagent (Bradford, 1976) using bovine se-
rum albumin as a standard. High performance liquid chromatography
was carried out on a Waters™ 650E Protein Purification System with
a Waters™ 490E variable wavelength detector. Ultrafiltration was
done using an Amicon concentrator, Model 8050 (Beverly, MA). UV
spectra were recorded on a Hewlett-Packard 8451A diode array spec-
trophotometer. Freshly distilled aniline (b.p. 183-184 °C) and vera-
trylamine were used for thiaminase I activity assays. Oligonucleotide
primers were synthesized at the Cornell University Oligonucleotide
Synthesis Facility.

Bacterial Strains and Plasmids—Plasmids pET17b and pET22b(+)
and E. coli strain BL21(DE3) were obtained from Novagen, Inc. (Mad-
ison, WI). E. coli strain SURE was obtained from Stratagene. Plasmid
pGEM3z™"’ was obtained from Promega. Plasmids pAN13 and H104
were gifts from Dr. Nishimune (Higashinasi, Osaka, Japan). For prop-
agation of the recombinant plasmids, E. coli K-12 strains RK4353 and
VJS533 were used and were a gift from Dr. V. Stewart (Dept. of
Microbiology, Cornell University).

Assay for Thiaminase I Activity—Thiaminase I activity was deter-
mined, at 25 °C, using two different secondary nucleophiles. In both
cases, the absorbance change at 252 nm, resulting from the reaction of
thiamin with the secondary nucleophile, was monitored (Lienhard,
1970). The assay mixture contained 0.93 mM nucleophile, 0.093 mm
thiamin, 100 mM sodium phosphate buffer (pH 6.5), and 2 mm DTT in a
3-ml volume at 25 °C. The assay was initiated by addition of enzyme,
and the absorbance was measured at 252 nm every 30 s over a 6-min
period. In each case, the recording of absorbance against time was
linear over the assay time period. In assays done to track activity
during purification, aniline was used as the nucleophile. Assays done to
determine kinetic parameters used veratrylamine as the nucleophile.
In determining the kinetic parameters for thiamin, the veratrylamine
concentration was maintained at 0.93 mM, and the thiamin concentra-

1 The abbreviations used are: NTSB, 2-nitro-5-thiosulfobenzoate;
PCR, polymerase chain reaction; DTT, dithiothreitol; bp, base pair(s);
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tion was varied from 6.7-53.3 uM. Due to lack of sensitivity of the assay,
thiamin concentrations below 6.7 uM were not used. The specific activ-
ity was calculated according to Equation 1 where AA = absorbance
change at 252 nm, V = total assay volume in microliters, Ae = the
difference between the sum of the extinction coefficients of the products
and the sum of the extinction coefficients of the reactants (11,200 M~ !
cm ™! (aniline), 2,415 M~ ecm ™! (veratrylamine)), [ = path length of the
cuvette, t = assay time, and p = protein in milligrams.

(AA)(V)
Ae)(D)@B)P)

An enzyme unit is defined as the amount of enzyme that will produce 1
pmol of product per min at 25 °C.

Characterization of Enzymatic Products in the Absence of a Co-
substrate—Thiaminase I (95 nM) was incubated in 100 mM phosphate
buffer (pH 6.5), 2 mM DTT in the presence of excess thiamin for 1.5 h at
25 °C. The reaction was monitored by TLC developed in 66% (8-EtOAc/
2-MeOH), 33% (7-iPrOH/1-H,0/1-NH,OH). One UV active spot (Ry =
0.71) resulted which co-migrated with 4-methyl-5-(2-hydroxyethyl)thia-
zole (3). This was not present when thiamin was incubated under the
same conditions in the absence of enzyme. At no point during the
reaction was a UV active spot corresponding to the hydrolysis product,
4-amino-2-methyl-5-hydroxymethylpyrimidine (7), observed.

Characterization of Enzymatic Products in the Presence of Limiting
Amounts of Co-substrate—Thiaminase I (15 pg) was incubated in 100
mM phosphate buffer (pH 6.5), 2 mM DTT in the presence of thiamin
(excess) at 25 °C. Veratrylamine (4) (165 mM) was titrated into the
reaction over a period of 3 h such that the reaction never exceeded pH
7.5. The reaction was monitored by TLC developed in 66% (8-EtOAc/2-
MeOH), 33% (7-iPrOH/1-H,0/1-NH,OH). Three products formed over
the 3-h time period, one that co-migrated with 4-methyl-5-(2-hydroxy-
ethyl)thiazole (3, Ry = 0.76), one that co-migrated with 4-amino-2-
methyl-5-(3,4-dimethoxybenzylaminomethyl)pyrimidine (5, Ry = 0.64),
and a third of unknown composition (6, R, = 0.56). The enzymatic
reaction was extracted with EtOAc, dried over MgSO,, and concen-
trated to dryness. The compounds were purified by flash chromatogra-
phy (90:10 EtOAc:MeOH). The identity of compounds 3 and 5 was
confirmed by their NMR spectra. Compound 6 was identified as bis-(4-
amino-2-methyl)pyrimidinyl-3,4-dimethoxybenzylamine. *H NMR (400
MHz, CDCl,): 3, 92.42 (s, 3H), 93.03 (t, 2H), 93.84 (t, 2H), 98.59 (s, 1H);
5, 02.48 (s, 3H), 93.67 (s, 2H), 93.71 (s, 2H), 63.87 (s, 6H), 96.1 (broad s,
2H), 96.78 (s, 1H), 06.81 (s, 2H), 7.92 (s, 1H); 6, 92.50 (s, 6H), 93.41 (s,
2H), 93.46 (s, 4H), 93.85 (s, 3H), 93.88 (s, 3H), 95.59 (broad s, 4H), 96.78
(s, 1H), 06.85 (s, 2H), 08.07 (s, 1H). EI-MS: 8, m/z 143 (M). CI-MS: 5, m/z
289 (M + 1); 6, m/z 410 (M + 1).

