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ABSTRACT: UDP-galactose 4-epimerase serves as a prototype model of class II oxidoreductases that use
bound NAD as a cofactor. This enzyme fromKluyVeromyces fragilisis a homodimer with a molecular
mass of 75 kDa/subunit. Continuous monitoring of the conversion of UDP-galactose (UDP-gal) to UDP-
glucose (UDP-glu) by the epimerase in the presence of the coupling enzyme UDP-glucose dehydrogenase
and NAD shows a kinetic lag of up to 80 s before a steady state is reached. The disappearance of the lag
follows first-order kinetics (k ) 3.22 × 10-2 s-1) at 25 °C at enzyme and substrate concentrations of
1.0 nM and 1 mM, respectively. The observed lag is not due to factors such as insufficient activity of the
coupling enzyme, association or dissociation or incomplete recruitment of NAD by epimerase, product
activation, etc., but was a true expression of the activity of the prepared enzyme. Dissociation of the
bound ligand(s) by heat followed by analysis with reverse-phase HPLC, TLC, UV-absorption spectrometry,
mass spectrometry, and NMR showed that in addition to 1.78 mol of NAD/dimer, the epimerase also
contains 0.77 mol of 5′-UMP/dimer. The latter is a strong competitive inhibitor. Preincubation of the
epimerase with the substrate UDP-gal or UDP-glu replaces the inhibitor and also abolishes the lag, which
reappeared after the enzyme was treated with 5′-UMP. The lag was not observed as long as the cells were
in the growing phase and galactose in the growth medium was limiting, suggesting that association with
5′-UMP is a late log-phase phenomenon. The stoichiometry and conserved amino acid sequence around
the NAD binding site of multimeric class I (classical dehydrogenases) and class II oxidoreductases, as
reported in the literature, have been compared. It shows that each subunit is independently capable of
being associated with one molecule of NAD, suggestive of two NAD binding sites of epimerase per
dimer.

UDP-galactose 4-epimerase (EC 5.3.2.1, hereafter called
epimerase) is a ubiquitous and obligatory enzyme of
galactose metabolism that reversibly converts UDP-galactose
(UDP-gal)1 to UDP-glucose (UDP-glu). It belongs to a rare
class of enzymes which utilize noncovalently but strongly
bound NAD as a cofactor (class II oxidoreductases) and not

as a cosubstrate like NAD/NADH-dependent classical de-
hydrogenases (class I oxidoreductases) (1-3). Its mechanism
involves abstraction of a hydride from the C-4 position of
the sugar nucleotide by NAD prior to formation of a transient
enzyme‚NADH‚keto-substrate complex. The sugar moiety
of this complex in turn rotates 180° and abstracts the same
hydride, leading to a stereoselective inversion of the OH
group. Though epimerases from different sources differ
significantly in size and quaternary structure, they share an
identical mechanism of action. It collectively acts as a
prototype model of class II oxidoreductases in which a
similar type of NAD-mediated mechanism is observed but
the specificity varies widely (3).

The epimerase from yeastKluyVeromyces fragilis2 is a
homodimer with a molecular mass of 75 kDa/subunit.
Though cloning and sequencing of its gene are yet to be
done, extensive biochemical evidence suggests that the
enzyme has one bound NAD+ per dimer (1-5) and the
cofactor is located at the subunit interface (6). The enzymes
from Saccharomyces cereVisiae and KluyVeromyces lactis
are less characterized but have been cloned and sequenced
(7). Among epimerases, the X-ray crystallographic structure
of the Escherichia colienzyme was first reported at high
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resolution (8, 9). Its sequence is strongly homologous with
the N-terminal part of the yeast enzyme but is only half its
size (homodimer, 39 kDa/subunit). An unexpected finding
was the existence of two nucleotide and substrate binding
sites per dimer situated in a symmetry-oriented manner away
from the subunit interface. This was in contrast to the earlier
report of one nucleotide bound per dimer (1, 2). Whether
the two “catalytic” sites are functional or have allosteric
relation is not known. The bound NAD of both yeast and
bacterial enzymes can be reduced to NADH with the
concomitant loss of activity by “reductive inhibition” (10).
Recent developments have witnessed cloning, sequencing,
and X-ray crystallographic structure analysis of dimeric
human epimerase that requires extraneous NAD for catalysis
(11). Dimerization of yeast epimerase may originate from
the point of view of stability or to satisfy a stringency such
as subunit-dependent catalytic sites (6). The number of bound
NAD molecules, which is related to the number of catalytic
sites, has not yet been settled with confidence for the yeast
enzyme. Thus, there seems to be room to reconsider the
stoichiometry and predict the location of the bound cofac-
tor(s) in yeast epimerase.

The epimerase is routinely assayed using UDP-gal as the
substrate, the epimerized product UDP-glu being quantified
by the coupling enzyme UDP-glucose DH in the presence
of NAD, yielding glucuronic acid (12). The reaction follows
the normal Michaelis-Menten relation. Further, the time
course of conversion of the substrate within the hyperbolic
zone of the relation follows a linear propagation for at least
8 min. However, the initial phase of conversion by this
enzyme fromK. fragilis showed a lag, enhancement, or no
effect. Herein, we report the analysis of the initial phase of
activation of this enzyme and redetermination of the stoi-
chiometry of the bound cofactor(s). A comparison of the
stoichiometry of the cofactor and sequence homology of its
binding sites among class I and II oxidoreductases have also
been presented. It is worth mentioning that the lag in catalysis
has never been observed while working withE. coli epi-
merase, which was purified from an overexpression plasmid
(13, 14).

EXPERIMENTAL PROCEDURES

Materials. Fine chemicals, e.g., ANS, BME, DEAE-
cellulose,D(+)-gal, D(+)-glu, glycylglycine, NAD, NADH,
Sephadex G-50, 5′-UMP, UDP, UTP, UDP-gal, UDP-glu,
UDP-man, UDP-xyl, UDP-GA, UDP-NAG, and 5′-nucle-
otidase (5′-ribonucleotide phosphohydrolase, fromCrotalus
atroxvenom, grade IV, partially purified), were from Sigma.
T4 polynucleotide kinase (10 units/mL, catalog no. MO-
201S) was from New England Biolabs. Other reagents
(analytical grade) were purchased locally. Hydroxyapatite
was prepared in the laboratory (15). UDP-glu DH was
partially purified from beef liver up to the heat denaturation
step where it becomes devoid of associated epimerase activity
(16). The elution profile of UDP-gal from the reverse-phase
(RP) C18 µ-Bondapak HPLC column developed with isocratic
buffer showed a single sharp peak (details in the text).
However, estimation with UDP-glu DH in the presence of
NAD, which acts specifically on UDP-glu, showed its
occurrence to the extent of 0.3% in UDP-gal (17). This was
handled at the time of the epimerase assay.

