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The reactions of diol dehydratase with 3-unsaturated 1,2-diols and thioglycerol were
investigated. Holodiol dehydratase underwent rapid and irreversible inactivation by
either 3-butene-1,2-diol, 3-butyne-1,2-diol or thioglycerol without catalytic turnovers.
In the inactivation, the Co-C bond of adenosylcobalamin underwent irreversible
cleavage forming unidentified radicals and cob(II)alamin that resisted oxidation even
in the presence of oxygen. Two moles of 5'-deoxyadenosine per mol of enzyme was
formed as an inactivation product from the coenzyme adenosyl group. Inactivated
holoenzymes underwent reactivation by diol dehydratase-reactivating factor in the
presence of ATP, Mg?* and adenosylcobalamin. It was thus concluded that these
substrate analogues served as mechanism-based inactivators or pseudosubstrates, and
that the coenzyme was damaged in the inactivation, whereas apoenzyme was not
damaged. In the inactivation by 3-unsaturated 1,2-diols, product radicals stabilized by
neighbouring unsaturated bonds might be unable to back-abstract the hydrogen atom
from 5'-deoxyadenosine and then converted to unidentified products. In the inactiva-
tion by thioglycerol, a product radical may be lost by the elimination of sulphydryl
group producing acrolein and unidentified sulphur compound(s). HsS or sulphide ion
was not formed. The loss or stabilization of product radicals would result in the
inactivation of holoenzyme, because the regeneration of the coenzyme becomes
impossible.

Key words: adenosylcobalamin, coenzyme B,y, diol dehydratase, mechanism-based
inactivation, radical enzyme.

Abbreviations: AdoCbl, adenosylcobalamin or coenzyme Bis; aqCbl, aquacobalamin; DDR, diol dehydratase-
reactivating factor; EPR, electron paramagnetic resonance; MBTH, 3-methyl-2-benzothiazolinone hydra-

zone; THF, tetrahydrofuran.

In the intramolecular group-transfer reactions catalysed
by adenosylcobalamin (AdoCbl) (coenzyme B;;)-dependent
enzymes, a hydrogen atom migrates from one carbon atom
of the substrate to an adjacent carbon atom in exchange
for group X that moves in the opposite direction (Fig. 1A)
(1-3). In the case of reactions catalysed by diol dehy-
dratase (4), X is the OH group on C2 of substrate (5) and
H is a hydrogen atom on C1 (6, 7), and a water molecule
is subsequently removed from the resulting gem-diol.
The essential early event in the catalysis is the homo-
lytic cleavage of the coenzyme Co—C o bond by which
an adenosyl radical is formed [Fig. 1B (a)]. This radical
serves as a catalytic radical and abstracts a hydrogen atom
from the substrate producing a substrate-derived radical
and 5'-deoxyadenosine [Fig. 1B (b)]. The substrate radical
rearranges to the product radical by the group X migra-
tion from C2 to C1. The product radical then abstracts a
hydrogen atom back from 5'-deoxyadenosine. This leads to
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the formation of the final product and the regeneration of
the coenzyme.

The structural basis for this minimal mechanism has
been provided from the X-ray structures of diol and
glycerol dehydratases and other AdoCbl-dependent
enzymes (8-13). It was suggested from a modelling study
(I14) and an actual structure (15) that the Co—C bond is
activated and cleaved by steric strain (both angular strains
and tensile force) that is induced by tight enzyme—
coenzyme interactions at both the cobalamin moiety and
the adenine ring of adenosyl group (Fig. 1C). This is
consistent with previous speculations and suggestions
(16-18). C5/, a radical centre of the adenosyl radical, is
too far from C1 of substrate for direct hydrogen abstraction
in the proximal conformation, but it accesses to substrate
by ribosyl rotation (14) or pseudorotation (15) to the distal
conformation. The radical centre now comes close to
substrate (estimated distance between C5’ and the nearest
hydrogen atom on C1 of substrate is 1.45-1.46 A) (14, 19)
and would abstract it stereospecifically (19). The predicted
stereospecificity of the hydrogen abstraction agrees
with the experimentally observed one reported by Rétey
et al. (5, 7) and Abeles and co-workers (6). After the OH
group migration from C2 to C1 (radical rearrangement),
C2 of product radical, a new radical centre, comes close
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Fig. 1. Rearrangements catalysed by AdoCbl-dependent
enzymes (A), minimal mechanism of AdoCbl-dependent
rearrangements (B) and steric strain and ribosyl rotation
models based on the X-ray structures of diol dehydratase
(C). (B) (a) Homolysis of the Co—C bond of enzyme-bound AdoCbl.
(b) Adenosyl-radical catalysed rearrangements. [Col, cobalamin; X,
a generic migrating group. (C) (Upper) Superimposition of AdoCbl
over that of enzyme-bound adeninylpentylcobalamin at the

to 5'-deoxyadenosine (estimated distance between C2 and
C5' is 2.55-2.58 A) and would back-abstract a hydrogen
atom from it (19).

