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Enterobacter aerogenes glycerol dehydrogenase (GlDH
EC 1.1.1.6), a tetrameric NAD1 specific enzyme catalysing
the interconversion of glycerol and dihydroxyacetone,
was inactivated on reaction with pyridoxal 50-phosphate
(PLP) and o-phthalaldehyde (OPA). Fluorescence spectra
of PLP-modified, sodium borohydride-reduced GlDH
indicated the specific modification of e-amino groups of
lysine residues. The extent of inhibition was concen-
tration and time dependent. NAD1 and NADH provided
complete protection against enzyme inactivation by PLP,
indicating the reactive lysine is at or near the coenzyme
binding site. Modification of GlDH by the bifunctional
reagent OPA, which reacts specifically with proximal e-
NH2 group of lysines and -SH group of cysteines to form
thioisoindole derivatives, inactivated the enzyme. Mol-
ecular weight determinations of the modified enzyme
indicated the formation of intramolecular thioisoindole
formation. Glycerol partially protected the enzyme
against OPA inactivation, whereas NAD1 was ineffec-
tive. These results show that the lysine involved in the
OPA reaction is different from the PLP-reactive lysine,
which is at or near the coenzyme binding site. DTNB
titration showed the presence of only a single cysteine
residue per monomer of GlDH. This could be participat-
ing with a proximal lysine residue to form a thioisoin-
dole derivative observed as a result of OPA modification.
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INTRODUCTION

Glycerol dehydrogenase (EC.1.1.1.6) is a NADþ-
dependent enzyme which catalyses the interconver-
sion of glycerol and dihydroxy acetone. Although
the metabolic role of glycerol dehydrogenase is not
well defined, recent interest in this enzyme has been

raised by the possibility of incorporating this enzyme
in diagnostic assays for serum triglyceride after
hydrolysis with a lipase. Glycerol dehydrogenase
(GlDH) has been isolated from both microbial and
animal sources.1 – 5 However, there have been only
few reports of its characterization including the
nature of amino acids present at the active site.
Spencer et al..3,6 purified GlDH from a thermophilic
bacteria, Bacillus stearothermophilus, which required
bound zinc for activity. Further, they identified a
structurally important cysteine residue using thiol-
specific chemical modifiers. The presence of a lysine
at the nucleotide binding site was reported for the
same enzyme using pyridoxal phosphate.7

In the present investigation, a chemical modifi-
cation approach using two modifiers, pyridoxal
phosphate (PLP) and o-phthalaldehyde (OPA), has
been used to identify the active site amino acids of
Enterobacter aerogenes glycerol dehydrogenase.

EXPERIMENTAL PROCEDURES

Materials

Purified E. aerogenes glycerol dehydrogenase, NADþ,
NADH, PLP and o-phthalaldehyde were purchased
from Sigma Chemical Company USA. Glycerol,
buffer components and other chemicals used were of
highest purity grade.

Enzyme Assay

Glycerol dehydrogenase activity was determined
spectrophotometrically by measuring the increase in
absorbance at 340 nm using a Shimadzu UV-visible
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spectrophotometer. The reaction mixture contained
35 mM ammonium sulphate, 35 mM NADþ, 100 mM
glycerol, 100 mM carbonate buffer (pH 10) and
0.1mM of enzyme in a total volume of 1 ml. One unit
of enzyme is defined as the amount of enzyme
required to oxidize 1mmole of glycerol to dihydroxy
acetone at 258C, and the specific activity of the
purified enzyme used in the present study was
25 units mg21 protein. Protein determination was
carried out by the method of Lowry et al.8

Modification With PLP

Enzyme (0.1 mM) was incubated with various
concentrations of PLP (2–15 mM) in 0.05 M potass-
ium phosphate buffer, pH 7.0, which was protected
from light. Aliquots were removed after incubating
at room temperature for 20 min and residual activity
was determined. Appropriate controls without
added inhibitor were always included.

Reduction of the Schiff’s Base With Sodium
Borohydride

The enzyme (1.0mM) was incubated with 5 mM PLP
for 20 min and then the Schiff’s base was reduced by
adding 20-fold molar excess of NaBH4.9 The reaction
mixture was kept in ice for 30 min and then dialysed
extensively against 0.05 M phosphate buffer (pH 7.0).
Aliquot was taken for the spectral analysis.