Purification of Epimerase.Unless mentioned otherwise,
K. fragilis (ATCC-10022 or Microbial Type Culture Col-
lection, Institute of Microbial Technology, Chandigarh, India)
was grown in 0.67% YNB (yeast nitrogen base, Hi-media,
Bombay, India) containing 1.5%D-(+)-galactose (Sigma)
medium (pH 7.2) at 30°C for 16 h with shaking. Cells were
harvested at the early stationary phase when medium diluted
1:9 with water exhibited a turbidity of 0.65 at 650 nm. The
enzyme was purified by the classical method of salt
fractionation (12) involving four major steps: crude cell
extraction, two ammonium sulfate fractionations, and sub-
sequent succinate buffer washing. This procedure has limita-
tions such as the inconsistency of the quality of the purity
that is achieved, the suspected occasional protease contami-
nation, etc. Therefore, an alternate protocol involving crude
cell extraction, 55% ammonium sulfate fractionation, hy-
droxyapatite treatment, and DEAE-cellulose chromatography
was developed (18). The preparation after hydroxyapatite
treatment was found to be devoid of protease activity with
azoalbumin as the substrate. Also, incubation of the purified
epimerase under varieties of conditions that favor proteolysis,
followed by analysis with SDS-PAGE or Protein-Pak 300
size exclusion (SE)-HPLC, did not show any degradation
up to the limits of detection (4, 17). The homogeneity of
the epimerase obtained from both the protocols was con-
firmed by PAGE and SDS-PAGE. The absence of the
enzyme‚NADH abortive complex in the purified enzyme was
evident from an analysis of the bound ligands, which showed
the absence of NADH (described in the text). Incomplete
recruitment of NAD in the enzyme was ruled out as
epimerase, preincubated with 0.05 mM NAD for 15 min prior
to the assay, did not exhibit an enhancement of activity. The
specific activity of the purified enzyme was 60-70 units/
mg in both cases.

Enzyme Assay.Epimerase activity was measured by a
“coupled assay” at 25°C where conversion of UDP-gal to
UDP-glu was continuously monitored at 340 nm by UDP-
glu DH and NAD (Scheme 1) (12). UDP-glu is converted
to UDP-GA with consumption of 2 mol of NAD via UDP-
glucose 6-aldehyde as a bound intermediate. This stoichi-
ometry of NAD was taken into consideration while calcu-
lating the amount of substrate converted. The assay mixture
contained (per milliliter) 0.1 M glycylglycine (pH 8.8), 0.5
mM NAD, 0.1 mM UDP-gal, and 8 units of UDP-glu DH.
This was incubated for 10 min to remove contaminating
UDP-glu in UDP-gal. The assay was initiated by adding
3-15 nM epimerase. The absorbance change per minute was
0.030 on average, and linear propagation of the conversion
of the substrate was observed for at least 8 min. It is
important to note that unless preincubation of UDP-gal with
UDP-glu DH was carried out, initial enhancement of catalysis
was often observed arising from the contaminating impurity
of UDP-glu in UDP-gal. The coupling enzyme UDP-glu DH
was assayed with UDP-glu as the substrate (16). Experiments
were performed at 25°C. One unit of activity has been
defined as the amount of enzyme that converted 1µmol of
the substrate per minute at 25°C.

Scheme 1: Coupled Assay of Epimerase
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Kinetic Analysis.The first-order rate constant (k) for the
transition from a low to high specific activity of epimerase
during the assay was determined using the relation

whereAobs is the measured absorbance at timet, Acalc is the
absorbance at an early timet obtained by extrapolation of
the linear portion of the progress curve, andb anda are the
specific activities of the initial and final forms of the enzyme,
respectively (19). The duration of the lag was obtained from
the time axis of the coupled assay by extrapolation of the
linear portion of the progress curve. The initial rate of the
reaction is defined as the progress up to 30 s obtained from
a recording spectrophotometer for which the limit of detec-
tion was 0.001. A 10 s gap for manual dispensing and mixing
of epimerase for initiation of the assay was uniformly
maintained.

In the coupled assay, reaction of the primary enzyme is
initiated when the substrate concentration of the auxiliary
(coupling) enzyme is zero, leading to a kinetic lag. This lag
can be calculated by McClure’s analysis (20) on the basis
of the relationt ) -{KM × 2.303[log(1- Fp)]}/V2, where
t is the lag time by which the rate of conversion by the
coupling enzyme becomes equal to the rate of any desired
fraction of the primary enzyme,Fp is the desired fraction of
the steady state reaction of the primary enzyme to be
measured (a value of 0.99 is reasonably acceptable), andKM

andV2 are the Michaelis constant of the substrate and the
maximum velocity of the coupling enzyme, respectively.

Alternately, the said lag may be predicted with the
relationshipt ) ΦKM/V1, wheret andKM are as described
above andV1 is the highest velocity of the primary enzyme
(Storer and Cornish-Bowden relation;21). A value ofΦ is
obtained from ref21 depending on the desired fraction of
the steady-state reaction of the primary enzyme to be
measured (V1/V2 ) 0.99) and theV1/V2 ratio whereV1, V2,
andV2 represent the velocity of the first and second reactions
and the maximum velocity of the second reaction, respec-
tively.

Dissociation, Identification, and Quantification of Nucleo-
tides. Epimerase (1 mL, 10 mg/mL) in 5 mM potassium
phosphate (pH 8.0) was heated to 100°C at 5°C/min. The
elevated temperature was maintained for 5 min, by which
point 95% of the protein was precipitated with dissociation
of the ligand(s). The supernatant was lyophilized. The
released nucleotides were identified as follows. (i) TLC on
precoated silica gel 60 F254 plates (Merck) was employed
using three different solvent systems (50% ethanol, 80%
ethanol, and a 40:40:20 isopropyl alcohol/ethanol/water
mixture). Nucleotides were viewed under short-wavelength
UV radiation.Rf values of standard nucleotides in the three
solvent systems were as follows: 0.79, 0.80, and 0.80 for
5′-UMP, 0.86, 0.62, and 0.38 for UDP, 0.77, 0.24, and 0.41
for UTP, 0.80, 0.79, and 0.78 for UDP-man, 0.83, 0.76, and
0.78 for UDP-xyl, 0.88, 0.89, and 0.87 for UDP-GA, and
0.82, 0.57, and 0.56 for heat-treated NAD (0.70 minor). The
maximum variation ofRf was(0.02 (n ) 4-5). (ii) HPLC
by a reverse-phase C18 µ-Bondapak column (Waters) using
isocratic elution with 10 mM potassium phosphate (pH 7.2)
was carried out with a Waters HPLC system and 440 series
absorbance detector (22). The eluant was monitored at either