The radical intermediates present during steady-state
turnovers of substrates were identified as the Cl-centred
substrate radical in the ethanolamine ammonia-lyase
reaction (20, 21), the 4-glutamyl radical in the glutamate
mutase reaction (22), the Cl-centred substrate radical in
the diol dehydratase reaction (23) and the succinyl-CoA
radical in the methylmalonyl-CoA mutase reaction (24).

However, the product radical in the diol dehydratase
reaction has not yet been directly observed by electron
paramagnetic resonance (EPR) spectroscopy, presumably
because of its low steady-state concentration. Abeles and
co-workers reported that diol dehydratase is inactivated
by glycolaldehyde (25) and chloroacetaldehyde (26). Frey
and co-workers have identified the radical derived from
these inactivators as the cis-ethanesemidione radical
(27, 28). The formation of this stabilized radical supports
the formation of a C2-centred radical from a product
analogue.

In the present article, we attempted to obtain evidence
for the formation of C2-centred product radical from
substrate analogues in the diol dehydratase reaction. We
used 3-butene-1,2-diol and 3-butyne-1,2-diol as substrate
analogues, because these 3-unsaturated 1,2-diols can be
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cobalamin moiety without cleavage of the Co—C bond. (Lower,
left) The same superimposition at both the cobalamin moiety and
the adenine ring with the Co—C bond cleaved and the Co—C distance
kept at a minimum (‘proximal’ conformation). (Lower, right)
Superimposed with the ribose moiety of adenosyl group rotated
around the glycosidic linkage so that C5' is closest to C1 of the
substrate (‘distal’ conformation). The adenosyl group of AdoChl is
represented with stick models. Residue numbers in the o subunit.

expected to delocalize an unpaired electron if the
C2-centred product radicals are formed from them. In
addition, thioglycerol was used because the SH group
neighbouring to the radical centre might be eliminated
from the C2-centred product radical. Bachovchin et al.
(29) have reported that thioglycerol brings about irre-
versible inactivation, although the detailed analysis of
the reaction was not done.

EXPERIMENTAL PROCEDURES

Materials—Crystalline AdoCbl was a gift from Eisai,
Co. Ltd. (Tokyo, Japan). (R,S)-3-Butene-1,2-diol and
thioglycerol were purchased from Acros Organics, Geel,
Belgium and Wako Pure Chemical Industries, Ltd.,
Osaka, Japan, respectively. All other chemicals were
analytical grade reagents and used without further
purification.

Diol dehydratase and diol dehydratase-reactivating
factor (DDR) were purified from Escherichia coli JM109
cells harbouring expression plasmid pUSI2E(DD) (30)
and E. coli B834 cells harbouring pUSI2E(6/5b) (31),
respectively, as described before (32, 33).

Synthesis of 3-Butyne-1,2-diol—To the solution of 10 ml
of glycerol in 100ml of trichloromethane was added
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12.9ml of acetic anhydride. One drop of concentrated
H,S0O, was added, and the mixture was allowed to react
at room temperature for 3h with gentle stirring. The
reaction was terminated by adding saturated aqueous
solution of NaHCOs3. The product, glycerol 1-acetate, was
extracted with diethyl ether and purified by silica gel
column chromatography in 67% yield. To the solution of
22.9¢g of NalO4 in 80ml of tetrahydrofuran (THF)-H,O
(12:5, v/v) was added 11.9g of glycerol 1-acetate. After
stirring overnight at room temperature, reaction was
quenched by adding saturated aqueous solution of
NaHCOs3. The desired product, glycol aldehyde acetate,
was extracted by diethyl ether and purified by silica gel
column chromatography in 84% yield. To the solution of
1.6g of glycol aldehyde acetate in 45ml of THF was
added 40.5ml of 0.5M ethynylmagnesium bromide in
THF. After 3h, at room temperature, the reaction was
terminated by adding saturated aqueous solution of
NH,CIl. The reaction mixture was filtered through a
celite column and concentrated. The product, 3-butyne-
1,2-diol, was obtained by distillation under reduced
pressure in 30% yield. 'H NMR (CDCls): § 2.50 (d, 1H,
J = 2.2Hz), 3.73 (m, 2H), 4.46 (ddd, 1H, J = 2.2, 3.85,
6.32Hz) p.p.m.

