J. Biochem. 2010;147(1):83-93 doi:10.1093/jb/mvp 145

THE JOURNAL OF
JB BIOCHEMISTRY

Purification and some properties of wild-type and
N-terminal-truncated ethanolamine ammonia-lyase

of Escherichia coli

Received July 2, 2009; accepted September 1, 2009, published online September 16, 2009

Keita Akita, Naoki Hieda, Nobuyuki Baba,
Satoshi Kawaguchi, Hirohisa Sakamoto,
Yuka Nakanishi, Mamoru Yamanishi,
Koichi Mori and Tetsuo Toraya*

Department of Bioscience and Biotechnology, Graduate School
of Natural Science and Technology, Okayama University,
Tsushima-naka, Kita-ku, Okayama 700-8530, Japan

*Tetsuo Toraya, Tel: +81 86 251 8194, Fax: +81 86 251 8264,
E-mail: toraya(@cc.okayama-u.ac.jp

The methods of homologous high-level expression
and simple large-scale purification for coenzyme Bi,-
dependent ethanolamine ammonia-lyase of Escherichia
coli were developed. The eutB and eutC genes in the
eut operon encoded the large and small subunits of the
enzyme, respectively. The enzyme existed as the hetero-
dodecamer ogfs. Upon active-site titration with adeni-
nylpentylcobalamin, a strong competitive inhibitor for
coenzyme Bi,, the binding of 1mol of the inhibitor per
mol of the off unit caused complete inhibition of enzyme,
in consistent with its subunit structure. EPR spectra
indicated the formation of substrate-derived radicals
during catalysis and the binding of cobalamin in the
base-on mode, i.e. with 5,6-dimethylbenzimidazole coor-
dinating to the cobalt atom. The purified wild-
type enzyme underwent aggregation and inactivation at
high concentrations. Limited proteolysis with trypsin
indicated that the N-terminal region is not essential
for catalysis. His-tagged truncated enzymes were similar
to the wild-type enzyme in catalytic properties, but more
resistant to p-chloromercuribenzoate than the wild-type
enzyme. A truncated enzyme was highly soluble even in
the absence of detergent and resistant to aggregation
and oxidative inactivation at high concentrations, indi-
cating that a short N-terminal sequence is sufficient to
change the solubility and stability of the enzyme.

Keywords: adenosylcobalamin/coenzyme B,/
ethanolamine ammonia-lyase/radical enzyme/
truncated enzyme.

Abbreviations: AdoCbl, adenosylcobalamin or
coenzyme Bj,; AdePeCbl, 5-adeninylpentylcobalamin;
AdoCbiP-ImPr, adenosylcobinamide
3-imidazolylpropyl phosphate; Buffer A, 50 mM
potassium phosphate buffer (pH 8.0); Buffer B,
Buffer A containing 0.3 M KCI, 10 mM ethanolamine,
and 1 mM PMSF; EAL, ethanolamine
ammonia-lyase; Hisg, hexahistidine; IPTG,
isopropyl-pB-p-thiogalactopyranoside; pCMB, p-chlor-
omercuribenzoate; PMSF, phenylmethanesulfonyl
fluoride.

Ethanolamine ammonia-lyase (EAL) (EC 4.3.1.7) or
ethanolamine deaminase is an adenosylcobalamin
(AdoCbl)-dependent enzyme that catalyses the conver-
sion of ethanolamine to acetaldehyde and ammonia in

(eq 1) (1).
HINCH,CH,OH —— CH3;CHO + NH}  (eq 1)

The enzyme was first discovered by Bradbeer in
choline-fermenting Clostridium sp. (2) and shown
later to be present in many bacteria in which exoge-
nous vitamin By, is required for growth on ethanola-
mine (3). They include Escherichia coli (4), Klebsiella
aerogenes (4), Bacillus megaterium (5) and Salmonella
typhimurium (6). EAL activity was detected in a
triethanolamine-fermenting Acetobacterium sp. (7)
as well. EAL was purified to homogeneity from
Clostridium sp. (8) and E. coli (9). It is composed of
two kinds of subunits—Ilarge (2) and small (B) sub-
units, and the subunit structures of both clostridial
(10) and S. typhimurium (11) EALs are ogfe.
Although the cobamide bound to clostridial EAL
was identified as pseudo-B, (adeninylcobamide) (72),
AdoCbl serves as coenzyme for all EALs. The
o- and B-subunits of EAL are encoded by the eutB
and eutC genes, respectively, in the eut operon (13),
together with other enzymes involved in ethanolamine
degradation, regulatory proteins, bacterial microcom-
partment shell proteins and proteins with unknown
functions (/4). Overexpression and purification of
recombinant EAL of S. typhimurium have been
achieved (/1).

The mechanism of action of EAL has been exten-
sively studied wusing clostridial and Salmonella
enzymes (/5—17). To date, no X-ray structures of
EAL are available yet, although the structure of
EutB homohexamer (o) has been analyzed recently
(PDB ID, 2qgez). The 3D structure is awaited for
understanding the refined mechanism of action of
this enzyme on a molecular level. In order to get crys-
tals for X-ray analysis, we established the methods of
high-level homologous expression and of simple puri-
fication of E. coli wild-type EAL. Since it turned out
that purified wild-type EAL undergoes aggregation
(precipitation) and inactivation at high concentra-
tions, we attempted to overcome this difficulty by
preparing His-tagged truncated EALs with and with-
out mutations. Some properties of E. coli wild-
type EAL as well as the effects of N-terminal trunca-
tions on enzymological properties are also reported
here.
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Experimental procedures