254 or 340 nm at a flow rate of 1 mL/min. Since the
cofactor(s) of epimerase was dissociated by heating, NAD,
NADH, and uridine derivatives used as control were also
subjected to heat treatment under identical conditions before
analysis. Analyses were carried out with a Shimadzu LC
HPLC system with an SPD M10A diode array detector which
provided UV absorption spectra of the separated compounds.
Retention times and absorption maxima reported (23) and
observed (within parentheses) of the nucleotides were as
follows (n ) 3): 5.95 min and 260 (260.2) nm for 5′-UMP,
6.20 min and 261 (260.5) nm for UDP, 5.60 min and 260
(260.3) nm for UTP, 5.90 min and 260 (260.5) nm for UDP-
man, 6.00 min and 262 (261.7) nm for UDP-xyl, 6.00 min
and 262 (262.3) nm for UDP-gal, 6.05 min and 254 (254.5)
nm UDP-glu, 5.6 min and 260 (259.9) nm for UDP-GA,
4.5 (minor) and 6.0 min and 260 and 261 (258.2 and 261.2)
nm for UDP-NAG, 14.1 min and 258 (257.6) nm for c-AMP,
9.8 min and 253 (253.4) nm for NADH, 2.0 (minor) and 9.8
min (255.5 and 253.4 nm) for heat-treated NADH, 13.8 min
and 252 (252.3) nm for NAD, 13.8 min and 252 (252.3) nm
for NAD, and 2.0 (minor) and 13.8 min (255.6 and 252.3
nm) for heat-treated NAD. Observed absorption maxima
resemble literature values within(0.5 nm (23).

Dissociation of the cofactor and ligands from epimerase
by heat treatment involved partial thermal degradation with
the possibility of precipitation of the holoenzyme. An
alternate approach to dissociate the ligands at ambient
temperature was to treat the enzyme with 10% trichloroacetic
acid (TCA) or perchloric acid (24, 25). Epimerase was treated
with 10% TCA at 25°C for 10 min, and the supernatant
was neutralized to pH 7.0 before fluorimetric estimation of
NAD. The cofactor was also estimated fluorimetrically,
preventing precipitation of epimerase. The enzyme (1.5-
2.0 nmol) in 20 mM potassium phosphate (pH 8.5) was
treated with 0.2 M HCl at 25°C for 30 s to destroy bound
NADH, if any. The protein was retained in the solution
quantitatively under such acidic conditions because of its
low concentration. It was then treated with 6 M NaOH for
1 h when NAD was converted to different fluorescence
products (excitation at 360 nm and emission at 460 nm). A
linear standard curve was constructed using 0-12 µM NAD
against emission intensity under identical alkali treatment
(26). The amount of bound NAD, after dissociation, was
estimated from the calibration curve. In some sets, 3.25µM
NAD was included with the protein as an internal control
where the increase in fluorescence intensity was found to
be additive. NAD-like compounds also give a fluorescence
response after NaOH treatment, but previous studies indicate
the absence of such compounds with epimerase (17, 27).

The epimerase was also exposed to 8 M urea at pH 7.0
and 25°C for 10 min, a point at which the molecule is known
to become denatured with dissociation of NAD (4, 28, 29).
A fluorimetric procedure identical to that described above
was followed for estimation of the amount of dissociated
NAD under denatured conditions against a calibration curve.
This curve was constructed with 0-7 µM NAD after NaOH
treatment in the presence of 8 M urea. A linear dependence
of emission intensity versus NAD concentration was ob-
served (27).

Mass Spectrometric Analysis.Epimerase (0.5 mg/mL), was
dialyzed extensively against water at 4°C, lyophilized, and
reconstituted in 10 mM potassium phosphate (pH 7.0) at a

log ∆A ) log(Aobs- Acalc) ) log[(b - a)/k] - kt/2.3
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concentration of 5 mg/mL. The sample was heat-treated for
dissociation of the cofactor and ligand(s) and centrifuged to
remove the precipitated protein, and the components in the
supernatant were separated by RP-HPLC before application
to mass spectral analysis. NAD, uracil sugars, and other
derivatives were also heat-treated under identical conditions
before application. A Q-Tof micro (Micromass) instrument
under positive ionization electrospray mode was used at a
desolvation temperature of 200°C. Argon as a collision gas
at 2 kg/cm2 having a collision energy of 10 ev was applied.
Micro channel plate detectors were used.

Enzymatic Analysis.The uridine-like compound that was
separated by HPLC from the supernatant of the heat-treated
enzyme was diluted 5-fold with 20 mM Tris-HCl (pH 9.0).
It was treated with 5 units of 5′-nucleotidase at 37°C for 8
h to eliminate terminal phosphate groups of nucleotides, if
present. Enzymatic conversion was terminated by heating
the solution at 100°C for 5 min before subjecting it to mass
spectrometric analysis. Control experiments were carried out
with 5′-nucleotidase using 5′-UMP, UDP, and UTP under
identical conditions. The 5′-nucleotidase-treated dephospho-
rylated samples were further phosphorylated with T4 poly-
nucleotide kinase (PNK). The samples were treated with 0.1
unit of PNK in the same buffer in the presence of 0.5 mM
ATP and Mg2+ at 37°C for 2 h. A control experiment was
carried out with 0.02 mM uridine and PNK under the same
condition. The samples were centrifuged, and the products
were analyzed with a mass spectrometer.

NMR Spectroscopy.Epimerase (6.5 mg) was dialyzed
exhaustively against glass-distilled water and dried. It was
reconstituted in 300µL of 20 mM sodium phosphate (pH
7.5) and centrifuged to remove the trace amount of turbidity,
the final concentration being approximately 20 mg/mL. Its
31P (phosphorus) spectrum was scanned (1H decoupled during
acquisition) using a Varian 500 MHz NMR spectrophotom-
eter at 30°C housed at Bose Institute (Calcutta, India). All
spectra were plotted relative to an external standard of 85%
phosphoric acid. Inorganic phosphate at pH 7.5 appeared 2
ppm downfield from phosphoric acid. A solution of 5 mM
5′-UMP in the same buffer at pH 7.5 was also scanned for
comparison.

Spectroscopic Measurements.The enzyme assay and the
UV absorption spectra scan (240-300 nm) were carried out
with either a Digispec-200GL UV-vis spectrophotometer
or an Analytic Jena Specord 200 recording spectrophotometer
attached to a variable-temperature circulating water bath
(Polyscience). Fluorescence measurements were carried out
with a Hitachi F4020 spectrofluorimeter using a standard
700µL quartz cuvette. All spectral measurements were taken
at 25°C.