Enzyme Assay—Diol dehydratase activity was rou-
tinely assayed in the dark by the 3-methyl-2-benzothia-
zolinone hydrazone (MBTH) method (34). The standard
reaction mixture contained an appropriate amount of
apoenzyme, 15uM AdoCbl, 0.1 M 1,2-propanediol, 50 mM
KCl 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). MBTH - HC1 was then
added to a final concentration of 0.9 mM, and the mix-
ture was incubated again at 37°C for 15 min. The amount
of aldehyde formed was determined by measuring the
absorbance at 305 nm. One unit is defined as the amount
of enzyme activity that catalyses the formation of 1 pmol
of propionaldehyde per minute at 37°C under the
standard assay conditions.

Protein Assay—Protein concentrations of purified diol
dehydratase and DDR were determined by measuring
the absorbance at 280nm. The molar absorption coeffi-
cients at 280 nm, calculated by the method of Gill and von
Hippel (35) from their deduced amino acid composition
and subunit structure, were 120,500 and 58,140/M/cm,
respectively (32).

Kinetic Analysis with Substrate Analogues—Substrate-
free apoenzyme was obtained by dialysis at 4°C for 48h
against 200 volumes of 10-50 mM potassium phosphate
buffer (pH 8.0) containing 20mM sucrose monocaprate
with two buffer changes. The concentrations of 1,2-pro-
panediol remaining in dialysates were negligible (<0.1 pM)
when diluted >100-fold. Residual activity after incubation
with a substrate analogue for appropriate time periods
was determined by adding 0.1M 1,2-propanediol to
the mixture or by dilution into the reaction mixture
containing 0.1 M 1,2-propanediol, followed by incubation
for additional 10min. The concentration of aldehyde
formed was measured by the MBTH method, as described
above. K; values were determined from residual
activity upon incubation of holoenzymes at 37°C for 1 min
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with varied concentrations of substrate analogues.
The Einaet values were calculated from a change in the
slope of a tangent to the time course curves of residual
activity upon incubation of holoenzyme with each sub-
strate analogue at 37°C for various time periods.

Fate of the Adenosyl Group of AdoCbl—To identify
adenosyl group-derived product(s) formed from AdoCbl
in the inactivation of holoenzyme by substrate analogues,
substrate-free apoenzyme (100U, 4.6nmol) was incu-
bated at 37°C for 30 min in the dark with 15uM AdoCbl
in the presence of 10mM 1,2-butanediol or 1mM
other analogues (3-butene-1,2-diol, 3-butyne-1,2-diol or
thioglycerol). Ethanol was then added to a final concen-
tration of 80% to denature the enzyme protein. After
heating at 90°C for 10 min, the mixture was centrifuged,
and the supernatant was evaporated to dryness and then
dissolved in 0.5ml of 15% methanol containing 1% acetic
acid. The nucleoside product from the adenosyl group
was identified as 5-deoxyadenosine by HPLC using a
Cosmosil C;g column (0.46 x 15cm) (Nacalai Tesque,
Kyoto, Japan) with 15% methanol containing 1% acetic
acid as a mobile phase. The amount of 5'-deoxyadenosine
formed was determined from its peak height when
the calibrated column was developed at a flow rate of
0.4 ml/min. The retention time of 5'-deoxyadenosine was
~10min under the conditions employed.

Determination of Acrolein and Crotonaldehyde—To
identify the products upon inactivation by thioglycerol
and 3-butene-1,2-diol, the reaction mixtures were anal-
ysed by HPLC. Substrate-free apoenzyme (100 U, 4.6 nmol)
was incubated at 37°C for 20 min in the dark with 25 pM
AdoCDbl in the presence of 1 mM thioglycerol or 3-butene-
1,2-diol. Methanol was then added to the reaction mixture
to a final concentration of 10%. After centrifugation, 50 ul
of the supernatant solution was injected to Aquapore
RP-300 C8 (7pm) column (0.21 x 22cm) (Applied Bio-
systems, CA, USA) and developed at a flow rate of
0.2ml/min using 10% methanol as a mobile phase (UV
Detector, 210nm). The retention times of acrolein and
crotonaldehyde were ~7.5 and 11.7min, respectively,
under these conditions.

Other Analytical Procedures—The amount of HsoS or
sulphide ion formed in the reaction with thioglycerol was
determined by the method of Beinert (36). Optical
spectra were obtained on a JASCO V-560 recording
spectrophotometer under aerobic conditions. The cobala-
min concentration was determined spectrophotometri-
cally after conversion to dicyanocobalamin (g3g7=30.4 x
10*/M/em) (37).