Sequencing of the Thiaminase I Gene—A thiaminase I clone from B.
thiaminolyticus (pAN13) was obtained from the Nishimune Laboratory
(Higashinasi, Osaka, Japan). pAN13 is a pBR322 B. thiaminolyticus-
derived, HindIII clone. The 760-bp HindIIl/Sall, the 410-bp BamHI
fragment and the 670-bp BamHI fragment from pAN13 were subcloned
into pGEM3z™™, and the resultant plasmids were named pCAC303,
pCAC306, and pCAC307, respectively (Fig. 1). The entire thiaminase I
gene was sequenced on both strands using an ABI Model 373 DNA
Sequencer at the Cornell Biotechnology DNA Sequencing Facility
(Fig. 2). The programs DNA INSPECTOR II (Textco, West Lebanon,
NH) and SeqEd 1.0.3 (ABI, Foster City, CA) were used to compile and
analyze the sequence data (Fig. 3). The program FASTA (Pearson and
Lipman, 1988) was used to compare the thiaminase I sequence to
sequences in the GenBank™ data base.

Nucleotide Sequence Accession Number—The sequence reported here
has been deposited into the GenBank™ data base, accession number
U17168.

Amino-terminal Sequence Analysis—Thiaminase I was partially pu-
rified from B. subtilis 168 (H104) by the method of Wittliff and Airth
(1968), and the purification was followed by SDS-gel electrophoresis
(Laemmli, 1970) (12% polyacrylamide). The resolved proteins were
transferred to Immobilon P (a 0.45-um polyvinylidene difluoride filter)
using Bio-Rad’s Trans-Blot System following the manufacturer’s proce-

Specific activity (umol/min/mg) = (Eq. 1)
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FiG. 1. Subcloning of pAN13 for sequencing. Plasmid pAN13 is a
pBR322-derived plasmid. B, BamHI; R, EcoRV; A, Sacll; S, Sall; C,
Clal; G, Bgll; H, HindIII.
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FiG. 2. Sequencing strategy for the thiaminase I gene. B,
BamHI; R, EcoRV; A, Sacll; S, Sall; C, Clal; G, Bgll; H, HindIII.