Protein Estimation.The amount of purified epimerase was
estimated either with the Bio-Rad Protein Assay dye reagent
(Bio-Rad Laboratories, catalog no. 56002) or after Lowry
(30). In all cases, bovine serum albumin (grade V) served
as a reference. Variation of results between the two meth-
odologies was limited to(10%.

Other Methods.Proteins (100µL) were separated from
extraneous or dissociated ligands by being passed through a
prespun (2.9 cm× 0.7 cm) Sephadex G-50 column, usually
known as a “spin column”, equilibrated with 50 mM
potassium phosphate (pH 8.0), and were eluted by low-speed

centrifugation. Recovery was 90-95% (31). Quantitative
retention of small ligands was verified spectrophotometrically
or enzymatically by loading strongly absorbing materials or
a high concentration of enzyme substrates (32). The con-
centration of nucleotides was determined from extinction
coefficients available from the literature. Reversible folding
of epimerase (5 mg/mL) was carried out by denaturing with
8 M urea in 20 mM potassium phosphate (pH 7.5) for 10
min at 25°C when the enzyme unfolded with dissociation
of the constituent molecules. Refolding was initiated by 20-
fold dilution with the same buffer at 25°C for 60 min in the
presence of 1 mM extraneous NAD. Under such conditions,
the holoenzyme structure was reconstituted with an 80-90%
restoration of activity (4, 28, 29).

RESULTS

Initial Phase of Catalysis.The initial rate of conversion
of UDP-gal to UDP-glu by 0.33, 0.66, 0.99, 1.32, and 1.65
nM epimerase as measured by the coupled assay at 25°C is
shown in Figure 1. The durations of the lag of these reactions
were 80, 72, 48, 27, and 22 s, respectively, while the ratios
of initial versus final rates were 0.0, 0.0, 0.44, 0.50, and 0.64,
respectively. These features were not due to insufficient
application of the coupling enzyme. The presence of half or
double the amount of UDP-glu DH in the assay failed to
alter the kinetic parameters (discussed below). The assay
produced a linear dependency of rate with enzyme concen-
tration up to 2 nM, beyond which the coupling enzyme
became limiting (inset of Figure 1). Thus, every assay
reported here was performed at<2 nM epimerase. Analysis
of the rate of conversion of epimerase from low to high
specific activity or the “activation process” under assay
conditions (19) showed a linear dependence of log∆A on
time, indicating a first-order reaction. A representative profile
with 0.33 nM epimerase has been illustrated in Figure 2A.
The rate constants for conversion at 25°C by the first four
enzyme concentrations were 2.12× 10-2, 2.30 × 10-2,
3.22 × 10-2, and 5.06× 10-2 s-1, respectively, and the

FIGURE 1: Initial time course of the conversion of UDP-gal to UDP-
glu by epimerase purified from the late log phase ofK. fragilis by
the coupled assay protocol. Assay conditions have been described
in the text. The sets contain the following enzyme concentrations:
(a) 0.33, (b) 0.66, (c) 0.99, (d) 1.32, and (e) 1.65 nM. The inset
shows the linear dependence of the rate of conversion of UDP-gal
to UDP-glu by epimerase at the steady state. The substrate
concentration was 0.2 mM, and linearity of the reaction was
maintained up to 2 nM epimerase under the defined assay
conditions.
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variation was linear with respect to enzyme concentration
(Figure 2B).

The assay with 0.8 nM enzyme between 20 and 40°C
showed an∼4-fold increase in the rate of reaction. The
gradual disappearance of the lag from 150 s and the increase
in the ratio of the initial rate to final rate from 0 to 1 were
complete by 35°C. Epimerase, preincubated at 40°C for
10 min followed by cooling to 25°C for 15 min, however,
exhibited a lag similar to the control which was not subjected
to such incubation. This showed that mere warming of the
enzyme did not alter its kinetic character. Thus, the depen-
dence of the lag on both enzyme concentration and temper-
ature appeared to be inversely related to the catalytic turnover
(result not shown).

Lag from the Coupling Enzyme.The lag contributed by
UDP-glu DH in the epimerase assay was calculated using
the method of McClure (20) using aKm for UDP-glu of 0.013
mM (16), anFp of 0.99, and aV2 (maximum velocity of the
coupling enzyme as applied in the assay protocol) of 6.35
mmol L-1 min-1. These led to at of 0.565 s which was
insignificant. Alternately, the lag was calculated after Storer
and Cornish-Bowden (21) using t ) ΦKm/V1. When the
variation ofV1 between 0.794 and 2.38 mmol L-1 min-1 and
the variation ofV1/V2 between 0.95 and 0.99 are considered,
the derivedt varied between 0.442 and 1.19 s. This was once
again insignificant and comparable to the McClure calcula-
tion.

The validity of these data should be verified from actual
experiment (33). As mentioned previously (19), UDP-glu DH
did not exhibit, to the limit of detection, any initial lag in
the conversion of UDP-glu under the assay conditions even
at the lowest substrate concentration. Also, another form of
epimerase, the “clean enzyme” described below, did not
exhibit the lag. The assay with 1-1.5 nM epimerase carried
out by increasing or decreasing the amount of the coupling

enzyme under standard assay conditions showed inhibition
of epimerase activity when the coupling enzyme was reduced
10-fold, but an initial lag was observed only when it was
further lowered to 50-fold. Similarly, when the level of the
coupling enzyme was increased 10-fold, there was no
alteration of the parameters. Thus, a safe margin was always
maintained to exclude lag arising from the coupling enzyme.

Consideration of Factors Responsible for Lag.Because
epimerase is a multimeric enzyme with a cofactor, its kinetic
lag may originate from a number of structural phenomena,
including “association-dissociation” (33-35). Epimerase
(K. fragilis) maintains a stable dimeric structure in 20 mM
potassium phosphate (pH 7.5) at 25°C for months. Dis-
sociation of epimerase in low-salt buffer or in a dilute
solution is a day-long process associated with irreversible
inactivation (36). “Substrate-induced activation” of mono-
meric epimerase appears to be highly improbable since no
gradual enhancement of activity of the clean epimerase
during an assay had ever been observed.

To address product activation, the stable end product UDP-
GA was generated by treating UDP-glu (0.025 mM) with
UDP-glu DH and NAD for 10 h at 25°C. Complete
conversion of UDP-glu was ensured spectrophotometrically
by the second addition of UDP-glu DH. UDP-GA so
generated, when preincubated with epimerase for 15 min,
could not change the lag. Activation due to withdrawal of
substrate inhibition did not appear to be feasible as only 1.2%
of the substrate was consumed at the initial phase of the
assay. Thus, the question of negative cooperativity is not
pertinent.