For EPR measurements, apoenzyme solution was
mixed at 0°C with AdoCbl solution in a quartz EPR
tube (0.d. 5mm) stoppered with a rubber septum. After
replacement of the air in the tube with argon (purity,
99.999%) by repeated evacuation and flushing with argon
three times, holoenzymes were formed and reacted with
substrate or its analogues, as described in the legend to
Fig. 3. The sample was rapidly frozen in an isopentane
bath which had been preliminarily cooled to its melting
point (approximately —160°C) and kept in liquid nitrogen
until EPR measurements. The sample was then trans-
ferred to the EPR cavity and cooled with a cold nitrogen
gas flow controlled by an Eurotherm B-VT 2000

2102 ‘8z Jequieldes uoeulyd Jo ABojouyds | pue aousids Jo A1siealun e /Hlo'sfeulnolploxo-qly:diny woly pepeojumod


http://jb.oxfordjournals.org/

440

temperature controller. EPR spectra were taken as
described previously (23, 38) at —130°C on a Bruker
ESP-380E spectrometer modified with a Gunn diode
X-band microwave unit. EPR microwave frequency,
9.481-9.499 GHz; modulation amplitude, 1 mT; modula-
tion frequency, 100 kHz; microwave power, 10 mW.

Holoenzymes inactivated by substrate and substrate
analogues were formed and subjected to reactivation by
DDR (32, 39), as described in the legend to Fig. 4.

RESULTS

Behaviours of Substrate Analogues toward Diol
Dehydratase—As summarized in Table 1, 3-butene-1,2-
diol, 3-butyne-1,2-diol and thioglycerol did not show
detectable substrate activity, although 1,2-butanediol
showed ~2% activity of 1,2-propanediol. The enzyme
activity was lost upon the incubation of holoenzyme with
these substrate analogues in a time-dependent manner.
The inactivation rate followed the pseudo-first-order
reaction kinetics (data not shown). K; values obtained
from residual activity upon incubation of holoenzyme with
varying concentrations of substrate analogues as well as
Rinact values obtained from the time course changes of
residual activity upon incubation of holoenzyme with
them are also shown in Table 1. K; values for 3-unsa-
turated 1,2-diols were lower than that for 1,2-butanediol
and almost the same as the K, value for 1,2-propanediol
(29, 40,41). K; for thioglycerol was much lower than K, for
glycerol (29, 40, 41). 1,2-Butanediol also induced inactiva-
tion during catalysis, but at a much slower rate than the
others. The amounts of aldehyde formed per mol of enzyme
upon inactivation with 3-butene-1,2-diol, 3-butyne-1,2-diol
and thioglycerol were less than one per active site. These
results indicated that 3-unsaturated 1,2-diols and thiogly-
cerol are efficient mechanism-based inactivators or pseu-
dosubstrate for diol dehydratase. The formation of an
equimolar amount of acrolein (~1.2mol/mol of enzyme)
upon incubation with thioglycerol was observed by HPLC
analysis. The amount of HyS or sulphide ion formed in the
reaction with thioglycerol was negligible (<0.07 mol/mol of
enzyme), suggesting that the inactivation is not accom-
panied by the elimination of SH group as SH™, although
the sulphur compound(s) produced were not identified. It
was demonstrated that crotonaldehyde was not formed at
all upon inactivation by 3-butene-1,2-diol, but the identi-
fication of the organic products from 3-unsaturated 1,2-
diols was not successful yet.

Spectral Change of AdoCbl upon Mechanism-based
Inactivation by Substrate Analogues—Upon aerobic incu-
bation of AdoCbl with apoenzyme in the presence of 1,2-
propanediol, the absorbance at 375nm decreased and a
new peak at 478nm appeared (Fig. 2B). This peak is
characteristic of cob(Il)alamin (so-called Bis,) that is
bound to diol dehydratase (42), indicating that the Co—-C
bond of AdoCbl was homolytically cleaved during
catalysis. The steady-state concentration of cob(Il)
alamin was ~80%, which is roughly consistent with the
previously reported value (43). In the reaction with 1,2-
butanediol, AdoCbl did not undergo significant spectral
change (Fig. 2C). The formation of cob(I)alamin was
suggested from very slight increase of the absorbance at
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Table 1. Kinetic parameters of diol dehydratase for sub-
strate and substrate analogues.?

Substrate or Reat  Km K; Rinact,
(s (mM) (mM) (min ")

kcat/kinact or

its analogue aldehyde
formed/active
site (mol/mol)®
1,2-Propanediol ~ 366° 0.08¢ 0.014° 1.57 x 10°
1,2-Butanediol 7.8 257 197 0.066 8.7x10°
3-Butene-1,2-diol 0.03 1.08 <1
3-Butyne-1,2-diol 0.02 1.02 <1
Thioglycerol 0.1 1.14 <1

“Determined at 37°C. Experimental details are described in the text.
®The keaikinaee values show  the average numbers of catalytic
turnovers before inactivation and thus correspond to the amounts
of aldehyde formed per active site (mol/mol). “From (41). 9From (44).
°From (43). "From (40).