Modification With OPA

An o-phthalaldehyde solution was prepared in 1%
methanol for modification reactions. Enzyme
(0.1mM) was incubated with different concentrations
of OPA (200–500mM) at room temperature. Aliquots
were withdrawn at various intervals and assayed for
residual activity. Control experiments were carried
out under similar conditions in the absence of OPA.

Protection Experiments

For protection experiments against PLP inactivation
of the enzyme, Glycerol (200 mM), NADþ (2 mM)
and NADH (0.05 mM) were used as protecting
agents against enzyme inactivation. Protecting
ligands were preincubated with the enzyme for
5 min prior to the addition of PLP (10 mM). Aliquots
were taken at various times for the determination of
residual enzyme activity. Controls containing the
protecting ligands, without PLP, were kept for each
reaction. For protection studies with OPA glycerol
(100 and 200 mM) or NADþ(1 and 2 mM) were
preincubated with the enzyme for 5 min prior to the
addition of OPA (400mM). Aliquots were taken after
20 min for the determination of residual enzyme
activity.

Fluorescence Spectroscopy

Fluorescence emission spectra of PLP-modified and
NaBH4-reduced enzyme as well as OPA-modified
enzymes were recorded on a Perkin–Elmer fluo-
rometer (Model LS50B) using excitation wavelengths
of 325 and 337 nm, respectively.

The stoichiometry of NADH binding to the native,
and PLP-modified, and NaBH4-reduced enzyme was
determined in the same instrument using an
excitation wavelength of 340 nm and monitoring
the emitted light at 430 nm. NADH (0.1 mM) was
titrated into either 1 ml buffer, 1 ml of 2.26mM native
enzyme or 2.26mM modified enzyme. A correction
factor was applied to the measured fluorescence
intensity with the modified enzyme as PLP-modified
and NaBH4 reduced enzyme contributed a small
amount of fluorescence at 430 nm even in the absence
of NADH. The difference between the native and
modified enzymes after subtracting the fluorescence
intensity observed with the buffer control, was used
to assess the effect of modification on NADH
binding.10

Enzyme Denaturation

Denaturation of GlDH was carried out using 6 M
urea for 30 min in 0.05 M phosphate buffer (pH 7.5).
Heat denaturation of GlDH was carried out by
keeping the enzyme in boiling water bath for 5 min.

Gel Electrophoresis

Presence of SDS results in disruption of tetrameric E.
aerogenes GlDH to monomeric subunits. SDS poly-
acrylamide gel electrophoresis of native as well as o-
phthalaldehyde-modified enzyme was carried out
by Laemmli’s method.11

Determination of Thiol Group In E. Aerogenes
Glycerol Dehydrogenase

Cysteine residues of GlDH were determined by the
procedure described by Habeeb.12 Protein was
denatured for 5 min at room temperature by addition
of 2% SDS in buffer solution (pH 8.0). DTNB
(0.67 mM) was added to this solution, the mixture
kept for 20 min and then the absorbance at 412 nm
recorded. The molar extinction coefficient for
calculation was taken to be 13,600/cm21.

RESULTS AND DISCUSSION

Enzyme Modification With PLP

Incubation of glycerol dehydrogenase with PLP led
to the inactivation of the enzyme. The kinetics of
inactivation at different concentrations (2–15 mM) of
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PLP demonstrated that the inactivation of the
enzyme reached a constant non-zero value after
15 min. However, residual enzyme activity
decreased with increasing concentration up to
10 mM PLP, beyond which there was only a marginal
enhancement in inactivation (Fig. 1).

Residual enzymatic activity after PLP treatment,
has been reported for many enzymes.13,14 Chen and
Engel15 have proposed a model to explain this lack of
complete inactivation by PLP as shown below:

Eþ PLP$ E:PLPðNoncovalent ComplexÞ

$ E–PLPðCovalent ComplexÞ ð1Þ

Enzyme lysine residues react with PLP, leading to
the formation of a covalent Schiff’s base, via a
noncovalent intermediate. The residual activity

observed is due to the reversibility of both of these
reactions.