The lag may, however, be a result of the purification
procedure in which protein-protein interactions and/or
coprecipitation with ligand(s) may take place. An assay with
1 nM epimerase from each step of purification following
ref 12 or 18 led to a variation of the initial rate/final rate
ratio of 0.425( 0.025 or 0.450( 0.030 and a duration of
the lag of 44( 4 or 45( 4 s, respectively. To remove any
loosely bound inhibitor with the purified enzyme, if any, a
0.25 mg/mL solution of the protein was dialyzed extensively
against 0.05 M potassium phosphate (pH 8.5) or passed
through a Sephadex G-50 spin column (30). Once again, no
difference in kinetic parameters could be detected.

As the possibility of activation by proteolysis or partial
recruitment of NAD could be excluded, it was necessary to
consider that the enzyme might be activated by a substrate-
induced minor conformational change on a global scale or
at the catalytic site. The former was verified by fluorescence
emission analysis of its tyrosine and tryptophan residues in
both the presence and absence of 0.025 mM UDP-gal
(excitation at 280 nm and emission at 300-450 nm), while
the latter was verified by using the extrinsic fluorophore
1-ANS in 200µM aqueous buffer (excitation at 375 nm and
emission at 400-600 nm), which interacts specifically at the
substrate-binding site of epimerase (37-39). The emission
spectra were indistinguishable in the two cases, having
emission maxima at 338.2( 0.2 and 435.5( 0.2 nm,
respectively.

These experiments collectively suggested that the lag is a
true expression of the activity of the epimerase itself, not of
an artifact.

Abolition of the Lag.Epimerase (1 nM) was preincubated
with its substrates or analogues (1.0 mM) for 10 min at

FIGURE 2: Analysis of the rate of conversion of epimerase from
low to high specific activity. (A) Dependence of the conversion
rate when fitted with first-order kinetics, eq 1 as described in the
text. Data were obtained from a recording spectrophotometer
representing the reaction of the bottom trace of Figure 1 with 0.33
nM enzyme. The derivedk equaled 2.12× 10-2 s-1 at 25°C. (B)
Linear dependence ofk on enzyme concentration as obtained from
Figure 1.
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25°C and was passed through a Sephadex G-50 spin column.
The following results (initial rate/final rate ratio and duration
of lag in seconds) were observed: 0.44 and 45 for UMP,
0.44 and 48 for UDP, 0.44 and 42 for UTP, 1.0 and 0 for
UDP-gal, 1.0 and 0 for UDP-glu, 0.32 and 60 forD(+)-gal,
and 0.35 and 60 forD(+)-glu, respectively. It showed that it
was only the substrates that yielded an enzyme incapable of
demonstrating the lag, termed the clean enzyme. The
prominence of the lag with 0.33 or 0.66 nM enzyme, as
illustrated in Figure 1, was absent with an equal concentration
of the clean enzyme. The velocities of these reactions at the
steady state remained equal to controls without such treat-
ments, indicating their identical turnovers. It was ensured
by enzymatic estimation that epimerase preincubated with
UDP-gal or UDP-glu was completely devoid of the ligands
after passing through the spin column. Recovery of epimerase
was, however, 95-97% in terms of activity, indicating
retention of enzyme-bound NAD (29). Since the spin column
requires 2-3 min for separation, the exact dependence of
catalytic turnover and abolition of the lag could not be
ascertained.

The reversibly reconstituted functional enzyme, after
complete denaturation with 8 M urea, also failed to show
the lag. If one assumes that the reactivated enzyme has the
same specific activity as the native enzyme, the concentration
of the reactivated enzyme was calculated on the basis of
recovered activity that varied between 80 and 100%. When
the assay was performed using 0.046-0.370 nM refolded
enzyme, linear propagation of product formation was ob-
served from the onset of the reaction. During previous studies
on refolded epimerase, a similar absence of lag was
consistently observed (4, 26, 27).

Analysis of Bound Ligands.The stoichiometry of the bound
cofactor(s) of epimerase was determined as follows.

(1) By Fluorescence.Fluorimetric determination of the
amount of NAD after 10% TCA precipitation of 2 mg/mL
epimerase (1 mL) in comparison with a standard calibration
curve yields a stoichiometry of 1.575 residues/dimer (n )
4). An enhancement of the stoichiometry to 1.70( 0.1
residues/dimer (n ) 5) was observed after alkali treatment
using 0.8 nmol of epimerase. In another set, the same quantity
of enzyme was pretreated with 8 M urea to ensure complete
dissociation of the cofactor. The derived stoichiometry was
similar [1.68 ( 0.06 residues/dimer (n ) 5)]. The fluori-
metric method, however, cannot distinguish between NAD
and structurally related nucleotides.

(2) By HPLC. If one assumes that NAD and possibly
NADH are associated with epimerase, these nucleotides were
treated with heat under conditions identical to those employed
to release the ligand(s) from the epimerase. The chromato-
graphic patterns from reverse-phase C18 µ-Bonda Pak column
of the supernatant of the heat-treated enzyme as well as
standard NAD and NADH, both with and without heat
treatment, have been described in Figure 3. It shows that
NAD was eluted as a major peak in 95% abundance with a
retention time (tR) of 13.8 min, together with a minor
contaminant with atR of 2.0 min. No absorbance was
recorded when the elution was monitored at 340 nm,
indicating the absence of NADH in it (result not shown).
The elution profile of standard NADH with or without heat
treatment was followed at 340 nm. It showed a single peak
with a tR of 9.8 min which is clearly separated from NAD.

However, when the elution was followed at 254 nm, an
additional peak was observed with atR of 2.0 min which
likely is due to an impurity. Because NADH is a thermally
stable molecule, its decomposition was not observed to any
significant extent.

For estimation of the amount of cofactor(s), 9.6 nmol of
enzyme was slowly heat denatured and centrifuged and the
supernatant was subjected to HPLC analysis. The profile
shows a major peak corresponding to NAD (tR ) 13.8 min)
together with another peak with atR of 2.0 min which likely
is its decomposed product. No NADH associated with
epimerase could be detected within the limit of detection of
<0.01% relative to NAD. Also, following elution at 340 nm
did not reveal any peak. Considering a 15% loss of NAD
due to decomposition, 1.3( 0.09 mol of NAD per dimer
was recovered. What was unexpected was the elution of
another component with atR of 5.90 ( 0.05 min in
considerable abundance. This compound has an UV absorp-
tion spectrum typical of a nucleotide having an absmax at