Materials

AdoCbl was a gift from Eisai Co. Ltd, Tokyo,
Japan. 5-Adeninylpentylcobalamin (AdePeCbl)
was synthesized by the published procedure (78).
Adenosylcobinamide 3-imidazolylpropyl phosphate
(AdoCbiP-ImPr) and AdoCbiP-["’N,]ImPr were
synthesized as described previously (79, 20)
using unlabeled and '"N-labeled imidazoles,
respectively. Trypsin (N-p-tosyl-L-phenylalanine chlor-
omethyl ketone-treated) was purchased from
Worthington Biochemical Corp. (Lakewood, NI,
USA). Alcohol dehydrogenase and soybean trypsin
inhibitor were obtained from Sigma-Aldrich (St
Louis, MO, USA). Ni-NTA agarose and
polyvinylidene difluoride membrane were purchased
from Qiagen GmbH (Hilden, Germany) and
Applied Biosystems Inc. (Foster City, CA, USA),
respectively. All other chemicals were analytical
grade reagents.

DNA manipulations

Standard recombinant DNA techniques were per-
formed as described by Sambrook et al. (21).
Amplification of DNA segments was carried out by
PCR with recombinant Tag (Invitrogen and Toyobo,
Japan) or KOD Dash (Toyobo, Japan) DNA poly-
merases. Cloning of PCR products was performed
by TA-cloning using the Original TA Cloning
kit (Invitrogen) or TOPO-XL PCR Cloning kit
(Invitrogen), according to the manufacturer’s
instructions.

Constructions of plasmids

The 3.1kb Pwull fragment containing entire EAL
genes (eutB and eutC) was excised from DNA prepared
from clone #421 of the Kohara E. coli genomic A
phage library (22), treated with Tag DNA
polymerase, and cloned into pCR2.1 (Invitrogen).
The 2.2kb AfIlI-EcoRI fragment was obtained from
the resulting plasmid. The 630 bp DNA fragment con-
taining the 5'-terminal region of eutB with preceding
BamHI and Ndel sites and following EcoRI site was
amplified by PCR with the same DNA from Kohara
clone #421 as template using Tag DNA polymerase
and ecutB-1f and eutB-2r primers (Table 1) and
cloned into pCR2.1. The 610bp Ndel-AfI fragment
was obtained from the resulting plasmid. The
Ndel—Aflll and the Aflll-EcoR1 fragments were
inserted into the Ndel—EcoRI region of pUSI2ENd
(23). Unexpectedly, resulting plasmid
pUSI2ENd(EAL) contained extra 0.6 kb sequence cor-
responding to the 5-terminal region of eutB in the
upstream of eutBC. It was confirmed by sequencing
that it was due to co-ligation of the
contaminating 620bp AfIl fragment which contains
pCR2.1-derived ~10-bp sequence adjacent to the
610bp Ndel-AfII1 segment. The removal of extra
eutB 5-terminal sequence from pUSI2ENd(EAL) by
Ndel digestion, followed by self-ligation, generated
pUSI2ENd(EAL)2. The 171 bp DNA fragment con-
taining the 3’-terminal region of eutB with following
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Smal site was amplified by PCR using Tag DNA
polymerase and eutB-3f and eutB-4r primers (Table
1) and cloned into pCR2.1. The 140bp Bsml—Aval
fragment from the resulting plasmid and the 1.3kb
HindllI—Bsml fragment from pSTV(eutBC)2 (24)
were inserted into the HindIII—Aval region of
pSTV29 (Takara Bio, Japan) to construct pSTV
(eutB). The 1.4-kb Ndel—EcoRI fragment from
pSTV(eutB) was inserted into the Ndel—EcoRI
region of pUSI2ENd to produce pUSI2ENd(eutB).
The 813bp DNA fragment containing the eutC lack-
ing coding sequence corresponding to amino acid
residues 2—29 (referred to as eutCA) with preceding
Ndel site and following Bg/II site was amplified by
PCR using KOD Dash and eutCtr-1f and eutC-2r
primers (Table 1), and cloned into pCR2.1 to gener-
ate pCR2.1(eutCA). Likewise, pCR2.1(eutCACS)
that replaces the codon for Cys34 of eutC on
pCR2.1(eutCA) with the codon for Ser was con-
structed using eutCtrCS-1f primer. The 820-bp
Ndel-EcoR1 fragments from pCR2.1(eutCA) and
pCR2.1(eutCACS) were inserted into the Ndel-
EcoRI  region of pUSI2ENd to  generate
pUSI2ENd(eutCA) and  pUSI2ENd(eutCACS),
respectively. A pair of synthetic oligonucleotides
his6-f and his6-r (Table 1) carrying the sequence for
the N-terminal hexahistidine (His¢)-tag was hybri-
dized, phospholylated by T4-polynucleotide kinase
and inserted to the Ndel site of pUSI2ENd(eutB)
to produce pUSI2ENd(HisgeutB). The 1.5kb
BamHI-Bg/ll fragment from pUSI2ENd(HisceutB)
was inserted into the BamHI site of pUSI2ENd
(eutCA) and pUSI2ENd(eutCACS) to generate
pUSI2ENd(HisgeutB-eutCA) and pUSI2ENd
(HisgeutB-eutCACS), respectively. The 810-bp DNA
fragment containing the entire eutCA lacking termi-
nation codon with preceding Ndel site and following
Xhol site was amplified by PCR using KOD Dash
and eutCtr-1f and eutCXho-r primers (Table 1), and
cloned into pCR-XL-TOPO (Invitrogen) to generate
pCR-XL-TOPO(eutCA). The 220bp Ndel—Csp45I
fragment from pUSI2ENd(eutCACS) and the
580-bp Csp45I—Xhol fragment from pCR-XL(eutCA)
were inserted into the Ndel—Xhol region of pET-21b
(Merck,  Germany) to  generate  pET-21b-
(eutCACSHisg). The 846-bp DNA fragment contain-
ing entire eutCA with C34S mutation, C-terminal
Hisg-tag sequence, and preceding Ndel site and fol-
lowing BamHI site was amplified by PCR using KOD
Dash and eutCtrCS-1f and his6Bam-r
primers (Table 1) with pET-21b(eutCACSHiss) as
template. The resulting DNA fragment was cloned
into pCR-XL-TOPO to generate pCR-XL-TOPO
(eutCACSHisg). The 830-bp Ndel—BamHI frag-
ment from it and the 1.4-kb BamHI-Sall fragment
from pUSI2ENd(eutB) were inserted into the
Ndel—Sall region of pET-21b to obtain pET-21b-
(eutCACSHisg-cutB).