478 nm, but its steady-state concentration was almost
negligible, as expected from its low substrate activity
(29, 44). The coenzyme was gradually converted to
enzyme-bound hydroxocobalamin upon inactivation. In
contrast, in the reaction with either 3-butene-1,2-diol or
3-butyne-1,2-diol, the spectrum of coenzyme rapidly
changed to enzyme-bound cob(Il)alamin (Fig. 2D and
E). The spectrum suggested the complete conversion of
AdoCbl to cob(Il)alamin within 4 min of incubation. Since
the inactivation was also completed by this time, it is
evident that the coenzyme undergoes irreversible clea-
vage of its Co—C bond upon mechanism-based inactiva-
tion by these substrate analogues. The cob(Il)alamin
species were stable even under aerobic conditions, but it
was oxidized to aquacobalamin (aqCbl) upon denatura-
tion of enzyme. The spectrum no longer changed upon
photoillumination. Since the Co-C bond of AdoCbl is
rapidly cleaved by photoillumination, this indicates that
the conversion of AdoCbl to cob(Il)alamin was quantita-
tive. Thioglycerol also induced similar spectral changes—
that is, the enzyme-bound AdoCbl was completely
converted to cob(I)alamin by this substrate analogue
as well (Fig. 2F). The spectrum obtained after denatura-
tion was that of thiolate cobalamin, but not that of aqChbl.
Thiolate cobalamin must be formed by the reaction of
aqCbl with thioglycerol outside of active sites. It can thus
be summarized that cob(Il)alamin is one of the products
derived from AdoCbl upon mechanism-based inactivation
by these substrate analogues.

EPR Spectra Observed upon Incubation of Holoenzyme
with Substrate Analogues—Essentially, no EPR signals
were observed in the absence of AdoCbl (Fig. 3A). When
holodiol dehydratase was incubated with 1,2-propanediol
at 4°C for 1min under anaerobic conditions, the typical
EPR spectrum of reacting holoenzyme was obtained
(Fig. 3B). The high-field doublet signal was identified
as 1,2-propanediol-1-yl radical (23), and the low-field
broad signal was assigned to low-spin Co(II) of cob(II)
alamin. This spectrum bears striking resemblances to
those observed in what is known as AB systems in proton
NMR, that is, a system consisting of exchange-coupled
spins having relatively similar ‘chemical shifts’ or
g-values. Such a spectrum arises from weak coupling in
the Co(II)-organic radical pair (45-47). Schepler et al.
(45) explained that such an EPR spectrum arises
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Fig. 2. Spectral changes of AdoCbl upon aerobic incuba-
tion with apodiol dehydratase in the presence of substrate
and substrate analogues. (A) Free AdoCbl (3.5uM) in 35mM
potassium phosphate buffer (pH 8.0) containing 1M 1,2-propane-
diol (solid line). The spectrum after photolysis was also taken
(dotted line). (B—F) Apoenzyme (100U, 4.6 nmol) was incubated
at 30°C with 3.5pM AdoCbl in 40mM potassium phosphate
buffer (pH 8.0) containing 0.8% Brij35 and 1.0 M 1,2-propanediol
(B), 10mM 1,2-butanediol (C), or 1mM 3-butene-1,2-diol (D),
3-butyne-1,2-diol (E) or thioglycerol (F), in a volume of 1.0ml.
Spectra were taken at 4min (thick solid lines) and 16 min

predominantly from an isotropic exchange interaction
between an organic radical and low spin Co(II) of
cob(IDalamin. Buettner and Coffman (46) and Boas
et al. (47) interpreted the EPR spectra on the basis of a
coupling model which includes both isotropic exchange
and dipolar interactions and established a lower limit of
10A for the organic radical-Co(Il) separation. The
splitting of the doublet signals was 13.8 mT. The signals
lasted at least 3min of incubation at 25°C. With 1,2-
butanediol, a small doublet signal with a splitting of
6.0mT was observed by 1min incubation at 4°C, and
it lasted for at least 3min at 25°C (Fig. 3C). In clear
contrast to them, 3-butene-1,2-diol gave a prominent
singlet signal with a g-value of 2, together with the peaks
due to cob(I)alamin that is coupled with an organic
radical (Fig. 3D). The intensity of the singlet signal was
almost double of the doublet signal observed with 1,2-
propanediol. The spin density of the latter signal was
reported to be ~50-60% of the active site (43). This
indicates that the EPR-observable organic radical species
formed in the reaction with 3-butene-1,2-diol is a kind of
stabilized radical, which is not capable of back-abstract-
ing a hydrogen atom from 5'-deoxyadenosine but still
coupled with the cob(I)alamin species. The singlet signal
decreased in the intensity with time of incubation and
completely disappeared after 33min of incubation at
25°C. The low-field signal observed after 33min of
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(thin solid lines) of incubation after the addition of AdoCbl.
Enzymes was then denatured by adding 6 M guanidine-HCl and
0.06 M citric acid. After incubation at 37°C for 10min, the
mixture was neutralized to pH 8.0 by adding 200pul of 1M
potassium phosphate buffer (pH 8.0) and 70 ul of 5N KOH. After
spectral measurement (broken lines), the mixture was photo-
illuminated in an ice-water bath for 5 min with a 250-W tungsten
light bulb from a distance of 20 cm, and the spectrum was taken
(dotted lines). Apoenzyme control (bottom lines). Spectra are
corrected for dilution.