1 GGATCCCGCCGGCTTTTCCTTGGCCGGACGATATCAAGCCTGGAGTGGCGGGCATCGTCA 60

61 TGGACGAACGAGGCAGGGTTCTCCTGATGAAGCGGEGCCGATARCGEGCTGCTGGGGCCTCC 120

121 CGTCGGGTCATGTGGAGCGGGGAGRRAGCGTAGAGGAGGCAATCGTGCGGGAAATCCGCG 180

181 AAGAGACCGGATTGCAGGTGGAAGTCATGCGGTTGGTCGGCCTCTATTCCGATCCCGAGT 240

241 CGCARAGTATTCACCTACCCGGATGGAGCAGCCACTCAGTTCGTGACGGCCTGCTTTCGCT 300

301 GTGAGACGGTGGGAGGAGCGCTTGTCAGAACGGGGGCCGAGACGTTGGATGTGAACTATT 360

361 TCGAGGCGGAGCGGCTGCCGGACCCTATACTCGCGATGCACCCCCGGTGGATCGCGGATG 420

421 CCTTGGCGGAGGAATCGCTTTGCATTTTCCGTTAGAACGAATCTATTAAGTGAGAGTAGC 480

481 GCGTTCCATTTTRATAGAAGCGGGGGAGAAGGAAJRTGTCAAAGGTAAAAGGCTTCATTTA 540
M 8 KV K G F I Y

541 CAAACCACTGALuuLuﬂlGlebthlbblbblbblbbllblLAGTCCGGCCGGAGCCGG 600

VMILALTULTULTYV VYV S P A G AyG *

601 GGCGGCCCATTCCGATGCGTCTTCGGATATTACGCTGAAGGTGGCGATCTACCCGTACGT 660
AyA H S D S DI T L K V AJI]JY|]P Y V

661 TCCGGATCCTGCCCGTTTCCAGGCGGCCGTTCTTGATCAGTGGCAGCGGCAGGAGCCTGG 720
D R Q A AV L DOQOWOQRQEJP G

721 CGTCAAGCTGGAGTTTACGGACTGGGATTCCTACTCCGCGGATQQGCCGGACGATTTGGA 780
VvV XK L E F T DJWw D 8]Y|s AlDJjp P D D

781 TGTGTTCGTCCTGGATTCGATTTTTTTAAGCCATTTTGTCGATGCGGGQTATCTCCIQQQ 840
F VLD S5 I L S H F V|D A GjY]LjLjiP

841 CTTCGGCAGCCAAGATATCGACCAGGCGGAGGATGTGCTCCCTTTTGCTCTTCAAGGGGC 900
D I Q A BE D V L P F A L G A

901 GAAGCGCAACGGCGAGGTCTACGGTCTGCCGCAAATTTTATGCACGAACCTGCTTTTTTA 960
K R N G E V ¥ G L P I L N L L F Y

961 CCGTAAAGGCGATTTPAAPATArrFEKKETrrAPAAT TTTATGAACTGTACAARAAAAT 1020
1 G Q VD NI Y E L Y KK I
1021 AGGAACCAGCCACTCCGAGCAGATTCCGCCTCCCCAGAATAAGGGTTTGCTAATTAATAT 1080
G T S H S E Q I P P P Q N L L I N M
1081 GGCCGGCGGGACGACGAAGGCAAGCATGTATTTGGAGGCGCTTATCGATGTGACQGGCCA 1140
2 G T K A § M 1 D VIT|G
1141 GTATACGGAATATGACCTTCTTCCGCCGCTGGATCCCCTAAATGACAAGGTCATTCGCGG 1200
E DL L,P P L DIPLNTDTEKT VYTIT RSGEG
1201 CTTGCGCCTGTTAATCAATAT CGGGGGAGAAGCCGTCGCAGTATGTTCCCGAGGATGG 1260
L R L L I A G E K P G
1261 CGACGCTTATGTAAGGGCGTCGTGGTTCGCGCAAGGGAGCGGCAGAGCCTTCATCGGCTA 1320
Y R A G S GRAFTIG Y
1321 CAGCGAGTCGATGATGCGCATGGGCGAQIATGCGGAACAAGTCCGGTTCAAGCCGATTTC 1380
M M R M G DLY A B VRF KP I S
1381 CTCGTCAGCCGGGCAGGACATTCCTCTGTTCTACAGCGATGTCGTGAGCGTGAACTCCAA 1440
S 8§ A G Q P L F Y 8DV V § V N
1441 GACGGCCCATCCGGAGCTGGCCAAAAAACTGGCGAATGTCATGGCTTCCGCGGATACGGT 1500
K KL ANV MAGSTA ATDTV
1501 GGAGCAAGCTCTGCGCCCGCAGGCCGACGGCCAATATCCTCAGTATCTGTTGCCTGCGCG 1560
IE Lo 2 [L Q A DG QY P Q Y L LLP
1561 GCATCAGGTCTACGAAGCATTGATGCAGGATTATCCGATTTATTCCGAATTGGCCCAGAT 1620
E Q V a D Y|P I ¥ S ELGA QI
1621 CGTGAACAAGCCGTCAAACCGGGTGTTCCGGCTCGGACCTGAAGTCCGGACATGGCTAAA 1680
VNKPSUNTGRYF VR TW K
1681 AGACGCCAAGCAAGTCTTGCCCGAAGCGCTCGGCTTGACGGATGTATCGAGCCTGGCGAG 1740
DA KO QVTLPE L 6L TDJV S S LA S
1741 CTRAAGCTT 1749

FiG. 3. Nucleotide sequence of thiaminase I. The nucleotide se-
quence of the noncoding strand is shown. The initiator and termination
codons are underlined. Derived amino acid sequences are shown in
standard single-letter code. The putative signal sequence is shown in
bold. Arrows indicate the putative signal peptidase cleavage sites. Ver-
tical bars show the NS fragmentation data; fragment ions containing
the carboxyl terminus are indicated by L ; fragment ions containing the
amino terminus are indicated by . Internal ions are enclosed by dashed
bars. The pyrimidine-labeled fragment identified by electrospray ioni-
zation Fourier transform-mass spectrometry is underlined.

dures. The membrane was washed extensively with water (10 X 5 ml
aliquots), stained with 0.06% Coomassie R-250 in 50% MeOH for 5 min,
and destained with 30% aqueous MeOH, 10% acetic acid for 30 min. The
portion of the membrane containing the major protein band (42 kDa)
was cut out, and the amino-terminal sequence was determined at the
Sequencing and Analytical Facility, Cornell University, using an ABI
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Fic. 4. Strategy for cloning the thiaminase I gene into the overexpression plasmid, pET22b(+). This strategy minimized the quantity

of PCR-derived DNA in the overexpression construct.