Cultivation of E. coli expressing wild-type and
truncated EALs

Recombinant E. coli IM109 and BL21(DE3) carry-
ing expression plasmids were aerobically grown at
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Table 1. Oligonucleotides used for cloning and construction of plasmids in this study.

Name Sequence® Location® or comments

eutB-1f AAGGATCCCATATGAAACTAAAGACCACATTGTTCGGC eutB 1-27 with BamHI and Ndel sites

eutB-2r TTGAATTCGGCTTAAGTTTTCCACGTCGTCAG eutB 587—611 with EcoRI site

eutB-3f TGCTCAACTACCAGACCACC eutB 1202—1221

eutB-4r TTTACCCGGGTCAGAAGAACAGTGACGG eutB 1345—1362 with Smal site

eutCtr-1f CATATGGCCACCACCAACTGTGC eutC 88—104 with Ndel site

eutC-2r AGATCTTTATCGGGTCATGTTGATGCCG eutC 867—868 with Bg/II site

eutCtrCS-1f CATATGGCCACCACCAACagtGC eutC 88—104 with CB34S mutation and Ndel site

eutCXho-r CTCGAGTCGGGTCATGTTGATGCCGGATG eutC 863—865 with Xhol site

his6-f TATGGGCCATCATCATCATCATCACAGCAGCG N-terminal Hisg-tag coding sequence
GCCTGGTGCCGCGCGGCAG

his6-r TACTGCCGCGCGGCACCAGGCCGCTGCTGTGAT N-terminal Hisg-tag coding sequence
GATGATGATGATGGCCCA

his6-Bam-r GTTAGCAGCGGATCCTCAGTGGTG 3'-region of pET-21b Hiss-tag coding sequence

with BamHI site

“Restriction sites added and the initiation/termination codons are indicated by underlines and italics, respectively. The codon corresponding
to the CP34S mutation is indicated by lower cases. °Numbers from the start sites of genes.

30°C or 37°C in LB medium containing ampicillin
(50 pg/ml). When the culture reached an ODgo of
~0.9, isopropyl-B-p-thiogalactopyranoside (IPTG)
was added to a concentration of 1mM for induc-
tion. After cultivation for additional 5—6h, cells were
harvested, washed twice with 50 mM potassium phos-
phate buffer (pH 8.0) (Buffer A), and stored at —80°C.

Purification of recombinant wild-type EAL

All operations were carried out at 0—4°C. About 15.4 g
of wet cells were suspended in 31 ml of Buffer A con-
taining 10 mM ethanolamine, 2mM EDTA and 2mM
phenylmethanesulfonyl fluoride (PMSF), and dis-
rupted by sonication for 10min at 240 W with a
Kaijo TA-5287 ultrasonic destruction system (Japan)
after adjusting pH to 8.2. After centrifugation at
23,000g for 30 min, the crude membrane fraction con-
taining EAL was washed twice with 50 ml of the same
buffer. The precipitate was further washed three times
with 31 ml of Buffer A containing 10mM ethanola-
mine, | mM PMSF and 0.2% Brij35. EAL was then
extracted from the precipitate with 31 ml of the same
buffer by increasing the concentration of Brij35 to 1%.
The suspension was sonicated and centrifuged at
23,000g for 20 min, and the supernatant containing
EAL was collected. This extraction procedure was
repeated twice. The supernatant pooled was further
centrifuged at 100,000g for 20min. The extracted
EAL was almost homogeneous (Fig. 1). The enzyme
solution was then diluted into four volumes of ice-cold
10mM ethanolamine containing 1 mM PMSF, 1%
Brij35 and 5mM 2-mercaptoethanol and applied to a
DEAE-cellulose column (bed volume, 50ml) which
had been equilibrated with 10 mM potassium phos-
phate buffer (pH 8.0) containing 10 mM ethanolamine,
1% Brij35 and 5mM 2-mercaptoethanol. The column
was washed successively with 250 ml of the same buffer
and 250 ml of the same buffer without Brij35. EAL was
then eluted with Buffer A containing 80 mM KCI,
10mM ethanolamine, 1 mM PMSF, 20mM sucrose
monocaprate and 5mM 2-mercaptoethanol. About
10 ml-fractions were collected. Purified enzyme was
stored at —80°C until use.

& & @&
3@ & & &°
& & & D
& 5 S
Q\O 05 ,{’\“ o@

BPB _“— -

Fig. 1 SDS-PAGE analysis of the wild-type EAL at each
purification step. Fractions at each purification step were subjected
to SDS—PAGE on 10% polyacrylamide gel. Molecular weight
markers, SDS-7 (Sigma). Positions of the o- and B-subunits are
indicated with arrowheads in the right of the gel.