incubation at 25°C was typical of cob(Ialamin without
an organic radical coupling partner (38), and it increased
with time of incubation. The EPR spectra observed
with 3-butyne-1,2-diol was similar, but the singlet-like
signal with a g-value of ~2 was much smaller (Fig. 3E).
After incubation at 25°C for 3min, the singlet-like sig-
nal was almost completely lost, and a typical signal of
cob(I)alamin appeared in the low-field region. With
thioglycerol, however, a typical signal of cob(II)alamin
without an organic radical coupling partner was clearly
observed even after 1 min of incubation at 4°C (Fig. 3F).
A singlet-like signal around g=2 was almost not
observed with this substrate analogue. These changes
observed in EPR spectra would be related with the rapid
inactivation of holoenzyme by 3-butene-1,2-diol,
3-butyne-1,2-diol and thioglycerol.

Fate of Adenosyl Group of AdoCbl—Upon incubation of
holoenzyme with substrate analogues, the coenzyme
underwent the irreversible cleavage of its Co—C bond. To
investigate the fate of the upper axial ligand of AdoCbl in
the inactivation, adenosyl group-derived product(s) from
AdoCbl was identified. After the mechanism-based inacti-
vation by substrate analogues, the inactivated holoen-
zymes were denatured, and product(s) formed from the
coenzyme in the inactivation were extracted and analysed
by HPLC on a reversed phase column. The nucleoside
product from the adenosyl group was identified as
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Fig. 3. EPR spectra observed upon incubation of holodiol
dehydratase with substrate and substrate analogues. The
arrows correspond to g =2.0. Holoenzyme was formed under an
argon atmosphere by incubating substrate-free apoenzyme
(150U, 6.9 nmol) at 25°C for 3min with (B-F) or without (A)
50nmol of AdoCbl in 0.65ml of 46 mM potassium phosphate
buffer (pH 8.0) containing 18 mM sucrose monocaprate. The
enzyme reaction was started by adding 71 mM 1,2-propanediol
(A and B), 10mM 1,2-butanediol (C) or 1mM 3-butene-1,2-diol
(D), 3-butyne-1,2-diol (E) or thioglycerol (F). After 1min at 4°C,
the reaction mixture was rapidly frozen in an isopentane bath
that had been preliminarily cooled to approximately —160°C and
then in a liquid nitrogen bath. EPR spectra were taken at
—130°C. After the first measurement of EPR spectrum, the
mixture was incubated at 25°C for 3min and frozen again, as
described above for the second measurement. The mixture was
incubated at 25°C for additional 30 min for the third measure-
ment; mT, millitesla.

5'-deoxyadenosine (data not shown). The formation of
adenine, adenosine, 4',5'-anhydroadenosine, 5',8-cyclic
adenosine or adenosine 5'-aldehyde was not observed at
all. It is thus evident that the hydrogen abstraction

T. Toraya et al.

Table 2. Formation of 5-deoxyadenosine in the inactiva-
tion of diol dehydratase by substrate analogues.?

Substrate analogue 5'-Deoxyadenosine 5'-Deoxyadenosine/diol
formed (nmol) dehydratase (mol/mol)

1,2-Butanediol 5.8 1.3
3-Butene-1,2-diol 9.7 2.1
3-Butyne-1,2-diol 10.3 2.2
Thioglycerol 10.5 2.3

“Experimental details are described in the text. The amount of diol
dehydratase used in each experiment was 4.6 nmol.

from substrate analogues by coenzyme adenosyl radical,
i.e. the initial event of the catalysis, took place. Therefore,
we concluded that the inactivation is mechanism-based,
suicidal one. As shown in Table 2, the amounts of
5’-deoxyadenosine formed in the inactivation by
3-butene-1,2-diol, 3-butyne-1,2-diol and thioglycerol
corresponded to ~2mol/mol of enzyme. These data,
together with the consideration that diol dehydratase
exists as a dimer of afiy heterotrimer (9), suggested that
both heterotrimeric units functioned in the formation of
5'-deoxyadenosine. The amount of 5'-deoxyadenosine
formed in the reaction with 1,2-butanediol was about a
half of others. This may reflect that the rate of inactivation
by this substrate is slower than those with other
analogues, and some AdoCbl survived as suggested by
optical spectra.