Model 470A gas phase protein Sequencer with a Model 120A on-line
PTH-AA analyzer.

Construction of the Thiaminase I Expression Vector—Using pAN13
linear double-stranded DNA as a template and 5'-AGC TTA TCA TCG
ATA AGC TT-3' and 5'-CAT TTT AAT AGA AGC GGG GGA CAA GCA
TAT GTC AAA GGT AAA AGC CTT CAT T-3' as 3’ and 5’ primers,
respectively. 30 PCR cycles were performed using cycle conditions of
94 °C (denaturing), 40 °C (annealing), and 72 °C (elongation) in stand-
ard buffer (10 mm KCIl, 20 mm Tris-Cl (pH 8.8 at 25°C), 10 mMm
(NH,,SO,, 0.1% Triton X-100, and 3 mMm MgSO,). The resulting 1.2-
kilobase PCR product was isolated using the Wizard™ PCR Purifica-
tion Kit (Promega) and further purified by electrophoresis on a 0.7% low
melting agarose gel before it was digested with Ndel and Sall and
cloned into the Ndel-Sall sites of the pET22b(+) expression vector
(Novagen, Inc.). The remainder of the thiaminase I gene was then
inserted into the expression vector from pAN13. The PCR-derived DNA
was sequenced and shown to contain a one base mutation in codon 6
(GGC — GCCOC). A representative plasmid, designated pCAC206, was
used to transform E. coli BL21(DE3) to give the overexpression strain
(Fig. 4).

Purification of Thiaminase I—The E. coli thiaminase I overexpres-
sion strain was grown at 37 °C in Lenox broth media (Life Technologies,
Inc.) containing 200 pg/ml ampicillin until an Agy, .., of 0.45 was
reached. The temperature of the culture was reduced to 25 °C, and the
cells were grown for an additional 30—60 min (A4, ., = 0.6), induced
by making the culture 1.0 mM in isopropyl-1-thio-B-p-galactopyrano-
side, and grown for an additional 3.5 h at 25 °C. The cells were har-
vested by centrifugation (3000 X g, 10 min) and stored at —80 °C.

The enzyme isolated from this expression system is stable at room
temperature, maintaining more than 85% of its original activity over a
12-h period at 23 °C. Therefore, the enzyme was isolated at room
temperature unless otherwise stated using extensive modifications of
the procedure of Wittliff and Airth (1968). Loss of activity early in the
purification scheme was seen when 2 mm DTT was omitted from the
buffers. The cells were suspended in 50 mm Tris-HC1 (pH 7.5), 2 mm
DTT, and 2 mm EDTA (12 ml/g cell paste), ruptured in a French press
at 12,000 p.s.i., and the cell debris removed by centrifugation for 20 min
at 25,000 X g. The resulting clarified cell extract was adjusted to 50%
saturation by the slow addition of solid ammonium sulfate (291 g/liter)
at 0 °C, stirred for 1 h at 0 °C and centrifuged at 15,000 X g for 20 min.
The supernatant was then brought to 70% saturation by the addition of
solid ammonium sulfate (125 g/liter) at 0 °C and stirred for 1 h before

centrifugation at 15,000 X g for 20 min at 0 °C. The resulting 50-70%
ammonium sulfate pellet was dissolved in 10-30 ml of 50 mm Tris-HCI
(pH 7.5), 2 mM DTT, 2 mm EDTA, and the residual ammonium sulfate
was removed by ultrafiltration (Amicon, YM-10, 250-fold dilution in the
same buffer) before loading the sample directly onto a Waters™ AP-1,
8-um HR DEAE-ion exchange column (25 X 100 mm) equilibrated in
the same buffer. The protein was eluted from the column at a flow rate
of 1.5 ml/min using the sodium chloride gradient shown in Fig. 5. This
consisted of 8 min at 0 M NaCl, 12.25 min from 0-150 mm NaCl, 20 min
at 150 mM NaCl, and 20 min from 150 mM—1 M NaCl. Thiaminase I was
eluted at 150 mm NaCl. The fractions containing thiaminase I activity
were pooled, and the buffer was changed to 50 mM phosphate buffer (pH
7.0), 2 mM DTT, 2 mm EDTA by ultrafiltration (Amicon, YM-10). The
sample was loaded onto a Cibacron Blue dye affinity column (2.5 X 11
cm) which had been equilibrated in the same buffer. Thiaminase I
eluted from the column in the same buffer at a flow rate of 0.8 ml/min
(Fig. 6). The fractions containing activity were pooled, concentrated (5
mg/ml), and stored in 100-ul aliquots as 10% glycerol stocks at —80 °C.