Purification of Hisg-tagged EALs

About 2—-3.2g of wet E. coli cells expressing each
Hisg-tagged EAL were suspended in 5—6.4ml of
Buffer A containing 10 mM ethanolamine and 1 mM
PMSF and disrupted by sonication. After centrifuga-
tion at 23,000g for 30 min, to supernatants were added
1/2 volume of Buffer A containing KCIl, ethanolamine,
imidazole and PMSF to final concentrations of 0.3 M,
10mM, 10mM and 1mM, respectively. The mixtures
were then loaded on to a Ni-NTA agarose column
(bed volume, 4ml) that had been equilibrated with
Buffer A containing 0.3 M KCI, 10 mM ethanolamine
and 1mM PMSF (Buffer B) plus 10 mM imidazole.
The effluents were passed through the column twice.
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After washing the columns successively with 40 ml
of Buffer B containing 10mM imidazole and then
40—80 ml of Buffer B containing 20—50 mM imidazole,
a Hisg-tagged EAL was eluted with 40—70ml of
Buffer B containing 100mM imidazole. EAL-
containing fractions were pooled, dialyzed against
Buffer A containing 10 mM cthanolamine and SmM
2-mercaptoethanol, and loaded on to a Superose 6
column (10/300GL) attached to the FPLC system
(GE Healthcare, UK) that had been equilibrated
with the same buffer. The column was developed
with the same buffer at a flow rate of 0.4ml/min,
and the EAL-containing fractions were pooled.

Enzyme assays

EAL activity was routinely measured by the 3-methyl-
2-benzothiazolinone hydrazone method (24, 25). The
standard assay mixture contained an appropriate
amount of apoenzyme, 15puM AdoCbl, 10mM
ethanolamine, 50mM KCI and 35mM potassium
phosphate buffer (pH 8.0), in a total volume of
1.0ml. After incubation at 37°C for 10 min, reaction
was terminated by adding 1ml of 0.1 M potassium
citrate buffer (pH 3.6). 3-Methyl-2-benzothiazolinone
hydrazone hydrochloride was then added to a final
concentration of 0.9mM, and the mixture was
incubated again at 37°C for 15min. The concentra-
tion of acetaldehyde formed was determined by
measuring the absorbance at 305nm. One unit is
defined as the amount of enzyme activity that cata-
lyses the formation of 1umol of acetaldehyde
per minute at 37°C under the standard assay condi-
tions. K, for ethanolamine was determined by the
alcohol dehydrogenase—NADH coupled method. In
this method, assay mixture contained an appropriate
amount of apoenzyme, 15uM AdoCbl, 0.005-2.5mM
ethanolamine, 0.2mM NADH, 0.05mg/ml yeast
alcohol dehydrogenase and 40 mM potassium phos-
phate buffer (pH 8.0), in a total volume of 1.0ml.
Reaction was started by the addition of AdoCbl. The
oxidation of NADH to NAD" with acetaldehyde at
37°C was monitored by measuring AAsz4.

Protein assays

Protein concentrations in crude extracts were
determined by the method of Lowry et al. (26) with
crystalline bovine serum albumin as standard. The
concentration of purified EALs was estimated from
Asgo. Molar absorption coefficients at 280nm
(em.s0) for purified wild-type and truncated enzymes
were calculated by the method of Gill and von
Hippel (27).

SDS—-PAGE

SDS—PAGE was carried out as described by Laemmli
(28). Protein was stained with Coomassie Brilliant Blue
R-250. Molecular weight markers used were SDS-7
(Sigma). Densitometric analysis of gels was performed
with a Printgraph AE-6911CX system (ATTO, Tokyo,
Japan) and the NIH Image program version 1.63
(National Institutes of Health, USA).
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Edman sequencing of the subunits

Purified EAL was separated into the o- and B-subunits
by SDS—PAGE and electrophoretically transferred to
a polyvinylidene difluoride membrane. Protein bands
were visualized with Coomassie Brilliant Blue R-250,
excised, and analyzed for NH,-terminal amino acid
sequences on an Applied Biosystems 491 protein
sequencer.

Trypsin treatment of wild-type EAL

To purified wild-type EAL (3.8 mg/ml) in Buffer A
containing 0.07M KCIl, 8§mM ethanolamine and
0.8% Brij35 were added 0, 1, 5, 10, 50 and 100 pg/ml
of trypsin. After incubation at 15°C for 15h, reaction
was terminated by the addition of excess soybean tryp-
sin inhibitor (86 pg/ml). The resulting mixtures were
subjected to residual activity measurements and
SDS—PAGE on 13% polyacrylamide gel.

EPR measurements

Substrate-free apoenzyme was obtained by dialysis
against 33 volumes of Buffer A containing 1% Brij35
for 45h with two buffer changes. About 80 U of the
apoenzyme were mixed at 0°C with 50 nmol of AdoCbl
in 0.6ml of 30mM potassium phosphate buffer
(pH 8.0) containing 1% Brij35 in a quartz EPR tube
(OD 5mm) stoppered with a rubber septum. After
replacement of the air in the tube with nitrogen by
repeated evacuation and flushing, holoenzyme was
formed by incubation at 25°C for 3 min. After reaction
with 100 pmol of substrate or its analogs at 4°C for
1 min, the mixture was rapidly frozen in an isopentane
bath (cooled to ca. —160°C) and then in a liquid nitro-
gen bath. The sample was transferred to the EPR
cavity that had been cooled with a cold nitrogen gas
flow controlled by a JEOL JES-VT 3A temperature
controller. EPR spectra were taken at —130°C on
JEOL JES-RE 3X spectrometer modified with a
Gunn diode X-band microwave unit. The mixture
was then incubated at 25°C for additional 3, 5 and
25min and frozen for the second, third and fourth
measurements. EPR conditions are as follows: micro-
wave frequency, 9.174-9.176 GHz; modulation
amplitude, 1mT; modulation frequency, 100kHz;
microwave power, 10 mW.