FIGURE 3: Elution profiles of the heat-treated supernatant of
epimerase and reference nucleotides from a reverse-phase HPLC
column. Detailed experimental conditions have been mentioned in
the text. The chromatograms were obtained under isocratic condi-
tions of elution in the presence of 20 mM sodium phosphate buffer
(pH 7.0) at a flow rate of 1 mL/min using a C18 reverse-phase HPLC
column. The elution was monitored at 254 nm. The profiles have
been described as follows. NAD and NADH are for the respective
nucleotides as available commercially. NAD(H) and NADH(H) are
the respective nucleotides after heating at 100°C for 5 min. EPI(N)
represents the supernatant of epimerase obtained after heating under
identical conditions, and EPI(C) is the heat-treated supernatant of
the same enzyme obtained after undergoing catalysis and passing
trough a Sephadex G-50 spin column. The HPLC column was used
to run several uracil derivatives as references (marked as 1-8).
The retention times and absorption maxima of the compounds that
were used have been mentioned in the text. The inset shows UV-
absorption spectra between 220 and 300 nm of the compound
having a retention time of 5.85 min in the EPI(N) profile. The
observed absorption maximum was at 262.3 nm.
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261.0 nm and anA260/280of 1.80 at pH 7.0 (inset of Figure
3). Since uracil derivatives, including uracil sugars, interact
specifically at the catalytic site of the enzyme, several such
compounds were applied in the HPLC runs for comparison.
Their names, retention times, and absorption maxima have
already been mentioned in the text. By comparison, the
unknown compound apparently comigrated with 5′-UMP or
UDP-Man.

(3) By TLC. Attempts were made to separate by TLC
nucleotides which had similar retention times as determined
by HPLC. Most of them were well separated by silica gel
plates as mentioned earlier. In all cases, uracil derivatives
and NAD were heat-treated under conditions in which ligands
were dissociated from the enzyme. TheRf values of the
ligand(s) released from epimerase in solvents A-C were
0.80, 0.80 together with 0.55, and 0.79 together with 0.57,
respectively. TLC profiles in combination with HPLC
strongly suggested the presence of NAD together with UMP
in epimerase. When the HPTLC system (Camag) was used
to obtain better resolution, identical results were obtained.

(4) By Mass Spectrometry.The two major peaks (tR )
5.9 and 13.8 min) from the supernatant of the heat-treated
enzyme which appeared in HPLC exhibited the following
MS data (FAB): m/z325 [(M + H)+] together withm/z296,
249, and 665 [(M+ H)+]. These corresponded tom/z 325
[(M + H)+] of 5′-UMP andm/z 296 and 249 (fragmented
products of 5′-UMP) andm/z 665 [(M + H)+] of NAD. No
peaks corresponding to UDP 405, UTP 485, UDP-gal, UDP-
glu or UDP-man 611, UDP-xyl 537, UDP-NAG 652,
UDP-GA 647, or cAMP 346 were observed. Also, none of
these nucleotides yielded fragmentedm/z 296 or 249
products.

(5) By Enzymatic Analysis.The control using 5′-UMP as
well as the uridine-like ligand after treatment with 5′-
nucleotidase yielded peaks atm/z 246. If one assumes that
5′-UMP was the ligand, the nucleotidase was expected to
yield uridine at (m/z246). The dephosphorylated ligand upon
PNK treatment yielded peaks atm/z 325, 405, 485, and 508
which corresponded to 5′-UMP, UDP, UTP, and unreacted
ATP, respectively. The dephosphorylated product of 5′-UMP
used as a control after PNK treatment yielded identical peaks.

NMR Analysis.31P NMR offered a convenient way of
distinguishing 5′-UMP from other uridine derivatives, uridine
sugars, and NAD/NADH as the phosphorus signal appears
considerably downfield compared to others and has been
successfully applied in analyzingE. coli epimerase (40, 41).
In the case ofK. fragilis epimerase, the only singlet peak
appeared at a chemical shift (δ) of 1.49 ppm. This may be
compared to the signal of 5′-UMP at 0.79 ppm at pH 7.5.
The difference is likely to arise from the binding of UMP to
the enzyme, leading to an alteration of its pKa. The absence
of any peak upfield up to-10 ppm suggested the absence
of other uridine derivatives. Any peak further upfield was
not considered assuming that it originated from enzyme-
bound NAD.

Taken together, it is indicative that epimerase contains 5′-
UMP in addition to NAD. The UMP content of the enzyme
was estimated from the HPLC profile after computing area
calculation of the eluted peak with respect to a standard 5′-
UMP solution run under identical conditions (Figure 3).
Correlating with the concentration of the protein, the derived
stoichiometry was found to be 0.5 mol/dimer.

Replacement of the Inhibitor with the Substrate.Epimerase
that has undergone catalysis (clean enzyme) was found to
exhibit no kinetic lag. This enzyme was heat-treated, and
the released nucleotides were analyzed by HPLC. The
chromatogram showed that NAD and its decomposed
products were eluted at identical positions as observed earlier
except that the peak of 5′-UMP was completely missing
(Figure 3, bottom trace). The substrate UDP-gal or UDP-
glu thus must have replaced the inhibitor from epimerase
but not the cofactor NAD. Considering the substrate and
inhibitor specificity, and also initial suppression of activity
and replacement of 5′-UMP during catalysis, it is evident
that the ligand was associated at the substrate-binding site
of the catalytic domain.

Reappearance of the Lag.It has been demonstrated that
when 5′-UMP bound to epimerase was replaced with the
substrate, the kinetic lag was removed. A natural progression
of this phenomenon was to verify reappearance of the lag
by 5′-UMP and its removal by the substrate. The clean
enzyme (3µM) was generated and incubated with a 1-100
fold molar excess of 5′-UMP in 20 mM sodium phosphate
(pH 8.0) for 15 min, and aliquots were withdrawn for the
assay. The result showed that the lag was continuously
prominent; i.e., the initial rate/final rate ratio changed from
1.0 to 0.3 as the excess of the inhibitor was increased from
0 to 50-fold (Figure 4). A further increase in the level of
inhibitor to 100-fold did not increase the lag. Inhibition of
catalytic activity was observed between 20 and 25% using
sets containing a 50-100-fold molar excess of 5′-UMP due
to its carry-over to the assay mixture. This experiment was
repeated with UDP, UTP, UDP-man, UDP-xyl, UDP-GA,
UDP-NAG, and c-AMP. None of them could reintroduce
the lag. It may be mentioned that the lag induced by bound
UMP and its inhibition on epimerase activity are two
independent phenomena, and therefore, different concentra-
tions of UMP were required to produce these effects.

Relation of the Lag to Cell Growth.It is evident that the
epimerase purified fromK. fragilis and harvested at late log
phase is associated with an inhibitor suppressing its activity.
It is an inducible and essential enzyme for cell growth in
the presence of galactose acting as the major carbon source.
The epimerase cannot remain inactive during cell growth;
thus, it is speculated that it attains the inactive status after a
certain stage of cell growth. Two experiments were designed
to verify this.