The fluorescence spectrum of PLP-modified
sodium borohydride-reduced enzyme recorded at
an excitation wavelength of 325 nm showed an
emission maximum at 395 nm. This is characteristic
of the modification of e-amino groups of lysine of the
enzyme9 (Fig. 2).

Protection experiments were carried out in order
to determine the probable site of modification.
Glycerol, NADþ and NADH were used as protecting
lig1ands. Results showed that the inactivation of
GlDH by added PLP was completely prevented in
the presence of either NADþ or NADH (Fig. 3). The
extent of NADH binding, determined fluorimetri-
cally, to the PLP-treated (2 mM) and NaBH4 reduced
enzyme was only 60% when compared to the native
enzyme. The residual activity of the same enzyme
was 65% of the control. This data indicates that the
loss in NADH binding is stoichiometrically corre-
lated with the loss in enzyme activity. There was no
significant protection of GlDH against PLP
inactivation in the presence of glycerol. These
results demonstrate that the PLP-reactive lysine
residue responsible for enzyme inactivation is at, or
very near, the coenzyme binding site. Paine et al.7

have reported similar observations with the B.
stearothermophilus GlDH.

Enzyme Inactivation With o-phthalaldehyde

The kinetics of inactivation of GlDH by different
concentrations of OPA is shown in Fig. 4. The
logarithmic plot of inactivation, versus incubation
time with o-phthalaldehyde, yields a linear relation-
ship in a concentration range of 200–500mM,
indicating first order inactivation kinetics. The rate

FIGURE 1 The concentration dependence of the PLP inactivation
of glycerol dehydrogenase. The enzyme (0.10mM) was incubated
with different concentration (2–15 mM) of PLP for 20 min.
Aliquots (10ml) were withdrawn for assay, and residual activity
was determined as described in the “Experimental procedures”
section.

FIGURE 2 Fluorescence emission spectrum of pyridoxal phosphate-modified and sodium borohydride-reduced glycerol dehydrogenase.
The enzyme (1.0mM) was incubated with 5 mM PLP for 20 min in 0.05 M potassium phosphate buffer (pH 7.5) at 258C and then reduced by
sodium borohydride. The emission spectrum of the reduced enzyme–PLP complex with excitation at 325 nm was recorded as described in
the “Experimental procedures” section.
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of inactivation was dependent on the concentration
of o-phthalaldehyde, and 88% inactivation was
observed within 8 min with 500mM o-phthalalde-
hyde. The fluorescence emission spectrum of GlDH
after modification with o-phthalaldehyde was
recorded between 360–500 nm using an excitation
wavelength of 337 nm (Fig. 5); the o-phthalaldehyde-
modified enzyme showed an emission maximum at
415 nm. This is characteristic of thioisoindole

derivatives formed from the reaction of OPA with
the -SH group of cysteine residue and e-NH2 group
of lysine residues in the enzyme.16,17 The following
equation is given for thioisoindole derivative
formation from enzyme cysteine -SH group and e-
amino group of lysine with OPA.

ð2Þ

Molar transition energy for E. aerogenes GlDH
enzyme OPA reaction was calculated to be
151.5 kJ mol21, using the following relationship.16

ET ¼ 2:985lem 2 1087:28: The ET value has been used
by many investigators18,19 to probe the polarity of the
microenvironment of participating cysteine and
lysine residues by comparing it with the values of a
synthetic thioisoindole OPA adduct in different
solvents. ET for the adducts has been reported to be
127 kJ mol21 in hexane, 155 kJ mol21 in dioxane and

FIGURE 4 Pseudo First order kinetic plot for the inactivation of
glycerol dehydrogenase by o-phthalaldehyde. The enzyme
(0.10mM) was incubated with different concentrations of OPA
(K) 200mM; (†) 300mM; (O) 400mM; (B) 500mM. Aliquots (10ml)
were withdrawn at different time intervals and the residual
activity was determined as described in the “Experimental
procedures” section.