To determine the mode of cobalamin binding,
wild-type apoenzyme (ca. 100 U) was incubated at
25°C for 33min with 50 nmol of AdoCbiP-ImPr or
AdoCbiP-["*N,]ImPr in the presence of 0.3 M ethano-
lamine under a nitrogen atmosphere. The mixtures
were rapidly frozen, and EPR spectra were taken at
—130°C as described above, except for the microwave
power of 20 mW.

Susceptibility to SH inhibitors

Ethanolamine and 2-mercaptoethanol were removed
from EAL by dialysis at 4°C against 800 volumes
of Buffer A with one buffer change. To 0.1 mg/ml
of apoenzymes in Buffer A were added 0—1 mM iodoa-
cetamide. After incubation at 37°C for 30 min, residual
iodoacetamide = was  destroyed  with  excess
mercaptoethanol (10mM). In the case of p-chloro-
mercuribenzoate (pCMB) inhibition, 0.1 mg/ml of
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apoenzymes were incubated at 37°C for 30 min with
0—SuM pCMB in the presence of 10mM ethanola-
mine. Remaining activities of SH-inhibitor-treated
EALs were measured with added AdoCbl and ethano-
lamine after appropriate dilution.

Results and discussion

High-level expression and purification of
recombinantE. coli EAL

The expression plasmid pUSI2ENd(EAL) contained
an extra DNA segment corresponding to the
S-terminal coding sequence of eutB (~0.6-kb)
upstream of full-length eutB (see Experimental
procedures section). This extra sequence encodes a
polypeptide with M, of 24,000 that is not fused to
full-length EutB protein and hence does not alter its
primary structure. We constructed another expression
plasmid pUSI2ZENd(EAL)2 as well by removing this
extra sequence. Although E. coli JIM109 harboring
pUSI2ENd(EAL)2 expressed EAL in unbalanced
subunit ratio (o >> p) (data not shown), EAL was pro-
duced in well balanced ratio (a/p ~1) by E. coli cells
carrying pUSI2ENd(EAL) (Fig. 1). Since an upstream
gene closer to a promoter region tends to be expressed
more efficiently than a downstream gene in general,
it seems likely that the presence of the extra region
upstream of eutBC genes results in the balanced
expression of the o- and B-subunits.

Although the EAL polypeptides were expressed
mainly in the precipitant fraction, active enzyme was
easily solubilized with 1% Brij35-containing buffer
(Fig. 1 and Table 2). This is due to the low solubility
of the enzyme, rather than the formation of inactive
inclusion body. On the basis of this property, we devel-
oped a novel, simplified method for purifying
E. coli wild-type EAL from E. coli IM109 carrying
pUSI2ENd(EAL). By the purification procedures
described above, ~15-fold purification was achieved
in an overall yield of 31%. Specific activity of purified
enzyme was 55—67U/mg, which was considerably
higher than those reported for purified EALs from
E. coli (13.9U/mg) (9) and from Clostridium sp.
(13-21 U/mg) (8) and purified recombinant EAL of

Escherichia coli ethanolamine ammonia-lyase

S. typhimurium (25.3 U/mg) (/1). Table 2 summarizes
a typical result of purification of recombinant E. coli
EAL.

Purity, molecular weight and subunit structure

of purified wild-type EAL

Upon IPTG induction, E. coli JMI109 carrying
pUSI2ENd(EAL) overproduced two polypeptides
with M, of 49,000 and 32,000, which agreed well
with the predicted molecular weights of the o (EutB;
49,402) and B (EutC; 31,781) subunits of E. coli EAL,
respectively. Upon purification, these polypeptides
were progressively enriched to the molar ratio of
1:0.97, as judged by the densitometric analysis. The
N-terminal 6-amino acid sequences of them, deter-
mined by Edman sequencing, were MKLKTT and
MDQKQI, which agreed completely with those
deduced from the nucleotide sequences of eutB and
eutC genes, respectively. These results indicated that
the purified enzyme was homogeneous. M, of EAL
determined by gel filtration on a calibrated Superose
6 column was ~470,000 (data not shown). It was thus
concluded that the subunit structure of E. coli EAL is
most likely ogBs. €m.280 for E. coli EAL, calculated by
the method of Gill and von Hippel (27) from the
predicted amino acid compositions and subunit struc-
ture, was 302,400 M 'cm ™. €1v,.080 Was calculated to
be 6.21 on the basis of the predicted molecular weight
of 487,102.

Kinetic parameters of wild-type EAL

K., values of recombinant wild-type EAL for the
co-enzyme and substrate were determined (Table 3).
K., for AdoCbl was 0.055 uM, which was significantly
smaller than those reported previously for purified
EALs from E. coli (0.42uM) (9) and Clostridium
sp. (1.5uM) (8) and purified recombinant EAL of
S. typhimurium (0.51 uM) (11). K, for ethanolamine
(8.2uM) was also smaller than those of purified
EALs of E. coli (44uM) (9) and Clostridium sp.
(22uM) (8). In clear contrast to the clostridial
enzyme (8), monovalent metal ions, such as K*, were
not required for activity (data not shown).

Table 2. Purification of recombinant wild-type and His-tagged truncated EALs.