FIGURE 4: Reappearance of kinetic lag in epimerase (clean enzyme)
after addition of a molar excess of 5′-UMP. Measurement of initial
and final rates has been described in the text, and a ratio of
1 indicates the absence of a lag. The assay was carried out with
1.5 nM epimerase under defined conditions.
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Yeast cells were harvested at 1 h intervals, and their
growth was estimated from turbidity measurements at 650
nm for a period of 12 h. Cell growth was insignificant up to
4 h and then accelerated exponentially up to 7 h, and then
there was very slow growth up to 12 h. From each harvest,
epimerase was partially purified up to the hydroxyapatite
step. From each set, 0.33 nM enzyme, based on the expressed
enzyme activity, was assayed. This quantity of enzyme
isolated from the late log phase of cell growth showed a
maximum kinetic lag of 80 s (Figure 1, bottom trace). The
duration of the lag was estimated by the coupled assay as
mentioned earlier and plotted against cell growth (Figure 5A).
It was observed that the lag was absent at the initial phase
of cell growth up to 5 h but gradually increased from 0 to
90% by 7 h and remained unchanged for an additional 5 h.
The results could be reproduced within(5% (n ) 4). Thus,
it is apparent that as the cells approach maturity epimerase
activity is gradually controlled by combination with UMP.

In a different approach, cells were grown with a limiting
concentration of galactose, from 0 to 3% (w/w), keeping the

conditions constant and the duration of growth at 16 h. Cell
growth and expression of epimerase activity were assessed
as stated above. As the extent of cell growth was observed
to be less than 10%, epimerase activity could not be
measured properly till the galactose concentration was above
0.25%. The extent of growth gradually increased from 10
to 70% between 0.25 and 1.5% galactose with an increasing
duration of lag as well as a decreasing initial rate/final
reaction rate ratio of epimerase formed. Finally, between 1.5
and 3% of galactose cell growth reached a plateau with a
constancy of lag as well as the initial rate/final rate ratio of
epimerase at 0.5 (Figure 5B). It may be recalled that the
duration of lag is inversely related with the initial rate/final
rate ratio of conversion. This indicated that during cell
growth, when epimerase activity was a necessity, there was
no lag in catalysis. But as the termination of growth
approached, the lag became prominent, suggesting thein ViVo
inactive status of epimerase.

DISCUSSION

The initial rate of catalysis of epimerase fromK. fragilis,
purified from the late log phase of cell culture by the coupled
assay, was so far inconsistent. It had either an initial lag, an
enhancement, or the absence of both apparently counteracting
each other. Earlier, it was systematically ignored because
the assay produced a linear dependence of rate on enzyme
concentration as shown in the inset of Figure 1. Subsequently,
it was observed that the initial enhancement arose from the
presence of UDP-glu, the substrate of the coupling enzyme,
in UDP-gal as trace impurity. The kinetic lag shown in Figure
1 was a reproducible phenomenon, provided that the
sequence of addition of assay reagents was properly main-
tained. Analysis of kinetic models describing the lag imparted
by UDP-glu DH as a coupling enzyme, supported by actual
experimental data, confirmed that its contribution was
negligible. After considering a number of factors relevant
to the structure and functionality of epimerase, we concluded
that it was a true expression of the activity of the enzyme
preparation. The phenomenon described here is similar to
“hysteresis” and not allostericity. Hysteretic behavior of
several monomeric and multimeric enzymes has been
reviewed in ref 42, where experimental artifacts were
seriously taken into consideration in arriving at a firm
conclusion.

Epimerase that has undergone catalytic turnover or is
functionally reconstituted from the unfolded state did not
show an initial lag of catalysis, indicating that this was not
its constitutional property. Also, an assay at higher temper-
atures removed the lag. The ligand(s) associated with
epimerase capable or incapable of demonstrating the lag was
analyzed by HPLC, TLC, UV absorption spectrometry, mass
spectrometric analysis, and the31P NMR profile. The results
collectively confirmed the presence of 5′-UMP, a strong
competitive inhibitor, was associated with the enzyme. The
nucleotide, after dissociation, was dephosphorylated and
rephosphorylated with specific enzymes, and analysis of the
products by mass spectrometry corroborated the result.
Replacement of 5′-UMP with UDP-gal or UDP-glu, which
induced catalysis as well, was competitive; theKi for 5′-
UMP was 1.24 mM (43, 44). Apparently, the refolded
enzyme was unable to associate with its own dissociating
UMP, the final concentration being too low (0.2µM) to

FIGURE 5: Dependence of initial lag of catalysis of epimerase
obtained from yeast cells harvested at different intervals of growth
or grown at a limiting concentration of galactose. (A) Cells were
grown in 1.5% galactose medium for varying time periods, and
epimerase was partially purified. The amount of enzyme used in
each assay (approximately 0.35 nM) had identical rates of conver-
sion of UDP-gal in the steady state. Up to 4 h, cell growth and
hence expression of activity were insignificant. The lag has been
expressed as a percentage compared to the maximum observed from
epimerase obtained from the late log phase. Cell growth was
monitored from turbidity measurement at 650 nm after 10-fold
dilution of the medium with water. (B) Dependence of lag,
expressed as initial vs final (steady state) rate of catalysis of
epimerase obtained from cells grown at different concentrations of
galactose for 16 h. Cell growth was monitored as stated above. A
value of 1 for the initial rate/final rate ratio indicates the absence
of the initial lag. The parameters used to express the lag in panels
A and B are similar but inversely related.
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inhibit epimerase. Under similar conditions, epimerase also
cannot associate with its own dissociating NAD (4, 26).
Facile replacement of 5′-UMP with the substrate at elevated
temperatures was expected as the situation favored catalytic
turnover. The specific role of 5′-UMP in inducing lag was
confirmed after its interaction with the clean enzyme.
Removal of 5′-UMP by UDP-gal or UDP-glu was associated
with removal of the lag and thus reinforced the origin of
this phenomenon. The inhibitor bound rather trapped with
epimerase was substoichiometric and nondissociable and
survived dialysis and precipitation. Once the enzyme had
been dissociated and reconstituted, a much higher concentra-
tion of 5′-UMP was required to produce the same effect
(Figure 4). A similar unusual affinity for NAD has also been
observed duringin ViVo synthesis of the enzyme (1-3). In
case of E. coli epimerase, structurally related substrate
analogues or inhibitors yield stable enzyme-ligand com-
plexes at low temperatures suitable for crystallographic
analysis (45, 46).

Epimerase is obliged to remain functional during cell
growth in galactose medium. Therefore, the lag originating
from reversible inhibition by 5′-UMP is expected to arise
only near the end of the growth. This has been experimentally
demonstrated using partially purified epimerase isolated from
cells grown for varying intervals of time (0-16 h) in
galactose medium (Figure 5A). In an alternate approach, the
existence of lag was verified when the concentration of
galactose in media was limiting, keeping the growth time
constant at 16 h. Once again, the lag was not manifested as
long as the cells were in the growing phase (Figure 5B).
This raises the possibility of biological control of the enzyme
inhibiting backward conversion of UDP-glu to UDP-gal
when the cell has a sufficient pool of the former. This
possibility is supported by the observations that the 5′-UMP
level increases in cells as they approach the termination of

growth (47), and UMP-bound epimerase is resistant to
inactivation by proteolysis, inducing stability in the stored
enzyme in the cell (18).