Electrophoresis and Gel Filtration of Thiaminase I—The subunit
molecular mass of the recombinant thiaminase I was determined by its
mobility on a 12% SDS-polyacrylamide gel relative to Sigma Dalton VII
SDS-PAGE molecular mass standards (bovine albumin, 66 kDa; egg
albumin, 45 kDa; glyceraldehyde-3-phosphate dehydrogenase, 36 kDa;
carbonic anhydrase, 29 kDa; trypsinogen, 24 kDa; trypsin inhibitor,
20.1 kDa; a-lactalbumin, 14.2 kDa). To determine the native molecular
mass, thiaminase I was also loaded onto a Sepharose CL-6B gel filtra-
tion column (1.5 X 91.5 ¢cm) in 50 mM phosphate buffer (pH 7.0), 2 mm
DTT, 2 mm EDTA, 150 mM NaCl. The elution of thiaminase I relative to
blue dextran suggests that the enzyme is monomeric. The column was
calibrated using Sigma GF-200 molecular mass markers (a-amylase,
200 kDa; alcohol dehydrogenase, 150 kDa; bovine serum albumin, 66
kDa; carbonic anhydrase, 29 kDa; cytochrome ¢, 12.4 kDa).

pI Determination of Thiaminase [—Isoelectric focusing of purified
thiaminase I was done using a Pharmacia Biotech broad range isoelec-
tric focusing gel (pH 3-9). The isoelectric focusing gel was run on a
Pharmacia PhastSystem using the manufacturer’s procedures.

Determination of the Extinction Coefficient—The enzyme was de-
salted on a Sephadex G-50 gel filtration column (1.5 cm X 98.4 cm)
equilibrated in water. The protein was eluted from the column in water
and, prior to analysis, was concentrated by ultrafiltration (Amicon,
YM-10). The Aygg ,,n Was determined from the UV/Vis spectrum. The
protein concentration was determined by quantitative amino acid anal-
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Fic. 5. Purification profile for thiaminase I using Waters™
8-um HR DEAE-ion exchange chromatography. The thiaminase
I-containing peak is marked with an asterisk and was eluted from the
column with a NaCl gradient.
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FiG. 6. Purification profile for thiaminase I using Cibacron
Blue dye affinity chromatography. Thiaminase I eluted from the
column in loading buffer (50 mm phosphate, pH 7.0, 2 mm[] DTT, AND 2
MM EDTA) as the second of two protein peaks.

ysis, performed in triplicate at the Sequencing and Analytical Facility,
Cornell University, using the Waters™ Pico-Tag chemistry.

NTSB Modification of Thiaminase I and Inactivated Thiaminase I
(Thannhauser et al., 1987)—The standard protocol for denaturation
and labeling was used with no modifications. Thiaminase I and fully
inactivated thiaminase I were desalted using a Sephadex G-50 column
(1.5 X 98.4 cm) equilibrated in water followed by ultrafiltration (Ami-
con, YM-10, 500-fold in water), respectively. The NTSB assay solution
(3.0 ml) was added to a solution of thiaminase I (200 ul). In conjunction
with each assay, a negative control was run containing water (200 ul).
The reaction mixture was incubated in the dark for 25 min. The ab-
sorbance at 412 nm was recorded against the negative control.

Inactivation of Thiaminase I with 8—A purified sample of thiami-
nase I (1.0 mg) was inactivated to 25% of its original activity by incu-
bation in the presence of 8 (5.5 mm) at 25 °C for 24 h in 50 mm phosphate
buffer, 2 mm EDTA, 2 mMm DTT (pH 7.0). Excess inhibitor was removed

Active Site Analysis of Thiaminase I

by ultrafiltration (YM-10, 500-fold dilution) in the same buffer.

Electrospray Ionization Fourier Transform-Mass Spectrometry (ESI/
FT-MS) of Recombinant, Inhibited, and Mutated Thiaminase [—Thor-
oughly desalted thiaminase I at ~10 uM in 76:20:4 MeOH/H,0/AcOH
was infused at 1 pl/min into a modified 6T FT-MS (Beu et al., 1993)
through an electrospray needle held at 3kV. The resulting ions were
electrostatically guided through a heated metal capillary (110 °C), a
skimmer, and three quadrupole ion guides (five stages of differential
pumping) into a trapped ion cell at 10~° Torr. Trapped ions were
coherently excited into high cyclotron orbits about the magnet field axis
for dipolar detection of image current, digitization, and Fourier trans-
formation, yielding a spectrum of all frequencies (i.e. m/z values)
simultaneously.

Site-directed Mutagenesis on Thiaminase I—Thiaminase I mutants
were generated according to the method of Vandeyar et al. (1988) using
the T7-Gen In Vitro Mutagenesis System (U. S. Biochemical Corp.) with
the exception that SURE cells were transformed with mutagenesis
reaction mixtures. Single-stranded DNA was prepared from E. coli
JM101 cells (Stratagene) transformed by a M13mp18 clone containing
the 410-bp BamHI fragment from pCAC306 which served as a template
for mutagenesis. For the C113S mutation, the following oligonucleotide
was used: 5'-CG GTA AAA AAG CAG GTT CGT GGA TAA AAT TTG
CGG CAG ACC-3'. Mutant clones were confirmed by DNA sequencing.
The BamHI fragment containing the mutation was then moved to
pGEM3z™" to produce a representative plasmid, pCAC7-1. The
EcoRV-Clal fragment from pCAC7-1, containing the mutagenized site
was used to replace the corresponding fragment in an overexpression
plasmid, pCAC406 (a pET17b (ABstXI) derivative cloned in a similar
fashion as shown in Fig. 4), to produce a representative plasmid,
pCAC501. The Ndel-HindIII fragment of pCAC501, containing the en-
tire C113S-thiaminase I gene, was cloned into pET22b(+) to produce
the C113S mutant overexpression plasmid, pCAC511 (Fig. 7).