Total activity Total protein Yield Specific activity Purification
EAL Purification step (U) (mg) (%) (U/mg) (fold)
Wild-type Homogenate 13,120 3,453 (100) 3.8 1
1% Brij35 extract 7,326 180 56 40.7 10.7
DEAE cellulose 4,100 74 31 55.1 14.5
HgoeBA Crude extract 755 484 (100) 1.55 1
Ni-NTA 249 33 33 7.55 49
Superose 6 50.4 4.1 6.7 12.5 8.1
HgoeBACS Crude extract 708 290 (100) 2.44 1
Ni-NTA 442 56 62 7.89 3.2
Superose 6 65.9 4.3 9.3 15.3 6.3
BACSHgeot Crude extract 10,488 550 (100) 19.1 1
Ni-NTA 5,540 97.5 53 56.8 2.98
Superose 6 5,698 90.3 54 63.1 3.31
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Table 3. K,, values of wild-type and truncated EALs for coenzyme
and substrate.

K., for AdoCbl K, for ethanolamine

EAL (M) (WM)
Wild-type (ctsB) 0.055 82
HeoeBA 0.041 7.1
HeeBACS 0.045 5.9
BACSH oo 0.078 76
2.5
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Fig. 2 Active-site titration of the wild-type EAL with AdePeCbl.
Apoenzyme (2 U, 61.2 pmol) of the wild-type EAL was incubated
with 0—1 pM AdePeCbl at 37°C for 2h in 1 ml of 35mM potassium
phosphate buffer (pH 7.5) containing 7mM ethanolamine, 0.7%
Brij35 and 1.4 mM 2-mercaptoethanol. After appropriate dilution,
remaining activity was measured with added AdoCbl and
ethanolamine under the standard conditions.

Active-site titration of wild-type EAL with

AdePeCbl

The number of active sites per enzyme molecule (n)
was reported to be originally two (29) and then six
(30) with clostridial EAL and originally two (/1)
and recently six (3/) with recombinant EAL of S.
typhimurium. To determine the number of functional
active site of E. coli EAL, the active site was titrated
with AdePeCbl. AdePeCbl is an inactive analog of
AdoCbl that has an adenine ring in the upper axial
ligand and is bound very tightly to EAL (32) and
other AdoCbl-dependent enzymes (18, 25). The incu-
bation of 61.2 pM apoenzyme with 343 pM AdePeCbl
resulted in complete inhibition of the enzyme (Fig. 2),
indicating that the binding of 1 mol of the inhibitor per
mol of the ofy unit leads to complete loss of enzyme
activity. It was thus concluded that # is six for E. coli
EAL. This is consistent with its subunit structure.

Optical and EPR spectra of the reacting

EAL holoenzyme

Upon incubation of EAL with AdoCbl in the pres-
ence of ethanolamine, AdoCbl was converted to
cob(I)alamin (Bj,,;) within 1 min of incubation, indi-
cating that the Co—C bond is homolytically cleaved
during catalysis. When the apoenzyme was incubated
with AdoCbl in the absence of substrate, the enzyme
underwent inactivation, irrespective of the presence
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Magnetic Field (mT)
Fig. 3 EPR spectra of the wild-type holoenzyme reacting with
substrate and its analogs. Holoenzyme of the wild-type EAL was
formed from 80 U of substrate-free apoenzyme and reacted with
100 umol of ethanolamine (A), 2-amino-1-propanol (B) or 1-amino-
2-propanol (C), and EPR spectra were taken as described in the
text. The position of g =2.0 is indicated by arrow.

of O,. The By,-like spectrum was obtained (data not
shown), suggesting that the homolytic Co—C cleavage
takes place even in the absence of substrate. To get
more information about reaction intermediates, EPR
spectra of reacting holoenzymes were measured
(Fig. 3). Upon incubation of holoenzyme with ethano-
lamine and 2-amino-1-propanol at 4°C for 1 min under
anaerobic conditions, EPR spectra shown in Fig. 3A
and B were obtained, respectively. In the similar spec-
tra obtained previously with EALs from other bacteria
(33, 34), the high-field signals with g-value of ~2 were
identified as the ethanolamine-1-yl and 2-amino-1-
-propanol-1-yl radicals (substrate-derived radicals),
and the low-field broad signals were assigned to low-
spin Co(II) of cob(IT)alamin (35, 36). Such spectra
arise from the weak coupling in the Co(II)-organic
radical pair (37—39). In contrast, almost no signals
were observed upon incubation of holoenzyme with
I-amino-2-propanol (Fig. 3C). Upon prolonged incu-
bation with this substrate analog, a singlet signal with
g ~2 appeared that is similar to that observed with
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ethanolamine after substrate consumption. Thus, this
might be due to the inactivated holoenzyme although
not yet identified.

Mode of cobalamin binding

Cobalamin enzymes bind cobalamin either in the
base-on mode (with 5,6-dimethylbenzimidazole
coordinating to the cobalt atom) (20, 40, 41) or in
the base-off/His-on mode (with the imidazole group
of His residue coordinating to the cobalt atom instead
of 5,6-dimethylbenzimidazole) (42). To determine
the mode of cobalamin binding to E. coli EAL,
the complex of EAL with a coenzyme analog
AdoCbiP-ImPr was incubated with ethanolamine,
and EPR spectra were measured. AdoCbiP-ImPr is a
coenzyme analog in which the p-ribose moiety and
5,6-dimethylbenzimidazole are replaced by the tri-
methylene group and imidazole, respectively, and
serves as a suicide coenzyme for diol dehydratase
(19). As shown in Fig. 4, the coenzyme analog was
converted to cob(Il)alamin upon suicide inactivation,
and the superhyperfine splitting of the hyperfine
lines in EPR spectra reflected a nuclear spin of the
nitrogen atom in the lower axial position. When unla-
beled AdoCbiP-ImPr was used, octet hyperfine
lines showed superhyperfine splitting into triplets
(Fig. 4A), due to the interaction with the '*N nucleus
(I=1) of imidazole. In contrast, the octet lines showed