An important outcome of this study is the speculation
about the number of catalytic sites of the enzyme. Quanti-
fication of NAD based on its release after direct incubation
of the enzyme at 100°C yielded 1.0 residue/dimer; hence,
there must be one catalytic site per dimer as par background
literature (2, 3). Coagulation and precipitation were associ-
ated processes; this led to the suspicion that the holoenzyme
entered into kinetic competition between precipitation and
dissociation of NAD. These coupled with partial thermal
decomposition, yielding a low stoichiometry for NAD.
Quantification of the cofactor was carried out by slow heating
to 100°C from a dilute epimerase solution followed by RP-
HPLC. TCA precipitation of epimerase took place at ambient
temperature where NAD is dissociated off. Alternately, NAD
was dissociated, preventing precipitation. Results show that
dissociation of NAD improved the yield to 1.3( 0.1
residues/dimer. An alternate fluorimetric protocol without
precipitation was subsequently used when the derived
stoichiometry improved further to 1.68( 0.1. As a supple-
ment, NAD was dissociated by 8 M urea, which ensured
the solubility of the enzyme (4). With proper controls, the
derived stoichiometry reached 1.70( 0.15. Considering a
10% variation in protein estimation, this value reached a limit
of 1.70 ( 0.32. Thus, the molar ratio of NAD remained
consistently approaching 2.0 per dimer. The reasons for the
substoichiometric amount of NAD might be limitation of
the analytical procedures such as estimation of the amount
of protein or NAD or the presence of the apoenzyme in the
purified preparation. It is also possible that a fraction of NAD
refused to be dissociated even in the presence of 8 M urea
since 12-15% of the secondary structure is retained (4).
Further, epimerase was purified under inducible conditions

Table 1: Comparison of Subunit Composition and Stoichiometry of the Bound Cofactor of Class II Oxidoreductases

enzyme subunit MW no. of subunits mol of NAD/mol of enzyme ref

urocanase
Pseudomonas putida 61000 2 2 53
Trifolium repens 61400 2 nra 54

CDP-D-glucose oxidoreductase
Yersinia pseudotuberculosis 42500 2 requires NAD as a cofactor 55
Pseudotuberculosis pseudotuberculosis 45000 2 needs NAD for activity 56

S-adenosyl-L-homocysteine hydrolase
rat liver 47000 4 4 57, 58
plant 55000 2/4 nra 59
Alcaligenes faecalis 48000 6 6 59
Dictyostelium discoideum 47000 4 1 mol of each NAD and NADH 59

dehydroquinate synthase
Aspergillus nidulans nra 2 nra 60
Salmonella typhimurium 38700 nra 61

dTDP-D-glucose oxidoreductase
E. coli 44000 2 2 62
Scaharopolyspora erythraea 36000 2 no NAD but requires it 63

UDP-galactose 4-epimerase
bovine mammary gland 40000 1 requires NAD as a cofactor 64
E. coli 39000 2 2 25
K. fragilis 75000 2 2 this report

myoinositol 1-phosphate synthase
yeast 62000 4 requires NAD as a cofactor 65

ornithine cyclase
Clostridia 41500 2 1 2

UDP-glucuronate decarboxylase
wheat germ nra nra tightly bound NAD 2

a Not reported.
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where overexpression could incorporate errors in folding and
maturation of the molecule particularly at the catalytic site
(48, 49). However, the number of catalytic sites as it stands
now is more inclined to two per dimer, similar to that of its
E. coli counterpart (8, 9).

The stoichiometry of bound 5′-UMP was found to be 0.5
mol/dimer. Assuming that the degrees of dissociation of
NAD and 5′-UMP were equally affected during heat treat-
ment, the stoichiometry was modified to 0.65 mol/dimer.
With consideration of the 10% variation of protein estima-
tion, it varies between 0.585 and 0.715. The protocol for
estimation of the amount of NAD in the presence of 8 M
urea without precipitation could not be applied for 5′-UMP
because of interference of the denaturant in HPLC. Thus,
the stoichiometry might be on the lower side. Therefore, it
appeared that there was one site for binding with 5′-UMP
per dimer that led to inactivation. The epimerase formed the
monomeric apoenzyme after reaction withp-chlorobenzoic
acid. Reconstitution of the fully functional holoenzyme after
treatment with radioactive NAD and DTT also indicated
incorporation of one NAD per dimer (5). Thus, it remains
speculative that out of two NAD binding sites, presumably
catalytic sites, too, only one is functional.

At this point, it is worth considering the stoichiometry of
bound NAD in other class II oxidoreductases. The molecular
weight, subunit composition, and NAD content of eighteen
such enzymes having nine different specificities have been
summarized in Table 1. Of these, the stoichiometries of
bound NAD of only seven enzymes have been reported,
though some enzymes require extraneous NAD as a cofactor.
The compilation shows that except for ornithine cyclase, the
stoichiometry of NAD (or NADH) stands to be one per
subunit, similar to that reported forE. coli (8, 9) and yeast
epimerase (this report).

X-ray crystallographic structure analysis shows that a
conserved doubleâRâRâ motif is a common structural
feature of many enzymes that bind NAD and related
cofactors (50). In proteins where NAD binding sites have
been sequenced, it has been possible to define a “fingerprint”
characteristic of the dinucleotide-binding domains even in
the absence of stringent sequence homology. This domain
as defined by Wierenga and Hol (51) consists of aâRâ motif
with the following features: the GXGXXG sequence in the
region joining the firstâ-strand and the N-terminus of the
R-helix, the presence of a hydrophilic residue at the begin-
ning of the firstâ-sheet region, and the presence of an acidic
residue at the C-terminus of the secondâ-sheet. The amino

acid sequence around the fingerprint region of three class I
oxidoreductases and five class II enzymes is given in Table
2. It clearly shows that each subunit of class II enzymes,
the sequences of which are known, has an independent and
defined NAD binding motif.

So far, it has not been possible to design an experiment
compatible withK. fragilis epimerase that can identify the
location of its catalytic sites, i.e., whether at the subunit
interface or away from it as in its bacterial counterpart (52).
Specific modification reactions currently being undertaken
are expected to yield a confirmatory answer to this question
(A. Brahma and D. Bhattacharyya, unpublished results).
However, association of 1 mol of 5′-UMP/dimer leading to
complete inactivation suggests the existence of one functional
catalytic site.
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