RESULTS

Sequencing and Ouverexpression of Thiaminase I in E. coli—
The sequencing strategy for the 1,750-bp region of pAN13,
which contains the thiaminase I gene, is summarized in Fig. 2.
Two open reading frames were identified in the resulting se-
quence. The second of these was assigned to the thiaminase I
gene because it contained the amino-terminal sequence of the
purified enzyme from B. subtilis 168 (H104) (AHSDASXX-
ITLKVAIYPYVP) and coded for a protein of the predicted mo-
lecular mass (45 kDa). The leader sequence (codons 1-30),
expected for an extracellular protein, had the usual organiza-
tion: consisting of a positively charged amino-terminal domain,
an extended hydrophobic core, and a hydrophilic carboxyl-ter-
minal domain. In addition, alanine was found at the —1 and —3
positions directly preceding what was the apparent signal pep-
tide processing site (Chen and Nagarajan, 1994). The results of
a FASTA search using the thiaminase I sequence gave no
significant similarity with other known proteins.

The overexpression strategy involved introducing an Ndel
site at the start codon of the thiaminase I gene using PCR
mutagenesis. This facilitated the insertion of the gene into the
pET22b(+) overexpression vector. The PCR-derived DNA was
sequenced and was shown to contain a 1-base mutation in
codon 6 (GGC — GCC). This mutation changed Gly® to Ala® in
the leader peptide. Since this mutation had no apparent effect
on signal peptide processing as shown by ESI/FT-MS, no addi-
tional efforts were made to correct it.

Purification and Characterization of Recombinant Thiami-
nase [—The purification strategy is summarized in Table 1.
SDS-polyacrylamide gel electrophoresis analysis of each stage
of the purification showed the progressive enrichment of a
42-kDa protein (Fig. 8). The purified enzyme appears to be
monomeric by gel filtration analysis. It has a pl of 4.6 and an
extinction coefficient at 280 nm of 6.2 *+ 0.3 X 10* m ! cm™1.
Amino-terminal sequencing of the recombinant protein indi-
cated that the putative leader sequence had been removed.
However, ESI/FT mass spectra of recombinant thiaminase I
revealed three species of molecular mass = 42,127, 42,198,
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TABLE I
Purification of recombinant thiaminase I from E. coli

See text for details.

Total Total

Step protein activity Specific activity % Total Purification
mg units units/mg protein -fold
Cell lysate 1344 1035 0.8 100 1
50-70% (NH,),SO, 300 990 3.3 96 4
DEAE-ion exchange 35 180 5.1 17 7
Cibacron Blue dye affinity 8.4 69.6 8.3 7 11

chromatography

42255 * 1 Da in a 1:2:1 ratio (Fig. 9a). This heterogeneity,
which requires resolving power greater than 600 for its detec-
tion, could not have been detected using ESI/quadrupole MS or
matrix-assisted laser desorption MS in this mass range. Noz-
zle-skimmer dissociation (i.e. collisions with small neutrals in
the ESI source) of the molecular ions produced ~165 fragment
ions, some exhibiting the same heterogeneity as the intact
protein; parts per million mass accuracy MS spectra of these
demonstrated that the mass differences between species were
actually 71.02 and 57.02 Da, consistent with an extra Ala
(71.04) and Gly (57.02) on the amino terminus (Kelleher et al.,
1995).

The K,, for thiamin was determined to be 3.6 * 0.7 um and
the k., 34 s~ (pH 6.5, 25 °C) using veratrylamine (4) (935 um)
as a co-substrate. The corresponding kinetic parameters for the
enzyme isolated from B. subtilis 168 (H104) were 6.6 = 1.2 um
and 30 s~ 1. Although aniline had been used previously as the
co-substrate (Wittliff and Airth, 1968), we find it to be an
unsatisfactory substrate for kinetic studies due to its high
extinction coefficient and its facile oxidation to highly chro-

mophoric products. We have found that the use of vera-
trylamine as the co-substrate gives high quality kinetic data.
Although highly sensitive to thiamin concentration, the rate of
the enzymatic reaction is independent of veratrylamine
concentration.

In characterizing the enzymatic reaction, we have demon-
strated that the enzyme reacts with thiamin to liberate 4-meth-
yl-5-(2-hydroxyethyl)thiazole (3) in the absence of a secondary
nucleophile. Also, in the presence of limiting amounts of vera-
trylamine (4) as the co-substrate, a disubstituted vera-
trylamine product, bis-(4-amino-2-methyl)pyrimidinyl-3,4-di-
methoxybenzylamine (6), is formed preferentially to the
hydrolyzed product, 4-amino-2-methyl-5-hydroxymethylpy-
rimidine (7).