[ T T T T T T
260 280 300 320 340 360 380

Magnetic Field (mT)

B
g=2.0
| LH LH HI I
SILT
[ T T T T T T
260 280 300 320 340 360 380

Magnetic Field (mT)

Fig. 4 EPR spectra of the ethanolamine-inactivated complexes of
EAL with [14N2]- and ['5N2]imidazolyl trimethylene coenzyme analog.
Apoenzyme (100 U) was incubated at 25°C for 33 min with
AdoCbiP-ImPr (A) or AdoCbiP-["N,JImPr (B) in the presence of
0.3 M ethanolamine, and EPR spectra were taken as described in
the text. The position of g =2.0 is indicated by arrow.

Escherichia coli ethanolamine ammonia-lyase

susperhyperﬁne splitting into doublets when AdoCbiP-
["*N,JImPr was used (Fig. 4B), suggesting the interac-
tion with the '°N nucleus (/= 1/2). These results indi-
cated that Co(Il) formed from AdoCbiP-ImPr is
coordinated by the coenzyme’s imidazole group, but
not by the apoenzyme, and hence offered evidence
for the base-on mode of cobalamin binding in E. coli
EAL. This is consistent with the fact that the enzyme
does not have the DxHxxG motif, a characteristic
motif for proteins that bind cobalamin in the base-
off/His-on mode (42). The same conclusion was
reached by other investigators with the S. typhimurium
enzyme (43, 44).

Stability of wild-type EAL

Purified wild-type EAL in sucrose monocaprate-
containing buffer showed a tendency to aggregate to
form precipitates at high concentrations (>4 mg/ml)
with the loss of enzyme activity. Precipitates formed
could not be re-solubilized with gentle detergents, such
as Brij35, but they underwent solubilization and 5- to
6-fold activation upon incubation at 37°C for 2 h with
10 mM dithiothreitol in Buffer A containing 1% Brij35
(data not shown). The precipitate formation was not
observed in Brij35-containing buffer. These results
suggested that the oxidation of enzyme SH groups
is involved in the aggregation and resulting loss of
activity. To crystallize EAL, we attempted to over-
come this difficulty and get highly soluble, stable
EAL by protein engineering.

Limited proteolysis of wild-type EAL with trypsin

We have reported that short N-terminal regions of
subunits determine the solubility of diol dehydratase
(23). On the analogy of this, we examined the possibil-
ity that EALs with truncated subunits might not
undergo aggregation and/or inactivation at high con-
centrations. To determine which terminal can be
removed without affecting the EAL activity, the
effect of limited proteolysis with trypsin on enzyme
activity was investigated. When 3.8 mg/ml of wild-
type EAL was digested with 1pg/ml of trypsin,
enzyme activity was almost completely retained
(Fig. 5A), but digestion with higher concentrations of
trypsin resulted in a severe loss of activity. Upon diges-
tion with 1ug/ml of trypsin, most (>97%) of the
B-subunit underwent proteolysis to a M, 30,000 poly-
peptide although the o-subunit was not cleaved at
all (Fig. 5B). With >50pug/ml of trypsin, the M.,
30,000 polypeptide underwent further cleavage, and
a M, 40,000 polypeptide was also formed from the
a-subunit. These results indicated that partial digestion
of the B-subunit to the M, 30,000 polypeptide does not
affect the enzyme activity, but further proteolysis of
subunits leads to significant loss of activity. Edman
sequencing indicated that the N-terminal amino acid
sequence of the M, 30,000 polypeptide was CATTNC
(Fig. 5C). This sequence corresponds to the amino acid
residues from CysfB29 to Cysp34 of the B-subunit. The
predicted molecular weight of the truncated B-subunit
(BA) is 28,796. It was thus likely that the A, 30,000
polypeptide was BA that lacks the N-terminal 28
residues.
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sequences of the B-subunit and M, 30,000 polypeptide obtained by Edman sequencing are underlined.
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Fig. 6 Expression and purification of Hiss-tagged truncated EALSs. (A) Schematic representation of the wild-type and truncated EAL genes. cutB
and eutBA, genes for the wild-type and truncated B-subunits, respectively. eut BACS, gene for the truncated B-subunit with the CB34S mutation.
H6, gene for the Hisg-tag peptide. (B) Alignment of N-terminal amino acid sequences of the wild-type and truncated B-subunits. (C) SDS—PAGE
analysis of the expression and purification of Hisg-tagged truncated EALs. Positions of the a- and B-derived subunits are indicated with

arrowheads in the right of the gels.

Expression and purification of His-tagged

truncated EALs

Since the N-terminal region of the B-subunit does not
affect the enzyme activity, we attempted to construct
expression plasmids for His-tagged truncated EALs
(Fig. 6A and B). HsoeBA EAL consists of the Hisg-
tagged a-subunit and the B-subunit lacking residues
2-29. HgaePACS EAL is the same as HgoefA,
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but bears the CB34S mutation. BACSHgeax EAL is
the same as HqoeBACS, but Hise-tag is attached to
the C-terminus of the B-subunit with the reversed
order of the genes. The a- and B-subunits of E. coli
EAL contain 9 and 8 Cys residues, respectively. Since
CysP34 is in the N-terminal region that might deter-
mine the solubility and stability of EAL, the CB34S
mutation was introduced in expectation of increased
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resistance to oxidative inactivation of the enzyme.
When expressed in E. coli, both the HgxeBA and
HeoeBPACS enzymes were produced in soluble frac-
tions, but in unbalanced subunit ratios — relatively
small amounts of BA and BACS subunits. In contrast,
the BACSHgeo enzyme was expressed in soluble form
in apparently balanced ratio of subunits (Fig. 6C).