Reactivation of Inactivated Holoenzymes by DDR—To
examine whether apoenzyme undergoes damage upon
inactivation, it was examined whether the holoenzymes
inactivated by substrate analogues can be reactivated by
DDR. DDR is known to reactivate inactivated holoen-
zymes or activate inactive cobalamin—-apoenzyme
complexes by releasing a damaged cofactor or adenine-
lacking cobalamins from them (32, 39). This results in
(re)activation through the exchange of these cobalamins
for intact AdoCbl. As shown in Fig. 4, all the holoen-
zymes inactivated in the reactions with glycerol
(Fig. 4A), one of the physiological substrates for the
enzyme, and substrate analogues (Fig. 4B-E) underwent
rapid reactivation by DDR in the presence of AdoCbl,
ATP and Mg?". In the presence of AdoCbl, ATP and
Mg?*, but in the absence of DDR, such reactivation was
not seen at all. As compared with the apoenzyme control,
60, 50, 76, 72 and 78% of the original activity were
recovered from the holoenzymes inactivated by glycerol,
1,2-butanediol, 3-butene-1,2-diol, 3-butyne-1,2-diol and
thioglycerol, respectively. These results indicated that,
in the mechanism-based inactivation by these substrate
analogues as well as by glycerol, the apoenzyme itself
was not damaged in the inactivation procedure. In other
words, only the coenzyme underwent inactivation
through the irreversible cleavage of the Co—C bond in
the reaction with substrate analogues, and the damaged
cofactor remained tightly bound to the active site and
was not displaceable by exogenously added intact
coenzyme, which resulted in the inactivation of enzyme.

DISCUSSION

All the data presented in this article indicated that diol
dehydratase was suicidally inactivated by 3-unsaturated
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Fig. 4. Reactivation of inactivated holodiol dehydratases
by DDR. (A-E) Holoenzymes inactivated by glycerol (A), 1,2-
butanediol (B), 3-butene-1,2-diol (C), 3-butyne-1,2-diol (D) or
thioglycerol (E). (F) Apoenzyme control. The holoenzymes
inactivated by substrate or substrate analogues were formed by
incubating apoenzyme (100U, 4.6 nmol) with 40nmol of AdoCbl
at 37°C for 20min in 0.3 ml of 6 mM potassium phosphate buffer
(pH 8.0) containing 0.1% Brij35 and 1.2M glycerol, 10 mM 1,2-
butanediol or 1mM 3-butene-1,2-diol, 3-butyne-1,2-diol or thio-
glycerol. Substrate analogues were replaced with 1,2-propanediol

1,2-diols, such as 3-butene-1,2-diol and 3-butyne-1,2-diol,
and thioglycerol during catalysis. The coenzyme under-
went damage by the irreversible cleavage of the Co-C
bond, and the damaged cofactor remains tightly bound
to the active site of the enzyme. The apoenzyme was
not damaged in this inactivation process, because all
the inactivated holoenzymes underwent reactivation
by DDR in the presence of ATP, Mg®** and AdoCbl.
DDR reactivates inactivated holodiol dehydratases by the
exchange of damaged cofactors for intact coenzyme
(32, 39). When C2-centred product radicals are formed
from these 3-unsaturated 1,2-diols, they are expected to
delocalize an unpaired electron, resulting in the stabili-
zation of product radicals. If such stabilized product
radicals are formed, they would be unable to abstract a
hydrogen atom back from the CHj3 group of 5'-deoxyade-
nosine. Thus, it can be expected that these substrate
analogues serve as mechanism-based inactivators for diol
dehydratase, although the identification of organic
products upon inactivation by 3-unsaturated 1,2-diols
was not yet successful. Crotonaldehyde formation
from 3-butene-1,2-diol was not observed. The proposed
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through repeated concentration by ultrafiltration and dilution.
The inactivated holoenzymes corresponing to 1.5U were incu-
bated at 37°C for the indicated time periods with (closed circles)
and without (open circles) 47 pg of DDR in the presence of 1.2M
1,2-propanediol, 21 M AdoCbl, 12mM ATP and 12mM MgCl,, in
a total volume of 50 ul. Reaction was terminated by the addition
of 0.05M potassium citrate buffer (pH 3.6). After the reaction
mixtures were diluted and centrifuged, the amount of propional-
dehyde formed was determined by the MBTH method after
appropriate dilution.