Active Site Analysis of Thiaminase I—Thiaminase I was
inactivated (K; = 7.7 mm, k., = 0.7 h™1) by treatment with
2-methyl-4-amino-6-chloropyrimidine (8, Hutter and Slama,
1987). ESI/FT-MS analysis of the inactivated enzyme indicated
that all three species were labeled with the pyrimidine moiety
and that chloride was lost during the inactivation (Amolecular
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Fic. 8. SDS-polyacrylamide gel electrophoresis analysis of thi-
aminase I during the purification (12 %) gel. Lane 1, cell lysate;
lane 2, 50—70% ammonium sulfate precipitate; lane 3, pooled fractions
from the DEAE-ion exchange chromatography; lane 4, pooled fractions
from the Cibacron Blue dye affinity chromatography.
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Fic. 9. Electrospray FT-MS of thiaminase I. a, the 39" molecular
ion region of a broad band ESI/FT mass spectrum (inset) of purified
recombinant thiaminase I (20 scans). b, the 38" region after incubation
of thiaminase I with 4-amino-6-chloro-2-methylpyrimidine (10 scans). c,
ESI/FT mass of the thiaminase I C113S mutant (20 scans).

mass = +108, Fig. 95). Comparison of fragment ion masses
from labeled and unlabeled enzyme showed a large carboxyl-
terminal fragment and the 99-residue fragment Pro”®-Thr!”’
shifted +108 Da, thus localizing the active site nucleophile to
this region. Cys''® is the most nucleophilic residue contained
within this region and was a likely candidate for the active site
nucleophile because thiaminase I is inhibited by organomercu-
rials and iodoacetate (Wittliff and Airth, 1970). This was fur-
ther supported by treating the enzyme with NTSB, a cysteine-
specific reagent, which produces the intensely yellow
3-carboxy-4-nitrothiophenylate chromophore (Amax = 412 nm)
after reaction with a thiol. The native enzyme reacted with
NTSB with the release of 2 eq of 3-carboxy-4-nitrothiophenyl-
ate. Since both the ESI/FT-MS and the DNA sequence data
demonstrate that thiaminase I contains only one cysteine res-
idue, we assume that the high thiol titration is due to incom-
plete removal of tightly bound DTT. The denatured, pyrimi-

Active Site Analysis of Thiaminase I

NH,
CH30 X N
|
N, )l\ o H
CH40 N OCH;
4 n
OCH;
S5:n=1, 6,n=2
NH,
NH,
NN OH
| N
# |
N 2
N a
7
8

dine-labeled, enzyme did not react with this reagent.

Site-directed mutagenesis to make a C113S thiaminase mu-
tant was done according the procedure of Vandeyar et al. (1988)
using the T7 In Vitro Mutagenesis Kit (U. S. Biochemical
Corp.). Due to the cloning sites present in pCAC206, the C113S
mutant-containing DNA fragment could not be cloned back
directly into pCAC206. The C113S-containing DNA was first
cloned into pCAC406, a thiaminase-pET17b derivative, and
then the entire gene cloned back into pET22b(+) which yielded
pCAC510, the C113S mutant overexpression plasmid (Fig. 7).
The C113S mutant was purified in a way similar to the native
recombinant enzyme. The mutation was confirmed by electro-
spray FT-MS which showed the expected 16-Da decrease in
molecular mass at isotopic resolution (Fig. 9¢) for all three
molecular species. Activity assays run on the C113S mutant
were done at enzyme concentrations 20-fold in excess of that
required to see turnover with native recombinant enzyme (71
nM — 356 nM). At this large excess of enzyme, no time-depend-
ent change in absorbance was detected at 252 nm in the pres-
ence of thiamin (93 um) and veratrylamine (935 um).

DISCUSSION

While thiaminase I from B. thiaminolyticus has been previ-
ously cloned and overexpressed in B. subtilis 168 (Abe et al.,
1987), we found the yield of pure enzyme to be low and to vary
substantially between preparations. The E. coli thiaminase I
overexpression strain described here provides a reliable source
of large quantities of enzyme for mechanistic studies. Although
this enzyme catalyzes the degradation of thiamin, toxicity in E.
coli is reduced by its secretion into the periplasmic space of the
cell. Comparison of the kinetic parameters for the purified
recombinant enzyme and thiaminase I purified from B. subtilis
168 (H104) shows that the two enzymes are very similar.