These three kinds of truncated EALs were purified
to homogeneity by metal-chelate affinity chromatog-
raphy on a Ni-NTA agarose column, followed by gel
filtration on a Superose 6 column. Results of purifica-
tion are also summarized in Table 2. Even after
Superose 6 column chromatography, specific activities
of the HeePA and HgaeBPACS enzymes were only
23-28% that of the wild-type EAL. SDS—PAGE anal-
ysis indicated that purified HgoePA and Hgote PACS
enzymes contained much less amounts of the BA and
BACS subunits than expected from the amounts of the
a-subunit (Fig. 6C). This suggested that low specific
activities of these enzymes must be owing to the defi-
ciency of their B-subunit. In contrast, specific activity
of purified BACSHgea enzyme was almost the same
as that of the wild-type EAL. The densitometric
analysis showed that this enzyme contained its
o- and B-subunits in a molar ratio of about 1:1
(Fig. 6C). M, of this truncated EAL determined by
Superose 6 gel filtration was ~426,000, suggesting
that it also exists as o.

Comparison of catalytic properties between
wild-type and truncated EALs

K., values of the truncated EALs for coenzyme
and substrate are also summarized in Table 3.
Binding affinities of the HgoeBA, HeueBACS and
BACSHgea enzymes for AdoCbl and ethanolamine
were in reasonable agreement between truncated
enzymes and coincided with those of the wild-type
EAL as well.

To compare the catalytic properties between the
wild-type and truncated EALs, inactivation kinetics
of holoenzymes were also studied. The incubation of
apoenzyme with AdoCbl in the absence of substrate
resulted in irreversible inactivation, irrespective of
O,. Although the detailed mechanism of this inactiva-
tion is not known yet, it is believed that the inactiva-
tion is accompanied by the irreversible Co—C bond
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Escherichia coli ethanolamine ammonia-lyase

cleavage of enzyme-bound AdoCbl and is closely
related with the catalytic efficiency of holoenzyme.
The apparent inactivation rate constant (kijnac) of the
truncated EALs for the inactivation in the absence of
substrate at 37°C were in the range of 0.41—0.51 min™".
These values were quite similar to that of the wild-type
enzyme (0.43min~ ). EAL undergoes irreversible inac-
tivation as well upon incubation with AdoCbl in the
presence of 2-amino-1-propanol, a suicide substrate
(45). The apparent ki, values of truncated EALs
for the inactivation with 2-aminopropanol at 37°C
were 0.26—0.28 min~"', which reasonably agreeed with
that of wild-type enzyme (0.34min~"). From these
lines of evidence, it was concluded that the catalytic
properties of truncated enzymes are similar to those of
the wild-type EAL, and that neither N-terminal trun-
cation of the B-subunit, CB34S mutation, nor addition
of Hise-tag to the B-subunit does not affect the cataly-
tic properties of EAL.

Comparison of susceptibilities to SH-inhibitors
between wild-type and truncated EALs

The susceptibilities of the wild-type and truncated
apoenzymes to SH-inhibitors were compared, because
EAL contains essential SH groups the blockage of
which abolishes catalytic activity (8, 46). Although sen-
sitivities of the HgoefA and HgxeBACS enzymes to
iodoacetamide were similar to that of the wild-type
enzyme (ICsq ~0.07mM), the BACSHgear enzyme
was less susceptible to this inhibitor (ICsy ~0.24 mM)
(Fig. 7A). When pCMB was used as SH-inhibitor,
somewhat different results were obtained. The wild-
type enzyme was highly susceptible to pCMB (ICsq
0.3 uM), but the sensitivity was lowered by N-terminal
truncation and CB34S mutation (Fig. 7B). Again, the
BACSHgea enzyme showed the lowest sensitivity (ICsq
~1.3 uM). From these data, it was concluded that both
Cysp29 and CysPB34 residues in the N-terminal region
of B-subunits are not essential for activity, but at least
partly responsible for high susceptibility of the wild-
type enzyme to this SH-inhibitor.

Stability of truncated EALs

It turned out that, unlike the wild-type apoenzyme,
the BACSHgeor EAL is highly soluble in the absence
of detergent and did not undergo either aggregation

o
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40 1

Residual Activity (%)

20 1

0 1 2 3 4 5

PCMB (M)
Fig. 7 Susceptibilities of the wild-type and truncated EALs to SH-Inhibitors. (A) Iodoacetamide. (B) pCMB. The wild-type (open triangle),
HgoeA (open square), HgoeBACS (closed circle) and BACSHgea (open circle) EALs were incubated with indicated concentrations of
SH-inhibitors, and residual activity was measured as described in the text.
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(precipitation) or oxidative inactivation even at high
concentrations (data not shown). It is therefore evident
that a short N-terminal sequence is sufficient to change
the solubility and stability of the enzyme. The trun-
cated EAL BACSHgea might be useful for the crystal
structure analysis as well as the mechanistic study of
EAL. Very recently, we have succeeded in the crystal-
lization and X-ray analysis of a truncated EAL, in
cooperation with Prof. Higuchi’s group. These results
will be published elsewhere.
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