FIGURE 5 Fluorescence emission spectrum of o-phthalaldehyde-
modified glycerol dehydrogenase. The enzyme (0.10mM) was
incubated with 400mM OPA for 20 min in 0.05 M phosphate buffer
(pH 7.5) at 258C. The emission spectrum with excitation at 337 nm
(—) was recorded as described in the “Experimental procedures”
section. Denaturation of the enzyme was carried out using 6 M
urea for 30 min at 258C in 0.05 M potassium phosphate buffer
(—††—). Urea denatured enzyme treated with 400mM o-
phthalaldehyde for 30 min (- - - - - -). The enzyme was denatured
by heat treatment for 5 min and subsequently with o-
phthalaldehyde (—†—).

FIGURE 3 The inactivation of glycerol dehydrogenase by PLP in
the presence or absence of coenzyme. The enzyme (0.10mM) was
incubated with 10 mM PLP in the absence (†) or presence of
0.05 mM NADH (A) or 2 mM of NADþ (K). Aliquots (10ml) were
withdrawn at various time intervals for activity determination as
described in the “Experimental procedures” section.
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267 kJ mol21 in water. The calculated ET value in the
present study for GlDH-OPA was 151.5 kJ mol21,
which is closer to the value in dioxane. This indicates
that the microenvironment of the participating
cysteine and lysine residues is hydrophobic.

Denaturation of GlDH by either urea or heat
treatment prior to o-phthalaldehyde modification
did not significantly affect the fluorescence intensity.
However, the emission maxima shifted from 410 to
440 nm after denaturation with urea (Fig. 5). The
calculated ET value for urea denaturated enzyme
was 226 kJ mol21 which shows that the micro-
environment was less hydrophobic. Thus, the spatial
proximity of the -SH group of cysteine and e-amino
group of lysine is maintained even after denatura-
tion. It may be reasonable to assume that these
groups are proximal in the primary structure itself.

Both native and OPA modified GlDH gave a single
band with identical mobilities when examined by
sodium dodecyl sulfate–polyacrylamide electro-
phoresis. E. aerogenes GlDH has been reported to be
a tetrameric enzyme with four identical subunits of
42 kDa3. As our results did not show any higher
molecular weight after OPA modification, it can be
concluded that the reaction involves the formation of
crosslinks between cysteine and lysine residues
within the same polypeptide chain.

Protection against OPA inactivation, in the
presence of either glycerol or NADþ, indicated that
only glycerol partially protected the enzyme against
inactivation (Table I). Thus, the participation of the
PLP-reactive lysine residue located at or near the
coenzyme binding site in isoindole derivative
formation is unlikely. DTNB titration of GlDH
showed that there is only one cysteine residue per
subunit of E. aerogenes GlDH, which was absent after
modification with OPA.

Spencer et al.6 have reported that there is only one
cysteine residue per subunit in B. stearothermophilus
GlDH, which is reactive to modification by thiol
specific reagents, such as DTNB and iodoacetamide,
only after zinc-depletion and not in the native
enzyme. It has been demonstrated that this cysteine
residue plays an important role in subunit–subunit
interaction of glycerol dehydrogenase, which is
probably required for the enzyme activity. Amino
acid sequence analysis of B. stearothermophilus GlDH
has shown that a lysine residue precedes the sole
cysteine.6

The present study has shown that there is only one
cysteine per monomer in E. aerogenes GlDH. This
cysteine reacts with OPA leading to inactivation.
Assuming that the cysteine and the preceding lysine
(B. stearothermophilus ) are conserved in glycerol
dehydrogenase from E. aerogenes, it is tempting to
suggest that these two adjacent residues may be
participating in thioisoindole formation leading to E.
aerogenes GlDH inactivation.
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TABLE I Effect of substrates on the inhibition of glycerol
dehydrogenase by o-phthalaldehyde

Protecting compound
Concentration

(mM)
Residual activity

(%)

None – 20
NADþ 1 22

2 24
Glycerol 100 56

200 60

NADþ or glycerol was preincubated with enzyme (0.1mM) prepared in
0.05 M potassium phosphate buffer (pH 7.5) before the addition of o-
phthalaldehyde. 10ml aliquots were withdrawn after 20 min for assay to
determine the residual activity.
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