ESI/FT-MS on the recombinant enzyme demonstrated that
the enzyme was heterogeneous at the amino terminus and
localized a single sequencing error to a 150-base pair region
(Kelleher et al. 1995). The refined sequence was consistent with
the molecular mass values, and, moreover, 61 fragment ions
ranging from 0.5 to 36 kDa gave extensive sequence verifica-
tion and could localize any covalent modifications to a small
sequence window. The heterogeneity is presumably caused by a
signal peptidase that cleaves between residues —3/—2, —2/—1,
and —1/+1 during post-translational processing. This has been
observed in other systems using Edman sequencing (Hitzeman
et al., 1983; Lingappa et al., 1977). Each cleavage site conforms
to the “(—3, —1) rule” that defines preferred residues in the —3
G,A V,L, LS, T, M) and -1 (G, A, S, C, T) positions (von
Heijne et al., 1984; Perlman and Halvorson, 1983).

Previous studies demonstrated that thiaminase I follows a
ping pong mechanism, that catalysis requires the presence of
both substrates (Lienhard, 1970; Puzach et al., 1984), and that
the substitution reaction occurs with overall retention of con-
figuration at the methylene position (Nicewonger et al., 1995).



Active Site Analysis of Thiaminase I

NH,

Fic. 10. Mechanistic proposal for
thiaminase I. Addition of an active site
nucleophile across the C4-N; bond would
give 10. Loss of thiazole (3) would give 11.
Nucleophilic addition to 11 followed by
extrusion of the active site nucleophile
completes the reaction. The studies de- |
scribed here demonstrate that cysteine H
113 is the active site nucleophile.

From these studies, and the inactivation of the enzyme with
2-methyl-4-amino-6-chloropyrimidine, a mechanism involving
the addition of an active site nucleophile to Cg of the pyrimidine
has been proposed (Fig. 10) (Hutter and Slama, 1987; Lien-
hard, 1970). This mechanistic proposal is also supported by
extensive studies on the mechanism of thiamin cleavage with
bisulfite (Uray et al., 1993). The independence of the rate on the
concentration of veratrylamine suggests that the rate of forma-
tion of the enzyme pyrimidine adduct is much slower than the
rate of addition of the amine and prevented us from determin-
ing the kinetic mechanism of the recombinant enzyme using
this assay.

Thiaminase I shows remarkable tolerance to the structure of
the nucleophile (Lienhard, 1970). When the reaction is carried
out under limiting concentrations of veratrylamine, we have
found that the reaction product 5 can function as the nucleo-
phile. We have also found that when thiaminase is treated with
thiamin in the absence of any secondary nucleophile, the reac-
tion proceeds for several turnovers with the release of the
thiazole (3) moiety. We observed no formation of 4-amino-2-
methyl-5-hydroxymethylpyrimidine (7) suggesting that water
is either excluded from the active site or is not nucleophilic
enough to react with the proposed intermediate (11, Fig. 10).
We do not observe any pyrimidine products that migrate from
the origin of the TLC plate. One possibility is that the N,
nitrogen of thiamin is functioning as the nucleophile for this
reaction.

The conventional approach to the identification of key active
site residues, using radiolabeled suicide substrates, requires
kinetic characterization of the inactivation, demonstration of
stoichiometric labeling, proteolysis of the labeled enzyme, iso-
lation of the labeled peptide, and sequencing. ESI/FT-MS offers
a very attractive alternative strategy. This high resolution
technique gives parts per million (ppm) mass accuracy for the
intact labeled enzyme which can provide significant insight
into the active site chemistry involved in the inactivation
event. The stoichiometry of labeling is also evident from the
mass shift. Fragmentation of the molecule is carried out in the
gas phase by collisional activation (Senko et al., 1994) or irra-
diation with an IR laser (Little et al., 1994), thus removing the
need to radiolabel the substrate, to find suitable proteases, and
to purify the labeled fragment. Using this approach, we local-
ized the pyrimidine-labeled residue between Pro’® and Thr!7".
This peptide contained the enzyme’s only cysteine. The obser-
vation that the denatured inactivated enzyme did not react
with NTSB, while the native enzyme did react strongly sug-
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gested that this cysteine was the active site nucleophile. This
was confirmed by preparing the C113S mutant which was
inactive.

The biological function of thiaminase is unknown (Kimura
and Iwashima, 1987). We have considered several possibilities.
The proposal that thiaminase serves a defense role by destroy-
ing the thiamin in the medium or by catalyzing the biosynthe-
sis of a thiamin antimetabolite fails at least in the case of E. coli
where the enzyme can be overexpressed with minimal toxic
effects on the host. Another possibility is that thiaminase may
catalyze the coupling of the pyrimidine and the thiazole moi-
eties to form thiamin. We have demonstrated that thiaminase
I was able to overcome a mutation in the coupling enzyme in E.
coli VJS1391 (thiE~ strain) when grown on minimal media
supplemented with ampicillin (200 wg/ml) (Backstrom et al.,
1995; Vander Horn et al., 1993). This coupling activity is very
low because we have not been able to detect any thiamin
phosphate synthase activity with purified thiaminase using the
thiochrome assay (Leader, 1970) which is less sensitive than
the bioassay. A final possibility is that thiaminase I is involved
in the salvage of the thiazole moiety from the medium. This
hypothesis remains to be tested.
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