mechanism of inactivation by these substrate analogues
are illustrated in Fig. 5. Thioglycerol also caused the
mechanism-based inactivation of the enzyme. Equimolar
amount of acrolein was detected in the reaction with
thioglycerol, but the formation of HyS or sulphide ion
was not observed, suggesting that the inactivation is not
accompanied by the elimination of the SH group as SH™.
Thus, in this case, the inactivation may be caused by
an undesired side reaction of the product radical—that
is, elimination of the SH group forming acrolein and
unidentified sulphur compound(s) such as HySs,. The
stabilization or side reaction of product radicals leads
to the inactivation of enzyme, because the regeneration
of the coenzyme becomes impossible. The EPR spectra of
the inactivated holoenzymes indicated that the signals
due to organic radicals are singlet or singlet-like. The
signal of cob(Il)alamin is somewhat different from that of
cob(Il)alamin without organic radical coupling partners
(38), indicating that some magnetic coupling with organic
radicals exists. These results may suggest that the
product radicals derived from these substrate analogues
might be still bound at or near the active site of the
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Fig. 5. Possible mechanisms of suicidal inactivation of (B) and thioglycerol (C). RCH,, adenosyl radical; RCHs,
diol dehydratase by 3-butene-1,2-diol (A), 3-butyne-1,2-diol 5'-deoxyadenosine.

enzyme. This is reasonable because they would retain
their affinity for the active site until the dehydration of
1,1-diol radicals.

There are different types of mechanism-based inactiva-
tion of AdoCbl-dependent enzymes. One is that stabilized
radicals are formed and unable to abstract a hydrogen
atom back from 5'-deoxyadenosine. This type of suicide
inactivation was first reported by Frey and co-workers
using chloroacetaladehyde and glycolaldehyde as inacti-
vators for diol dehydratase (28, 48) and ethanolamine
ammonia-lyase (27). The inactivation of ethanolamine
ammonia-lyase by hydroxyethylhydrazine (49), of gluta-
mate mutase by 2-thioglutarate (50), and of diol
dehydratase by 3-unsaturated 1,2-diols reported in this
article also belongs to this type. The loss of radical
intermediates by undesired side reactions would also
lead to the same result. The inactivation by thioglycerol
seems to be this type of inactivation. Another type of
inactivation involves the electron transfer from cob(II)
alamin to a radical derived from substrate analogues or
coenzyme analogues. Typical examples are the inactiva-
tion of lysine 5,6-aminomutase by substrate (51) and of
diol dehydratase by 3',4’-anhydroadenosylcobalamin (52)
reported by Frey and co-workers. The inactivation of
methylmalonyl-CoA mutase by allylmalonyl-CoA (53) and
its R207Q mutants by butyryl-CoA (54) also belongs to
this type. The other unique type of suicide inactivation
was reported by Marsh and co-workers (55). They
proposed that an adduct is formed between substrate
analogue 2-methyleneglutarate and the adenosyl radical
in the glutamate mutase reaction, followed by electron
transfer from cob(Il)alamin. In all cases, the regenera-
tion of the coenzyme Co—C bond becomes impossible by
side reactions. It has not always been investigated
whether apoenzymes are damaged or not, but in the
cases of mechanism-based inactivation of diol dehydra-
tase by coenzyme analogues (56-58) or by glycerol (T.
Toraya and T. Tobimatsu, unpublished results), active

apoenzyme is recovered by resolution of inactivated
holoenzymes by acid ammonium sulphate treatment.

AdoCbl-dependent rearrangements involve radical pro-
cesses, and the coenzyme-derived adenosyl radical has to
undergo conformational changes during catalysis, such
as ribosyl rotation (I14) or pseudo-rotation (15) between
proximal (close-to-Co) and distal (close-to-substrate) con-
formations. It would thus be reasonable that AdoCbl-
dependent enzymes are susceptible to mechanism-based
suicidal inactivation in general. Mechanism-based inac-
tivators are not always artificial. Some natural or
physiological substrates, such as glycerol for diol dehy-
dratase (29, 40) and ethanolamine for ethanolamine
ammonia-lyase (59), serve as both substrate and inacti-
vators. When side reactions leading to the inactivation of
enzymes take place in vivo, some enzymes undergo rapid
reactivation by their own reactivating proteins. These
proteins are designated reactivating factors: diol dehy-
dratase-reactivating factor (DDR) (32, 39), glycerol
dehydratase-reactivating factor (GDR) (60, 61) and
ethanolamine ammonia lyase-reactivating factor (EALR)
(59). It remains to be investigated whether these
reactivating factors can reactivate every type of inacti-
vated holoenzymes.
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